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Introduction

Functional magnetic resonance imaging (fMRI) has revolu-
tionized clinical brain mapping by allowing a relatively rapid
and noninvasive assessment of brain activity. Because of its
relative ease, it has become one of the predominant func-
tional neuroimaging techniques—and neuroimaging modal-
ity for surgical planning [1]—since its original report by
Belliveau and colleagues [2]. The appeal of fMRI is attribut-
able to several advantages that it offers over other functional
neuroimaging techniques. Besides widespread accessibility,
perhaps the most important advantage, especially in clinical
populations, relate to the safety of fMRI: It is noninvasive, in
contrast to either the Wada test or electrical stimulation map-
ping; it does not require exposure to ionizing radiation (as
with positron emission tomography [PET]); and because it
does not require stimulation of any kind, there is no risk of
seizures (as may be the case with transcranial magnetic stim-
ulation [TMS]). The other major advantage of fMRI is that it
offers the opportunity for reliable, repeated measurements of
the same task to investigate response consistency, compare
activations across tasks, and measure change over time. It
also allows for mapping the whole brain rather than areas
that are accessible on the convexity via noninvasive tech-
niques such as TMS [1]. Above all, fMRI is sufficiently pow-
erful to produce maps of cognitive and motor functions that
are reliable and valid at the single-subject level. This made
possible the transition of fMRI from a research tool into a
practical, approved, and reimbursable clinical procedure.

N. Pouratian - B. Wilson (0<))

Department of Neurological Surgery, University of California, Los
Angeles, Los Angeles, CA, USA

e-mail: npouratian@mednet.ucla.edu;
BayardWilson@mednet.ucla.edu

S. Y. Bookheimer

Department of Psychiatry and Behavioral Sciences, Center for
Autism Research and Treatment, University of California, Los
Angeles, Los Angeles, CA, USA

e-mail: sbook@mednet.ucla.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023

Despite its advantages, fMRI presents several unique
challenges, especially in the clinical setting. One of these
challenges arises from the fact that fMRI does not directly
measure neuronal activity. Instead, fMRI detects coupled
perfusion-related signals that serve as a proxy for neuronal
activity. fMRI analysis typically makes assumptions about
the characteristics of neurovascular coupling and, therefore,
the significance of fMRI activations; these assumptions are
more suspect in a clinical setting when pathology may alter
normal coupling mechanisms.

Clinical fMRI is also complicated by factors not normally
encountered in a healthy population (Table 25.1). For exam-
ple, the presence of intracerebral pathologies (e.g., arteriove-
nous malformations [AVMs] or brain tumors), perilesional
edema, and mass effect can induce field inhomogeneities,
cause decrease or absent blood-oxygen-level-dependent
(BOLD) signal in functionally intact tissue. It may also alter
neurovascular coupling mechanisms—all of which may
hamper measurement of reliable hemodynamic-based fMRI
signals [3]. Surgical clips and hardware from prior cranioto-
mies can also create patches of signal loss, and often these
are in the very regions in which mapping is needed.

Other important challenges of clinical fMRI include the
ability of patients to comply with imaging protocols and per-
form cognitive tasks. For example, imaging in clinical popu-
lations is often associated with increased head movement. In
one study, nearly 30% of subjects with intracranial masses
were excluded from the final analysis because of gross
motion artifacts [4]. This is a particularly difficult problem if
one wishes to study patients with movement disorders, such
as Parkinson’s disease and Tourette syndrome. Impairments

Table 25.1 Potential limitations of fMRI in clinical populations

Field inhomogeneities in region of interest (ROI)
Movement artifacts

Altered baseline intelligence

Impaired task compliance

Impaired motivation

Sensitivity to certain stimuli (e.g., flickering lights)
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in cognition may also alter patients’ abilities to complete
tasks, both with respect to motivation and task difficulty (i.e.,
the presumed difficulty of a task may be different in various
populations due to differences in baseline skills).

Analytic methods also require special consideration in
that clinical brain mapping emphasizes results for the indi-
vidual rather than for a group—single-subject analyses are
inherently different from group analyses. Altered anatomy
due to intracerebral lesions may prohibit spatial registration
and normalization tools commonly used in group statistics,
making it difficult to directly compare patients results with
those from a normative sample [5].

This chapter will elaborate on some of the most salient
points, including study and task design, data analysis, and
reproducibility when considering the use of fMRI for clini-
cal planning. Although there is a large number of clinical
fMRI studies being published, few have tackled these chal-
lenges fully. Ultimately, our ability to derive clinical benefit
from fMRI will depend upon finding appropriate solutions to
these challenges. What is clear is that a black box method of
using fMRI in clinical populations will produce reliable
results. Successful implementation of clinical fMRI requires
a dedicated and informed team of psychologists and indi-
viduals with detailed knowledge of image analyses and the
specific imaging challenges reviewed here.

Mapping Cognitive Function with Activation
Versus Disruption

Until the advent of fMRI and other perfusion-based brain
mapping techniques, our understanding of the functional
organization of the brain largely stemmed from studying the
effects of brain lesions. Although brain lesions initially were
limited to strokes and other “accidents of nature,” Penfield
recognized in 1937 that temporary brain lesions could also
be induced to study brain function by applying electrical
stimulations directly on the cortex [6]. More recently, TMS
has been introduced as a means of noninvasively delivering
electrical stimulation, which can act as a temporary lesion in
some cortices while serving as a noninvasive means of corti-
cal activation in other cortices, such as the primary motor
cortex [7]. With respect to lesions, whether permanent or
temporary, these disruption-based techniques identify parts
of the brain that are essential and critical for executing a
given task; in essence, those regions which, when disrupted,
result in catastrophic loss of function for which other brain
regions cannot compensate. These disruption-based tech-
niques of brain mapping have emerged as the gold standard
of clinical brain mapping, especially in the neurosurgical
arena.

Functional MRI and all activation-based brain mapping
techniques differ fundamentally from the classic lesion-

based approach to clinical brain mapping in that instead of
only identifying areas of the brain that are essential for per-
forming a task, fMRI reveals all brain areas that demonstrate
activity-related changes during a given task, regardless of
whether a given brain area is, in fact, critical for task perfor-
mance, identifying both “essential” and supplemental corti-
cal areas. Because of this fundamental difference in
methodology, fMRI maps and lesion maps will inevitably
differ. Both maps are probably clinically relevant, but one
must be aware of the different data produced, their implica-
tions, and the types of conclusions that can be drawn from
each.

As discussed in earlier chapters, fMRI offers an indirect
measure of brain function: instead of directly measuring
neuronal activity, fMRI maps the brain by detecting func-
tional hemodynamic responses that are coupled to neuronal
activity. Establishing clinical validity of the instrument
assumes both that MRI signal changes reflect underlying
neural activity and, assuming we accept this relationship,
that a particular patient has a normal fMRI response (e.g., the
blood flow response is unaffected by their clinical condi-
tion). This complexity can be illustrated by conceptualizing
brain mapping as a series of mathematical functions
(Fig. 25.1) [8].

Given a stimulus x, there is a given neuronal response f(x),
representing the “true” brain map. The neuronal response is
coupled to a functional hemodynamic response by a neuro-
vascular coupling function, p. The uncertainty of this neuro-
vascular coupling function introduces one of the biggest
challenges and one of the most significant sources of error in
interpreting clinical fMRI studies. What ultimately matters
about the neurovascular relationship is the degree and preci-
sion of spatial coupling between neuronal activity. As dis-
cussed later, the spatial coupling between fMRI activation
signals and electrophysiologically active cortex may not be
as precise as most would like or as may be clinically
relevant.

Neurovascular Human
Coupling Interpretation
x —>{f(x)|—>{p(f(x))|—>|g(p(f(x))|—>h(a(p(f(x)))
"True" Mapping
Map Signal

Fig. 25.1 Cascade of functional brain mapping functions. The map-
ping signal observed and reported is actually not a true map of neuronal
activity. Rather, it is a product of a series of complex functions, includ-
ing, for example, the coupling of neuronal activity and local cerebral
perfusion or neurovascular coupling (p). To better understand how
functional brain maps relate to underlying true maps, it is critical to
characterize the robustness of neurovascular coupling under different
stimulus conditions, in different cortices, and in the presence of differ-
ent pathologies. (Adapted from [8])
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Several studies indicate that hemodynamic responses can
be significantly different across brain regions, especially
when adjacent to major pathology. In a study of 98 patients,
Krings and colleagues showed that the distance of a central
mass from the motor region significantly influenced the mag-
nitude of activation, even in patients without paresis [3].
Other studies have found similar suppression of the hemody-
namic response adjacent to pathology [9, 10]. Conversely, in
a study of 14 patients, Schlosser and colleagues suggest that
fMRI activation patterns in patients with frontal lobe tumors
when mapped using a verbal fluency paradigm were compa-
rable to signals in normal controls [11]. Similarly, Righini
and colleagues studied 17 patients with frontoparietal masses
and found little difference in motor activations between the
affected and unaffected hemispheres [4]. The contradiction
in these studies highlights the need to be aware of the possi-
bility that adjacent pathologies may alter cerebral hemody-
namics, but that this alteration is most likely pathology and
location-dependent and, possibly, task-dependent. Finally,
different physiological states (e.g., hypercapnia, hypoxia,
and hypertension) and different disease states (e.g., vasculi-
tis, angiopathies) can differentially impact the relationship
between neuronal activity and functional perfusion [12, 13].
Schmitz and colleagues have shown, in a rodent model, that
brief exposure to hypercapnia may potentiate the hemody-
namic response without affecting the underlying electro-
physiological response [14, 15]. In fact, hypercapnia can be
used in a normal subject as a means of contrast enhancement
[16]. The age of the subject may also affect the magnitude of
the hemodynamic response and the coupling mechanism
itself [3] since increasing age is associated with impaired
autoregulation and a loss of vasodilatory response to neural
activation [1, 17]. Understanding the underlying coupling
dynamics is essential to interpreting fMRI results. This
uncertainty continues to motivate continued investigation of
neurovascular coupling dynamics.

Assuming neurovascular coupling is intact, several more
functions are still applied before arriving at any interpreta-
tions of fMRI maps. The functional perfusion response pro-
duces a brain mapping signal, g: g(p(f(x))). The function g is
determined not only by the physics behind fMRI signals
sources (i.e., field strengths, scan sequences), but also by the
recording capabilities of the particular scanner, including but
not limited to resolution limitations, data filtering, artifacts
that may be introduced by different disease processes or
medical interventions (e.g., coils, clips, arteriovenous mal-
formations, air cavities after neurosurgical resections), and
head movement (which can be significantly more in a patient
population).

Finally, yet another function is introduced into the for-
mula, /4, for introducing human study design, human inter-
pretation, and statistics. When not quantitative, human
interpretation of mapping signals is always susceptible to

bias. The bias may be inadvertent and as subtle as in select-
ing an inappropriate control for comparison or measuring
inappropriate signal parameters from which to draw conclu-
sions. However, strict adherence to automated and quantita-
tive analysis has its own problems. For example, the
incidence of right hemisphere language in a right-handed
individual without a developmental disorder is extremely
low—maybe a few percent, based on studies of patients with
stroke. An apparent finding of greater right than left hemi-
sphere activation on language tasks in a patient with a space-
occupying lesion near the language cortex creates a dilemma:
Does one give greater weight to the actual data or the known
probability of hemispheric dominance? The statistics and
thresholds commonly used in fMRI also introduce error and
misinterpretations, presenting yet another challenge to clini-
cal interpretation scans. Where does one set a threshold in a
clinical study: strictly, as in typical research studies, or liber-
ally, in order to avoid false negatives? What are the potential
implications of making a false-positive versus a false-
negative error? In the case of surgical planning, it is probably
important to be more inclusive of potentially relevant func-
tional cortical areas rather than be overly restrictive, fail to
identify functionally relevant brain regions, and induce a
neurological deficit. Simply showing the data may not con-
vey the information necessary to allow surgeons to make an
informed decision.

Although many studies compare “blobs” across groups,
there are a number of assumptions that underlie those blobs.
In order to better understand the underlying map, or f(x), we
must deconvolve this complex function by characterizing the
factors that influence all of these functions. Alternatively, the
investigator can pay special attention to study design and
analysis in order to minimize assumptions and strengthen
their conclusions. Many of these issues of study design and
analysis are discussed as follows.

Technical Considerations
Field Strength

Magnetic field strength is an important consideration in clin-
ical fMRI study design. Increasing field strength provides a
greater dynamic range of data collection and, ultimately, a
greater signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR) (e.g., Kruger et al. [18]). This is discussed in
detail in Chap. 22. While the greater SNR biases one towards
higher field strength, it also poses problems that may prove
insurmountable in some brain regions or in some clinical
conditions. The most difficult complication arising from
increased field strength is the associated increase in suscep-
tibility artifact, especially near tissue interfaces. This is a
particular problem in the inferior temporal lobes and the


https://doi.org/10.1007/978-3-031-10909-6_22

546

N. Pouratian et al.

inferior medial frontal lobes, which are adjacent to the air-
filled sinuses. These areas of susceptibility artifact produce
both spatial distortion and MR signal loss, which make it
difficult or impossible to identify activity-related changes in
fMRI. This is particularly important for language mapping,
in which investigators expect to find several temporal lobe
language areas (e.g., [19, 20]). The lack of signal in these
regions does not indicate a lack of activity but may be due to
a lack of sensitivity to identify appropriate signals. Devlin
and colleagues have proposed alternate strategies when
imaging these regions of high susceptibility but also acknowl-
edge that these artifacts can only be partially overcome and
that alternative data acquisition paradigms are necessary to
address this issue [21]. In some cases, appropriate selection
of scan sequence may help overcome some susceptibility
artifacts, especially when imaging adjacent to pathology.

Scan Sequence and Susceptibility

The most commonly used fMRI pulse sequence is the
gradient-echo echo-planar (EPI) sequence. EPI is the fast
scanning technique that acquires all slice locations with a
single TR, making fMRI practical [22]. The gradient-echo
sequence is optimized to maximize susceptibility because of
BOLD contrast. An unfortunate but necessary side effect is
that it also maximizes unwanted susceptibility artifacts at tis-
sue interfaces, especially at high fields. The susceptibility
artifacts may make imaging these regions impossible in cer-
tain brain regions, particularly the amygdala, basal temporal
region, and orbitofrontal cortex.

Magnetic susceptibility artifacts—especially at higher
field strengths—can also inadvertently highlight draining
veins because of the higher deoxyhemoglobin content in the
venous system [23, 24]. Veins can generate BOLD signal
changes of up to 10%, thereby augmenting activation regions
[25]. Some authors speculate that this distortion is responsi-
ble for the differences in activation regions detected on PET
and fMRI [26].

Clinical fMRI in patients who have had prior brain sur-
gery may be complicated by the presence of implanted
devices, such as plates and screws. While most of these
devices are considered “magnet compatible”’—that is, they
are not ferromagnetic and do not pose a safety concern—sus-
ceptibility artifacts can generate profound distortions around
these objects, including massive signal loss and spatial dis-
tortion. It should also be noted that many of these devices
have not been tested at high field and could pose a safety risk
that does not exist at lower field strength. Typically, these
objects will be implanted close to or on top of the precise
regions the clinician would like to have mapped.

As ultra-high field (>3 T) MRI becomes more widely
available in the clinical setting, some authors have begun

investigating what potential diagnostic advantages it may
confer for fMRI [27, 28]. While a number of benefits have
been observed in higher fields, one important drawback is an
increase in susceptibility artifacts [27, 28]. As these technol-
ogies begin to supplant 1.5 and 3 T MRI machines in the
clinical setting, the importance of limiting susceptibility arti-
facts will be of even greater importance.

There is a wide variety of simple approaches to reducing
susceptibility artifacts at air—tissue interfaces and around
objects during functional imaging. Weiskopf et al. describe
optimizing BOLD sensitivity (BS) at air—tissue interfaces by
adjusting slice tilt, the direction of phase encoding, and the
z-shim moment for gradient-echo EPI, and managed to
achieve between 30% and 60% increases in BS in brain
regions normally affected by air—tissue interface susceptibil-
ity [29]. Another solution is to adjust the voxel size. For
instance, Merboldt et al. calculated that voxel sizes of 4-8 pL
or less are necessary to recover sufficient signal in the amyg-
dala [30]. Fransson et al. used a high-resolution acquisition
method to receive the signal in the hippocampus using coro-
nal acquisitions and in-plane resolution of 2 mm? and slice
thickness of 1 mm [31]. For most centers, this approach is
impractical due to a lack of nonstandard sequences on clini-
cally oriented machines and because the associated reduc-
tion in the field of view (FOV) is not acceptable for many
systems. However, small voxel studies may be appropriate
for patients with a focal lesion in which a small FOV is all
that is necessary. The loss of contrast-to-noise ratio (CNR)
within small voxels may also prohibit the practical use of this
approach.

To some extent, the use of alternative pulse sequences can
improve, but not wholly overcome, these artifacts. Port et al.
performed a series of imaging studies on titanium screws
embedded in gel to determine parameters that would decrease
susceptibility artifacts in EP images [32]. They reported
three factors that can reduce artifacts: reducing the time-to-
echo (TE), increasing the frequency matrix, and reducing
slice thickness. The latter two approaches are identical to
those reported by Merboldt and colleagues [30] for imaging
at air-tissue boundaries. However, the effects of reducing TE
on susceptibility are controversial. Susceptibility artifacts
due to signal loss at air—tissue interfaces are greater with lon-
ger TEs. Gorno-Tempini et al. used a double echo EPI
sequence to compare susceptibility artifacts and BOLD sig-
nal changes at tissue interfaces, comparing TEs of 27 and
40 ms [33]. They used a face-processing task, known to acti-
vate the fusiform gyrus in the base of the temporal lobe, an
area likely to suffer from susceptibility-induced signal loss.
While the lower TE did not change their ability to detect
BOLD signals in those regions unaffected by susceptibility
artifacts, the lower TE was not sufficient to recover the
BOLD signal in the problem areas. Spiral in-out sequences
have also shown benefits in reducing artifacts in fMRI [34].
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Various pulse sequences have differential effects on sus-
ceptibility artifacts. The asymmetric spin echo is one alterna-
tive to the commonly used gradient-echo EPI scan. Both
spin-echo and gradient-echo sequences base their signals on
magnetic susceptibility contrast, as described previously.
The spin-echo sequence, however, refocuses the spin dephas-
ing caused by field inhomogeneity. The consequence is that
a spin-echo sequence reduces susceptibility artifacts at air-
tissue boundaries but will also result in CNR loss due to
reduced BOLD contrast. At the high field, this loss may be an
acceptable trade-off. Spin-echo sequences tend to recover
signal from larger rather than smaller boundaries and thus
have been thought to affect unwanted susceptibility artifacts
preferentially, including effects in larger blood vessels, while
preserving signal changes in the capillaries. The asymmetric
spin-echo sequence shifts the time differential between the
image acquisition and readout, allowing the signal to decay;
thus, the amount of reversible dephasing that occurs can be
varied by adjusting the length of this shift. The longer the
asymmetry, the more the spin-echo images resemble a
gradient-echo image. Stables et al. have demonstrated that
varying these parameters can optimize for a particular per-
turbation size (i.e., a small or large blood vessel) [35].
Several fMRI studies have used a spin-echo sequence effec-
tively in high susceptibility areas such as the hippocampus
and amygdala (e.g., Stern, Hariri et al., and LaBar et al. [36—
38]). Figure 25.2 shows examples of a gradient echo and

Fig. 25.2 Gradient echo
versus asymmetric spin echo
(ASE) echo-planar imaging
(EPI). Gradient echo

(TR =2.5,TE =64 x 64
matrix, FOV =20, 1 NEX)
and asymmetric spin echo
(TR =2.5, TE = 45,

offset = 25 ms, 64 x 64
matrix, FOV = 20, 1 NEX)
EPI scans in two areas of high
susceptibility (left) at air—
tissue interfaces in basal
temporal and orbitofrontal
cortex (right) near the lesion
with prior resection. The
outlines are derived from a
high-resolution spin echo EPI
(TR =4000; TE = 54,

128 x 128 matrix, 20-mm
FOV, 5-mm thick, 4 NEX).
Note reduced susceptibility in
ASE scans in both regions of
high susceptibility. 7R
repetition time, TE echo time,
FOV field of view, NEX
number of excitations

Gradient echo EPI

A\

asymmetric spin-echo EPI images using otherwise identical
parameters in the same subject. The recovery of signal in
high susceptibility areas, especially around a lesion, is quite
apparent, though not complete.

Other modifications to the EPI sequence may reduce sus-
ceptibility artifacts. Cordes et al. advocate using a second
refocusing gradient in the slice selection orientation to
reduce susceptibility artifacts [39]. A more complicated
approach offered by Stenger et al. uses three-dimensional
(3D) tailored radiofrequency (RF) pulses to refocus regions
where the susceptibility is greatest, using a modified spiral
k-space trajectory [40].

In spiral scanning, k-space is traversed in a spiral pattern
emanating either from the center to the exterior (spiral-in), the
reverse (spiral-out), or in some combination (e.g., dual-echo in-
out). Glover and Law reported that a spiral-in trajectory or a
combination of in and out trajectories could both increase SNR
while reducing susceptibility [41, 42]. Yang et al. developed a
reverse spiral scanning technique simultaneous with perfusion
imaging with arterial spin labeling [43]. Comparisons of sus-
ceptibility artifacts between forward and reverse spiral scanning
suggested less susceptibility in the reverse sequence, with ade-
quate BOLD signal in high susceptibility regions. Other tech-
niques to reduce susceptibility artifacts in spiral scans include a
sensitivity encoding (SENSE) sequencing [44], which shortens
the readout duration, thus minimizing signal loss. However, the
effects of BOLD signal recovery were less dramatic.
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Study and Task Design

Issues in task design, particularly choice of activation and
control tasks, as well as difficulty level, are important con-
siderations in all fMRI studies. In the clinical arena, these
difficulties take on special significance, as errors in task
design can lead to false conclusions that may harm patients.
Here we will discuss three issues of particular importance in
clinical fMRI: choice of control conditions, the effect of
practice on observed fMRI activations, and the appropriate
difficulty level given the population to be studied.

Task Selection

Functional MRI activations represent a contrast between two
conditions; in the earliest fMRI studies, this contrast was
identified by simply subtracting rest or control condition
images from those acquired during a task [45, 46]. This sim-
ple subtraction approach assumes: (1) a hierarchical organi-
zation of brain function, (2) that the investigator can accurately
decompose a complex task, and (3) cognitive activity and
brain function are insignificant during rest conditions.

The assumption that an investigator can accurately
decompose a task into its components is a challenge in itself.
Not all subjects will always use the same strategy to perform
a task, nor can we easily deduce all the cognitive processes
that are required to complete a given task function. This chal-
lenge may be even more difficult in a clinical population in
which there may be subclinical or overt cognitive deficits
that may alter the strategies used to perform a task. That is to
say, tasks that are suitable for brain mapping in the general
healthy population cannot necessarily be applied blindly to a
sick population. Finally, this approach assumes cognitive
functions linearly summate to produce the observed fMRI
signals and that there is no interaction between cognitive
functions that may produce a unique output based on the
combination of tasks.

To test the assumptions of linearity of hierarchical struc-
ture, Sidtis and colleagues compared activation maps using
“simple subtraction” (maps were generated by subtracting a
rest condition from a task condition), and “complex subtrac-
tions” (maps were generated by subtracting two tasks that
were presumed to only differ with respect to a single param-
eter) [47]. The three tasks used were syllable repetition, pho-
nation, and lip closure. Syllable repetition was assumed to be
a combination of phonation and lip closure for the purposes
of this study. Lip closure maps were generated by “simple
subtraction” of the rest condition from the lip closure condi-
tion, and “complex subtraction” maps were generated by
subtracting the phonation condition from the syllable repeti-
tion condition. The simple and complex subtraction maps

were different both with respect to signal intensities and dis-
tribution, suggesting that the condition of additivity neces-
sary to decompose complex tasks by subtraction was not
present in the data, calling into serious question subtraction
methodology and the assumption that we can accurately
decompose tasks.

Stark and Squire examined activation patterns associated
with rest conditions (used as a baseline) to determine if
“rest” is necessarily an appropriate control or baseline, with
particular attention to memory tasks looking at the medial
temporal lobe [48]. The authors measured fMRI signals dur-
ing seven different tasks: novel pictures, familiar pictures,
noise detection, odd/even discrimination, arrow discrimina-
tion, moving fixation, and rest. The first two tasks were con-
sidered memory tasks, while the last five were considered to
be various controls. Not surprisingly, the authors demon-
strated that identifying activity in the medial temporal lobe
(including hippocampal and parahippocampal structures)
varied depending on the control condition used. In fact, the
authors reported that activity within these structures was
higher during the rest condition than during other control
conditions. Consequently, identifying activity in the region
of interest (ROI) intimately depended on the control condi-
tion used. This study highlights two important points. First,
fMRI activations represent contrasts between two conditions
and do not indicate whether a part of the brain was active.
Rather, it means there was not a significant enough change in
neuronal activity relative to the baseline to evoke a func-
tional hemodynamic response. This highlights the need for
careful selection of baseline tasks and even the more careful
interpretation of observed activation patterns. Second, “rest”
does not mean that the brain is quiescent; the brain is cogni-
tively active even during rest, which has formed the basis for
the entire field of resting-state fMRI. Gusnard and Raichle
provided an early review of the concept of a “physiological
baseline,” suggesting that the brain has a high level of activ-
ity at baseline and that this must be considered when using
rest as a control condition and when interpreting functional
activation studies [49]. Importantly, they provide a thorough
discussion of task-related decreases in activation and argue
that while some may represent a task-dependent decrease in
cerebral activity, many decreases seem to be task-
independent, representing an “organized mode of brain func-
tion, which is attenuated during various goal-directed
behaviors” [49]. This so-called “default mode network™ [50,
51] involves several regions, including medial parietal cor-
tex, hippocampus, and temporal cortex, that typically are
reduced in blood flow during task performance across a wide
range of tasks. As several of these regions are frequent tar-
gets for clinical mapping—the hippocampus and dominant
temporal lobe—understanding how they respond during task
engagement and how these responses compare to disruption
methods are completely unstudied.
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Practice Effects

Paradigm design is important not only for selection of tasks
but also for task timing. Several studies now indicate that
practicing a task can significantly alter activation patterns,
revealing different maps that may represent alternative strat-
egies for performing the given task, such as automatization
[52-55]. Raichle and associates were the first to report that
functional activation patterns can be altered by relatively
brief periods of practice [52]. Comparing a novel verbal
response selection task with reading visually presented
nouns, they found a practice-related decrease in cortical acti-
vation of those regions mediating performance at the begin-
ning of the task after only 15 min of practice. Moreover,
other brain regions increased activity, such that, with prac-
tice, the verbal response task more resembled the reading
task. This practice effect was reversed by introducing a novel
list of words, allowing the authors to conclude that the acti-
vation patterns associated with practice represented a revers-
ible automatization of the task. Van Mier et al. [54] and
Petersen et al. [53] report similar findings of shifts in activa-
tion patterns, or changes in functional neuroanatomy, from
one part of the brain to another with practice, which is
thought to represent an activity-dependent shift in effortful
task performance to skilled, automatic task performance.
Similarly, Madden and colleagues reported a decrease in
functional activation with practice in the two populations
they studied: young adults (20-29 years) and older adults
(62-79 years) [55]. Using a verbal recognition memory task,
this group characterized activation patterns during encoding,
baseline, and retrieval and found that activation patterns
were different (both increased magnitude and different spa-
tial distribution) between these populations for each task.
Interestingly, despite differences initially, both groups dem-
onstrated practice-related effects, showing decreased activa-
tion magnitude, although the practice effects were greater in
the younger population than in the elderly. The authors con-
cluded that older adults required a more distributive network
of brain activation in order to perform the given task. While
task performance improved with practice, the smaller prac-
tice effect observed in the older group represents a continual
recruitment of cognitive processes and attention to support
task execution that is not required in the younger population,
who can learn and automate more quickly and effectively.
Not all groups, however, have reported activation of addi-
tional areas with practice. Garavan and associates argued
that if the core task is unchanged by practice, then practice
may cause a decreased magnitude of activation but will not
necessarily recruit additional areas of the brain [56]. Using a
visuospatial working memory (VSWM) task, they reported
decreased fMRI activations in the four areas of interest with
activation but did not report seeing additional areas of activa-
tion with practice. They suggested that their observations

were consistent with the fact that the task used continues to
tax the VSWM system and cannot be automated completely,
regardless of the amount of practice. This raises an interest-
ing consideration that not all cognitive tasks are equally sus-
ceptible to practice effects.

The existence of practice effects and relative rapidity of
onset is important technical consideration in implementing a
functional brain mapping study, especially if one wishes to
identify those brain regions that are actively involved in and
essential to task performance. Most fMRI studies take
approximately 1 h to complete, during which brain activation
patterns may be modified secondary to practice. It is there-
fore critical to plan experiments efficiently and to continu-
ally provide novel stimuli and tasks in order to assure that
practice-related changes do not taint the results (unless, of
course, it is the practice-related effects that are being investi-
gated in the first place).

Task Difficulty

Another important consideration that is intimately related to
the concept of practice is task difficulty. It is hypothesized
that the changes seen due to practice are largely due to
decreases in task difficulty with practice and, therefore,
automatization of task performance. If a task is too easy, the
task may activate brain areas involved with performing auto-
matic activities without taxing the appropriate cognitively
critical areas of interest. In contrast, if a task is too difficult,
it may recruit additional attentional and supplementary areas
(areas that a task may not normally activate) to help execute
a task.

The paradigm of mapping a paretic or plegic patient offers
an excellent means of discussing task difficulty and its effects
on fMRI activations. For these patients, the effort and diffi-
culty to complete a motor task are undoubtedly greater than
for a healthy volunteer. The source of the paresis (i.e., intra-
cerebral versus spinal) will influence the fMRI activation
pattern. In a study of patients with central masses near the
motor strip, fMRI activations of the primary motor cortex
decreased with increasing paresis, independent of the dis-
tance of the central mass from the motor strip, although the
degree of paresis did not correlate with the magnitude of the
observed fMRI signal [3, 5]. The observed decrease in pri-
mary motor activation cannot be unambiguously attributed
to a decreased number of functional neurons in the motor
strip, compression due to mass effect (although the observa-
tion was independent of the distance of the mass from the
central strip), tumor-mediated changes in local cerebral
hemodynamics, changes in global perfusion due to the pres-
ence of a neoplasm, or a combination of these factors [5]. It
is critically important from the perspective of clinical brain
mapping to consider if a better primary motor strip mapping
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signal could have been obtained by changing the difficulty
level of the given motor task. Could a more significant signal
be elicited from the primary motor strip if the motor task is
made more complex and drives the remaining primary motor
neurons harder? What if the motor task is made simpler, or is
assisted, imagined, or uses passive movement (in profoundly
impaired patients)? [57, 58]. Could a simpler task induce
greater activation by giving the remaining primary motor
neurons a task they can execute fully? These may be impor-
tant points of consideration in interpreting clinical data.

In the same study, the investigators report larger second-
ary motor activations in patients with paresis than without
paresis. This is likely attributable to the difficulty of the task
for the paretic patients [5]. Similar to the case of elderly
patients recruiting a broader network of neurons than
younger controls in order to execute a memory task [56], the
paretic patients may be recruiting additional cortical areas in
order to execute a task that is relatively difficult for them,
given their current medical condition. Krings and colleagues
therefore conclude, “With increasing task complexity (or
with decreasing motor skills), this network must increase its
excitatory output, resulting in a higher neuronal activity,
more pronounced regional cerebral blood flow changes” [5].

In tasks of higher cognitive functioning, the problem of
task difficulty may be even more complex. For instance, in
our work with patients who have a genetic risk for Alzheimer’s
disease (AD), older volunteers with normal memory but who
carried the APO-4 allele (which conveys a strong risk of AD)
had an increase in the magnitude and spatial extent of brain
activation on fMRI in comparison to age- and memory-
matched controls [59]. Among subjects who have mild AD,
however, there is a significant decrease in fMRI activation
[60, 61]. In parametric studies of memory load in normal
volunteers, increased memory load was associated with
increased activation that varied parametrically [62]. Thus,
the relationship between task difficulty and activation mag-
nitude is complex, and performance level must be considered
a critical factor in interpreting fMRI results.

Patients with aphasia due to brain lesions show similar
alterations in brain activity. For instance, Sonty et al. showed
that patients with primary progressive aphasia had activation
like normal in primary language areas but also additional
language activation in regions outside language cortices,
suggesting the use of compensatory strategies [63]. Kim
et al. found that the pattern of reorganization in patients with
focal lesions varied across individuals and appeared related
to whether the lesions were cortical or subcortical [64].
Calvert et al. found that patterns of fMRI activation during
language tasks in a frontal lobe CVA patient depending upon
the task; increased right hemisphere Broca’s area analog was
activated during the most difficult task, whereas the left
hemisphere Broca’s area was active for a matched control
subject [65].

Together, the existing data suggest that patients with defi-
cits tend to utilize compensatory strategies that engage addi-
tional brain regions to accomplish the task. The pattern of
fMRI activation during compensation may give a false
impression about the localization of function. For instance,
increased compensatory RH activation may incorrectly sug-
gest the patient has right hemisphere speech dominance.
Thus, clinical use of fMRI for localization of function must
take into account the patient’s level of cognitive performance.
Impaired performance can easily lead to false conclusions
about functional localization, particularly in language tasks.

Ultimately, it is important to consider whether differences
in activation patterns across conditions or groups represent
differences in brain organization and function or an artifact
of the differential capability to cope with task difficulty. We
suggest investigators pay close attention to task difficulty in
designing, interpreting, and drawing conclusions from their
clinical studies, especially when the general medical condi-
tion of one group is significantly different from the compari-
son group.

Task Choice

In clinical imaging for surgical planning, the functions most
commonly mapped are motor and language. Motor mapping
is relatively straightforward when the clinical questions cen-
ter around preserving the motor strip. Language mapping is
a more complex evaluation, and there are many approaches
to task choice. Early studies focused on a single paradigm:
word generation, which has been found to be reliable across
sites in indicating frontal language areas in particular (e.g.,
Ruff et al. [66] Rutten et al. [67]). However, the language
system is complex, and different tasks may be best suited to
map different brain regions, such as naming for the basal
temporal language area, semantic decision tasks for
Wernicke’s area, and reading for inferior temporal and infe-
rior parietal regions.

An alternative strategy is to assess function using a “panel
of tasks.” Gaillard and colleagues described using a panel of
language tasks (verbal fluency, reading comprehension, and
auditory comprehension) to assess hemispheric lateraliza-
tion rather than a single task [67]. They found that using a
panel of tasks resulted in superior inter-rater reliability than
relying on a single task, reduced the likelihood of having
“nondiagnostic findings,” and improved concordance
between laterality assessments based of fMRI and Wada
testing.

Deciding on the baseline tasks for language has been con-
troversial. While some have argued against using activation
controls, which may induce activity in language areas unin-
tentionally (e.g., Bookheimer [68]), others have argued in
favor of tailored baseline, sensory activation controls (e.g.,
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Binder et al. [69]). In a study examining the magnitude of
activation and degree of lateralization during a series of
comprehension tasks, Binder et al. found that using a tone
control task produced stronger laterality effects than using a
rest comparison and argued that semantic processing might
occur at rest, obscuring possible LH language areas during
language tasks [69]. However, the location of their results is
not consistent with the loci of Wernicke’s area as reported by
other investigators, and their results have not been validated
with a gold standard measure of intrahemispheric localization
of function. In our view, the potential for false-negative errors
is greatest when there are sensory activation controls that may
inadvertently activate “eloquent” cortex, or when containing
nonlinguistic sensory information, may produce task-related
decreases in language areas. In such a scenario, the use of
these tasks as controls may falsely indicate task-related acti-
vation, which is rather due to the deactivation of the control
task. Clearly, the issue of how to choose both activation and
control tasks remains of extreme importance, and regardless
of theoretical reasons for choosing an approach, any combi-
nation of task and control conditions requires confirmation
with a gold standard—Wada tests for laterality, electrocorti-
cal stimulation mapping (ESM) for intrahemispheric local-
ization—to validate the approach fully.

Special Task Considerations

An additional complication in choosing language tasks con-
cerns whether the patient is bilingual and how (and whether)
to map native versus non-native languages. Though results
vary depending upon language proficiency and age of second
language acquisition, there is consensus that second lan-
guages may have unique representations in the brain that can
be measured with fMRI and electrocorticography. ESM
studies have consistently found areas of unique representa-
tions for different languages in bilingual patients (e.g., Lucas
et al. [70]) and fMRI studies of normal control; bilingual
subjects show differences in language representations based
on the age of onset [71] as well as proficiency [72], and
language-specific differences in the organization (e.g., read-
ing in phonological- versus pictographic-based languages
[73]). Therefore, it is typically necessary to map both native
and second languages in bilingual patients.

Head Motion

Excessive head motion is always a problem in fMRI studies
but is of particular concern in clinical studies. While in
group-average research studies, subjects with too much
motion can be removed from the analysis, or at least will just
add error; in clinical fMRI examinations, a single valid study,

often in a limited time window, may be all that is possible.
Further, cognitive compromise makes it more difficult for
many patients to stay still voluntarily. Typically, head motion
is managed by registration of all images in a time series, or
by mathematically removing variance due to motion (e.g.,
Jenkinson et al. [74]; Grootoonk et al. [75]), or even remov-
ing images from the time series that are affected by head
motion. Physically minimizing head motion with devices
such as bite bars, headbands, or mouth guards is typically
uncomfortable for subjects and can introduce an element of
distraction, particularly for prolonged studies [76, 77].
Prospective motion correction technologies are currently
still of limited utility and can only be applied to certain
sequences [77]. Ultimately, there is consensus that too much
motion is uncorrectable through such means. Further, the
potential effects of head motion may add noise that obscures
true signal or may create artifacts that appear as activation,
particularly when the motion is correlated with the task (e.g.,
Desmond et al. [78]). For these reasons, obtaining motion-
free, high-quality data from patients is of particular impor-
tance, and the raw data must be carefully examined for the
presence of motion.

latrogenic Considerations

A number of pharmacologic agents have the capacity to
interfere with BOLD fMRI responses by uncoupling cere-
bral blood flow and oxygen consumption. Medications such
as acetazolamide or even everyday compounds such as caf-
feine, ethanol, and nicotine have all been shown to alter
BOLD signal and so should be considered prior to com-
mencing fMRI data acquisition [1, 79, 80]. The impact of
steroid regimens and anti-epileptic medications remains
uncleardespite their common usage in neurosurgical patients
[1, 81-83].

Other patient-related factors include sleep deprivation or
disturbance (commonly found in neurosurgical patients who
are hospitalized on steroid regimens) and fatigue, which
have been shown to influence the BOLD signal [84-87].
Moreover, anxiety, fear, and pain, which may be associated
with a particular pathology, may interfere with subject atten-
tion and task performance and introduce greater activation in
the insula and amygdala [88]. Preparing patients appropri-
ately prior to fMRI testing can help promote a “normal”
physiologic state to produce reliable fMRI data [1].

Analysis

Adequate study and task design are insufficient to draw
strong conclusions from a clinical fMRI study. Careful selec-
tion of analysis techniques and attention to the particular
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challenges of analysis limitations is necessary in order to
accurately interpret mapping data. Analysis in clinical stud-
ies differs from other studies most significantly in that analy-
sis is done “within subjects” rather than at a group level.
Moreover, one must also be cognizant of the methods used to
quantify fMRI activations and the techniques that can be
used to optimize the sensitivity and specificity of the derived
functional maps.

Within Subject vs. Group Analysis

The vast corpus of data in functional imaging relies almost
exclusively on group-averaged data. Early efforts in PET and
later fMRI research focused on developing superior tools for
registering and ultimately warping brains from different sub-
jects into a common space in order to increase SNR through
subject averaging. While these efforts have been extremely
useful in making it possible to answer broad questions about
human cognition, these approaches have limited clinical util-
ity for the individual patient. Here we differentiate between
clinical research studies, which have and will continue to use
group averaging procedures, from true clinical fMRI, in
which a clinician will attempt to make a diagnosis or deci-
sion for an individual based on their fMRI results. First, we
consider the broad nature of the question to be answered.

Why will patients be referred for fMRI? Common current
applications are to make a decision relevant to surgical inter-
vention, such as: in what hemisphere is language located or
where within a hemisphere does a particular functional
reside? Future applications may include diagnosis: Does a
particular pattern of activation indicate a diagnosis of dys-
lexia, autism, obsessive-compulsive disorder, or even malin-
gering? The optimal analytic technique will depend upon the
specific question being asked and the desired balance
between sensitivity and specificity. The derived fMRI maps
must also prove to be reliable and reproducible. It is conceiv-
able that in the future, fMRI maps can be used as an imaging
biomarker, in which an individual’s brain activation pattern
could be compared to a probabilistic functional atlas in order
to determine the statistical likelihood that a patient belongs
to a particular diagnostic class. Here we will focus on the
reliability of methods for within-subject analysis in the com-
mon current applications.

Given an experimental design that includes at least one
activation and one control condition, several approaches to
analysis may reveal ‘“active” brain regions. Statistical
approaches—including correlation coefficients between MR
signal and a predicted response curve; #-tests comparing acti-
vation versus control voxel intensities; and Kolmogorov-
Smirnov tests, which show differences not only in mean but
also in variance—produce a statistical value for which an
investigator must determine a threshold of statistical signifi-

cance (often arbitrarily). Current controversies include how
to threshold data, whether to use a statistical value or magni-
tude measure (percent signal change) or to count “volume of
activation,” i.e., the number of voxels exceeding a statistical
threshold as a dependent variable. Each technique has advan-
tages and disadvantages, but few studies have carefully
examined the reliability and validity of various approaches.

Dependent Measures

Functional MRI activations can be quantified broadly in two
dimensions: spatial extent and magnitude of activation.
Calculating activation size by means of voxel counting has
become the most common approach to quantifying fMRI
activity, especially in the clinical arena. This approach has
several limitations, which must be thoroughly understood
prior to relying on such data for clinical management. To
illustrate these limitations, we will review the application of
voxel counting to studies of language lateralization.

When studying language lateralization, the extent of
fMRI activation is quantified by counting the number of vox-
els exceeding a statistical threshold of correlation with a pre-
determined hemodynamic function. These voxel counts are
then used to compute laterality indices (LI), defined as:

V.~V ]/ [V +Vi ]x100

where V| and V are activation volumes for the left and right
hemispheres, respectively. A similar index can be calculated
for the intracarotid amobarbital procedure (IAP, the Wada
test) using the error rates for each hemisphere injected.

In an early study analyzing the concordance of fMRI and
Wada testing for determining laterality, Binder and col-
leagues found a strong correlation between the two proce-
dures despite using arelatively simple single-task whole-brain
fMRI design [89]. The high concordance rate reported is
striking considering their use of a single language task, the
lack of trial-to-trial reliability of voxel counting, and the
methodological differences between disruption-based map-
ping (i.e., Wada testing) and activation-based mapping (i.e.,
fMRI). While the Wada test identifies areas that are essential
for language function, fMRI identifies all areas that are
involved with language processing (essential or not), includ-
ing networks that are not specifically related to language
such as motor, sensory, and attentional systems. The authors
propose that their use of a control paradigm (a perceptual
discrimination task) partly controls for these factors, which
is probably true, but unlikely to account for all the aforemen-
tioned differences. In the subsequent sections, we will
explore these limitations and review methodological devel-
opments that help overcome these obstacles and make clini-
cal fMRI more reliable.
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Despite the common assumption that all voxels exceeding
the threshold carry identical weight, studies indicate that
fMRI-based LI determinations vary according to the statisti-
cal threshold applied [90, 91]. For example, Gaillard and col-
leagues found in one patient that using a threshold of r = 2
resulted in bilateral dominance, whereas using a threshold of
t = 3 demonstrated left-hemisphere dominance. A potential
solution to this problem was proposed by Ramsey and col-
leagues, who reported that maps created using conjunction
analysis (see the discussion that follows) are less susceptible
to such thresholding effects [92]. Besides the susceptibility
to the threshold applied, maps created using a predefined sta-
tistical threshold do not account for differences in activation
magnitude (or percent signal change from baseline). It is
conceivable that LI (which is based on voxel counts) can be
0, implying equal hemispheric activation, but that the aver-
age magnitude of activation in one hemisphere is signifi-
cantly greater than in the other. In such a scenario, there is
clear hemispheric asymmetry, although voxel counts (and
LI) do not reflect the underlying differences in activation.
Suarez and colleagues have recently proposed a “threshold-
independent” method of determining LI that is based upon
integrated weighted 7-scores for all positively correlated vox-
els [93]. These authors found that using this threshold-
independent model produced superior concordance rates
between fMRI and Wada testing, although the number of
patients studied was modest (N = 14).

Determination of LI based on voxel counts is also signifi-
cantly dependent upon the region-of-interest used for the
analysis. In most cases, whole-brain analysis is used to deter-
mine LI, which can be problematic because it includes acti-
vations in areas that are not normally expected to have
lateralized function (e.g., occipital lobe and other midline
regions) and excludes the possibility that specific brain
regions may be differentially lateralized (e.g., Broca’s versus
Wernicke’s areas). In fact, recent analyses indicate that
exclusion of midline structures from fMRI-based LI deter-
minations improves concordance with Wada-based laterality
assessments [91]. Likewise, ROI-based analyses of Broca’s
and Wernicke’s area (based on canonical anatomical bound-
aries) can often demonstrate differential lateralization of dis-
tinct language networks, especially in the setting of chronic
intracranial pathologies such as arteriovenous malformation
(AVMs) [94]. Lehericy and associates similarly reported
region-specific concordances [95]. Having employed multi-
ple language tasks, they found that the only statistically sig-
nificant relationships identified were between the asymmetry
of frontal lobe fMRI activations for semantic verbal fluency
and covert sentence repetition and Wada asymmetry indices.
In contrast, fMRI asymmetry in the temporal lobes (regard-
less of language task) and fMRI asymmetries noted while
story listening did not correlate with Wada asymmetries. By
using region-specific analyses, Lehericy and colleagues were

trying to address one of the major limitations of current ana-
lytic techniques. The weakness of the study was in compar-
ing single-task activations with Wada results rather than
looking at conjunction analyses or the entire panel of tasks to
create a more robust and reproducible fMRI-based map of
laterality.

Reproducibility

Obtaining reproducible and reliable fMRI maps in the clini-
cal setting is complicated by patient-specific and disease-
related challenges that are not encountered in the controlled
scientific setting. Developing methods to improve the reli-
ability of these maps is of paramount importance, especially
now that functional brain mapping is being used increasingly
for clinical decision-making [89, 95, 96].

Functional MRI signals can demonstrate marked instabil-
ity from trial-to-trial [97]. Differences in noise due to arti-
facts and physiological factors can produce striking
differences in perceived extent of activation, even though the
actual magnitude of activation is likely the same across tri-
als. The noise variance propagates through to statistical cal-
culations and produces various voxels that exceed statistical
threshold. Accordingly, the number of significantly activated
voxels can vary by up to 750% between trials. In contrast, the
slope of the regression line, which is essentially the percent
signal change, is much more stable across trials and subjects,
with less than 20% variability across trials. Monte Carlo
simulations support the assertion that even in very poor CNR
conditions, the percent signal change can be determined with
relatively good accuracy and precision [97].

A simple approach to improving SNR is to average
numerous trials. When using voxel-counting to measure acti-
vation size, SNR and activation size only begin to plateau
after averaging 150 trials [98]. In most studies, particularly
in the clinical setting, the number of trials averaged is usu-
ally far less, on the order of 5-10. Therefore, it is critical to
be mindful of sources of noise and employ other strategies
(both with respect to task design, data acquisition, and analy-
sis) that maximize signal-to-noise and minimize the effect of
trial-to-trial variations. One such strategy is to measure
response magnitude within a statistically defined ROI across
trials or tasks rather than comparing changes in the number
of voxels that exceed a statistical threshold.

Conjunction Analysis

Considering the intrinsic noise associated with fMRI data
acquisition (both physiological and equipment-related),
strategies such as conjunction analysis have been devised to
extract mapping signals that are clinically significant and
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consistent across tasks [67, 89, 96] (see Fig. 25.3).
Conjunction analysis identifies all voxels that consistently
exceed the statistical threshold for two or more independent
yet related tasks. By Bayes theorem, the probability of
observing significant voxels by chance on multiple scans is
equal to the product of the prior probability of chance for
each. By using a low statistical threshold for each individual
scan, the probability of eliminating functionally significant
voxels is minimized, effectively reducing the chance of a

false-negative result. Conversely, this analysis minimizes
false-positive results by requiring that the same voxel be
active across multiple tasks.

The power of this technique was demonstrated by Pouratian
and colleagues in a study comparing language-related fMRI
activations with intraoperative ESM [96]. The authors created
conjunction fMRI maps of expressive language (conjunction
of two out of three expressive language tasks: visual object
naming, word generation, and auditory response naming) and

ESM

Fig. 25.3 (a) Functional MRI activations adjacent to arteriovenous
malformation (AVM). Significant fMRI activations are commonly
identified adjacent to a left frontal lobe AVM. In this image, fMRI acti-
vations of language expression (created by conjunction analysis) are
seen adjacent to a frontal AVM, identifying Broca’s Area. Note that

activations are not identified within the vascular malformation.
Functional MRI activations were both qualitatively and quantitatively
similar to the intraoperative electrocortical stimulation maps (ESM)
(b). (Adapted from [96])
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receptive language (conjunction of visual responsive naming
and sentence comprehension). They compared these fMRI
activations with intraoperative ESM (Fig. 25.3). For the popu-
lation studied, the authors report sensitivity and specificity
values of expression fMRI activations of up to 100% and
66.7%, respectively, in the frontal lobe and of comprehension
fMRI activations of up to 96.2% and 69.8%, respectively, in
the parietal/temporal lobes [96].

Conjunction analysis also has been shown to improve the
concordance between fMRI assessment of laterality and
Wada testing [89, 91]. Ramsey and colleagues initially
reported that in contrast to mapping responses to a single
language task, conjunction analysis yields a high LI, which
paralleled the neuropsychological assessment of hemispheric
dominance [92]. Moreover, they found that conjunction anal-
ysis results in LI are more consistent across statistical thresh-
olds than individual task analysis. To better understand the
reliability of fMRI to assess language laterality, Arora and
colleagues performed a comprehensive comparison of fMRI
and Wada testing for laterality assessment [91]. The authors
investigated the effect of language tasks employed, varying
statistical thresholds, and other analytic techniques such as
conjunction analysis. By using conjunction analysis, the
authors found the concordance between fMRI and Wada-
based assessment of laterality increased from 77% to 83% to
91% [91].

Based on methodological differences between ESM and
fMRI, false positives (i.e., imperfect specificity) are expected.
Functional MRI is an activation-based technique and will
therefore identify all activated brain regions regardless of
whether they are “essential” or supplementary. On the other
hand, ESM and the Wada test will only identify areas essen-
tial to language processing. Conjunction analyses minimize
the discrepancy between these techniques by only identify-
ing areas consistently activated across language tasks.

Applying fMRI to Clinical Planning
Significance of Signal Localization

The precise relationship between observed fMRI signals and
the underlying electrophysiological activity of the brain is
still not well defined. The relationship is even more uncertain
in the setting of intracranial pathology (especially vascular
pathology), further complicating the interpretation of fMRI
studies in the clinical setting. Depending on the scan
sequence used, the BOLD fMRI signals can even center in
adjacent sulci [99-101] and be up to 1 cm away from the
electrophysiologically active cortex [101]. Despite the
imprecision, fMRI mapping signals demonstrate a consistent
spatial relationship with cortical-stimulation-based maps
and are therefore still clinically relevant (see Giussani et al.

[102] for a comprehensive review) [96, 102]. In most cases,
in order to achieve clinically useful levels of sensitivity and
specificity (up to 100% and ~70%, respectively), a “sphere
of influence” of fMRI activity of approximately 0.5-1.0 cm
must be assumed, and multiple tasks must be mapped and
interpreted using a conjunction analysis [96, 100, 101, 103,
104]. Because of the spatial imprecision of fMRI, especially
when doing whole head imaging, it is important not to over-
interpret small differences in spatial extent or lack of differ-
ence in spatial extent as representing a clear difference in
activation patterns or a lack of difference in activation pat-
terns, respectively.

Reliability of Signal Adjacent to Pathology

The reliability of fMRI signals in the setting of intracranial
pathology is often questioned because of the introduction of
susceptibility artifacts into the intracranial space (e.g., arte-
riovenous malformations, cavernous angiomas, and surgical
clips) and because of the uncertain impact of the intracranial
pathology on the normal physiology of the brain.

Susceptibility artifact due to intracranial pathology such
as an arteriovenous malformation prevents mapping within
the area of susceptibility. Therefore, physicians must be cog-
nizant of areas of signal “drop-out” in which the lack of map-
ping signal may be due to an inability to detect activity-related
MR signal changes rather than lack of activity. The question
remains, however, as to whether reliable signals can be
obtained from adjacent to the pathologies. In a study of 14
patients, Schlosser and colleagues report that fMRI signals
in patients with frontal lobe tumors were comparable to sig-
nals in normal controls [11]. Similarly, Righini and col-
leagues found little difference in motor activations between
the affected and unaffected hemispheres in 17 patients with
frontoparietal masses [4]. Pouratian and colleagues also
reported that functional activations, which correlate with
intraoperative cortical stimulation mapping, can consistently
and reliably be measured adjacent to vascular malformations
(i.e., AVMs and cavernous hemangiomas) [96]. These reports
are consistent with our findings at UCLA, in which we regu-
larly and successfully map motor and language cortices near
eloquent cortices in patients scheduled for neurosurgical
intervention (Fig. 25.4 [96]).

Reports of abnormal fMRI activations adjacent to pathol-
ogy likely represent cases in which the pathology has infil-
trated the cortex of interest and altered normal cortical
function, cerebral hemodynamics, or both. Because of the
importance of preserving eloquent function, if fMRI maps
are used for neurosurgical guidance, it is imperative to verify
preoperative fMRI maps intraoperatively with intraoperative
direct cortical stimulation mapping in order to ensure the
preservation of eloquent function.
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Frontal Lobe
Language Mapping

Fig. 25.4 Frontal lobe language mapping using fMRI with conjunc-
tion analysis. Yellow circles are areas essential for language as deter-
mined by electrocortical stimulation mapping (ESM). Green circles are
areas that, when stimulated, did not disrupt language function. Red acti-
vations are conjunction fMRI maps of language expression. Blue acti-
vations are conjunction fMRI maps of language comprehension.
Electrocortical stimulation map sites are shown with a 5-mm radius

Value of Resting-State fMRI (rs-fMRI)

Resting-state fMRI (rs-fMRI), which measures spontaneous
fluctuations in brain activity while patients are not perform-
ing tasks (i.e., while in a state of quiet wakefulness [105]),
offers an opportunity to improve the acquisition process
without relying so heavily on patient cooperation for particu-
lar tasks [106, 107]. In rs-fMRI, endogenous neuronal activ-
ity of functional neural networks produces low-frequency
BOLD signal changes, which can be analyzed to identify
large-scale distributed networks and specific functional ter-
ritories [105, 108—112]. That rs-fMRI does not require gen-
eration, testing, or calibration of a specific task has made it a
recent focus for preoperative fMRI mapping, even for lan-
guage and motor areas [112-117]. Compared with task-
related fMRI, rs-fMRI provides greater insight into the
functional architecture of the brain (as it can map multiple
regions and functional networks simultaneously) [118, 119]
and can be applied in those settings where subjects are other-
wise impaired or unable to perform a given task [112]. In
addition, the measured BOLD signal from spontaneous fluc-
tuations is more robust than those obtained in task-related
fMRI in that it has been shown to persist even in patients
who are asleep [111, 120] under anesthesia [121-123] or
whose anatomy is distorted by tumors [112, 114]. Given that
it may be implemented regardless of age or cognitive status,
if the value of the maps can be validated with respect to
underlying functional anatomy, its applicability may eventu-
ally become more widespread than task-related fMRI [112].

Expressive fMRI
Comprehension fMR
fMRI Overlap

® ESM Language Site
Clean ESM Site

(determined to produce the highest sensitivity with the least cost to
specificity) and parietal/temporal. Red (expression) activations tend to
overlap with or are adjacent to essential (yellow) ESM sites but avoid
non-essential (green) ESM sites. Blue activations in the frontal lobe
also appear predictive but with lower specificity in this subject than the
expression fMRI activations. (Adapted from [96])

Many of the same limitations of task-related fMRI (suscepti-
bility artifacts, head motion, neurovascular uncoupling) per-
sist in rs-fMRI [124].

Relationship to Outcomes

Although many studies have investigated the relationship
between fMRI and electrophysiological maps [100, 101,
103, 125-127], very few studies have quantified the sensitiv-
ity and specificity of fMRI activations relative to electro-
physiological maps, and no studies have rigorously assessed
the relationship between fMRI maps and clinical outcomes.
While it is helpful to understand the relationship between
fMRI and ESM (the gold standard), the relationship between
fMRI maps, the extent of resection, and clinical outcomes is
ultimately the most important determinant of the clinical
utility and reliability of fMRI.

To date, ESM remains the gold standard with respect to
intraoperative brain mapping because it is the only functional
brain mapping technique that has been rigorously evaluated
with respect to clinical outcomes. Haglund and colleagues,
who were the first to characterize postoperative clinical out-
comes relative to the distance of resection from ESM-defined
language sites, reported that maintenance of a | cm margin
around ESM-defined language sites prevents postoperative
dysphasia [128]. Sanai and colleagues published a follow-up
study reporting a 1.6% rate of dysphasia when tumor resec-
tions were restricted to greater than 1 cm away from cortical



25 Clinical Challenges of Functional MRI

557

areas where intraoperative stimulation produced language
disruption [129]. Besides confirming the original report, they
demonstrate that ESM is also reliable in patients with glio-
mas and not only in epilepsy patients (who were the subject
of Haglund and colleagues’ report).

Outcomes studies such as these need to be done better to
understand the clinical utility and reliability of fMRI, espe-
cially as an increasing number of centers have begun to build
sufficient confidence in fMRI mapping to obviate the need
for intraoperative mapping in some patients [130]. Existing
data on this effect remains scarce, and to our knowledge,
only retrospective results have been published documenting
the link between presurgical fMRI mapping and patient out-
comes [131]. In light of mounting evidence that extensive
tumor removal imparts a survival and quality-of-life advan-
tage, there is a growing need and demand to develop superior

Table 25.2 Summary of key literature

and more reliable mapping methods to aid physicians and
surgeons in providing safe avenues to resect intracranial
pathologies [132].

Conclusion

Functional MRI is a powerful brain mapping tool whose use
has grown exponentially over the last two decades. Despite
formal approval of fMRI as a clinical tool for presurgical
planning, there remains no single, established, and accepted
protocol for task presentation, analysis, or interpretation of
results. Further, there remain few studies that have carefully
validated a consistent fMRI approach with objective and
quantitative measures in established gold-standard tech-
niques (Table 25.2), particularly intraoperative corticogra-

Authors

Ojemann G, et al.
(1989) [19]

Stark CEL, et al.
(2001) [48]

Greicius MD,
etal. (2003) [51]

Gaillard WD,
et al. (2004) [90]

Ruff IM, et al.
(2008) [66]

Binder JR, et al.
(2008) [69]

Sanai N, et al.
(2008) [129]

Giussani C, et al.
(2010) [102]

Leuthardt E et al.
(2015) [112]

Article title

Cortical language localization in left,
dominant hemisphere. An electrical
stimulation mapping investigation in 117
patients. J Neurosurg 1989; 71:316-326.
When zero is not zero: The problem of
ambiguous baseline conditions in

fMRI. Proc Natl Acad Sci U S A 2001;
98:12760-12765.

Functional connectivity in the resting
brain: a network analysis of the default
mode hypothesis. Proc Natl Acad Sci U S
A.2003 Jan 7;100(1):253-8.

fMRI language task panel improves
determination of language dominance.
Neurology. 2004 Oct 26;63(8):1403-8.
Assessment of the language laterality
index in patients with brain tumor using
functional MR imaging: effects of
thresholding, task selection, and prior
surgery. AJNR Am J Neuroradiol. 2008
Mar; 29(3):528-35. Epub 2008 Jan 9.

A comparison of five fMRI protocols for
mapping speech comprehension systems.
Epilepsia 2008 Dec;49(12):1980-97.

Mapping the horizon: techniques to
optimize tumor resection before and
during surgery. Clin Neurosurg.
2008;55:14-9.

DTI fiber tracking to differentiate
demyelinating diseases from diffuse brain
stem glioma. Neuroimage. 2010 Aug
1;52(1):217-23.

Resting-state blood oxygen level-
dependent functional MRI: a paradigm
shift in preoperative brain mapping.
Stereotact Funct Neurosurg.
2015;93(6):427-39

Summary

Substantial individual variability in the exact location of language function among the
patients showed that language could not be reliably localized on anatomic criteria
alone.

Periods of rest are associated with significant cognitive activity and provide a
nonoptimal baseline for memory tasks. The findings have important implications for
the designing and interpreting a wide range of fMRI studies of cognition.

Functional imaging studies have shown that certain brain regions, including the
posterior cingulate cortex (PCC) and ventral anterior cingulate cortex (VACC),
consistently show greater activity during resting states than during cognitive tasks. This
finding led to the hypothesis that these regions constitute a network supporting a
default mode of brain function.

A panel of fMRI language paradigms may be more accurate for evaluating partial
epilepsy patients than a single task.

The study sought to determine whether changing the statistical threshold for different
language tasks influences the language laterality index (LI) for a group of controls,
patients with tumors without prior surgery, and patients with tumors and prior surgery.
The resulting data suggest that the LI may be threshold- and task-dependent.

Brain regions involved in semantic processing were identified only when an active,
nonlinguistic task was used as a baseline, supporting the notion that semantic
processing occurs whenever attentional resources are not controlled. Identification of
these lexical-semantic regions is particularly important for predicting language
outcomes in patients undergoing temporal lobe surgery.

The article reviews current and future imaging modalities as well as state-of-the art
intraoperative techniques that can facilitate the extent of tumor resection while
minimizing the associated neurological morbidity profile.

Diffuse brainstem tumors and demyelinating diseases share common clinical and
radiological features, sometimes making diagnosis difficult. DTI fiber tracking of the
pyramid tracts in patients with suspected intrinsic brainstem tumor or demyelinating
disease presents two clearly different patterns that may help differentiate these two
pathologies when conventional MRI and clinical data are inconclusive.

Resting-state fMRI measures spontaneous fluctuations in BOLD signal, representing
the brain’s functional organization, which allows for non-invasive simultaneous
assessment of multiple large-scale distributed networks. Compared with task-related
fMRI, rs-fMRI provides more comprehensive information on the functional
architecture of the brain and can be applied in settings where task-related fMRI cannot
be performed.
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phy. Of particular concern is the use of fMRI “packages” that
present experiments and analyze data blindly, without care-
ful review of image quality, artifacts, subject performance,
and individual patient need and deficits.

As tMRI becomes more widely available in clinical set-
tings lacking experienced staff in functional imaging, it is
important to acknowledge and address many of the limita-
tions that continue to challenge this modality. Moreover, as
with any clinical test, it will be important to quantify its sen-
sitivity, specificity, and relationship to outcomes in the
future. Different clinical applications, experimental para-
digms, analysis approaches, and even equipment can pro-
duce different results; valid applications of fMRI to clinical
cases will have to demonstrate reliability and validity for
each application separately.

The field should move rapidly toward developing uniform
approaches to clinical fMRI that are valid, reliable, and rep-
licable across centers while establishing professional stan-
dards for clinicians who wish to perform these studies.
Currently, no such standards exist. We believe that clinical
decisions should not rest solely on fMRI results for most
applications. Instead, fMRI may augment existing clinical
tools as validation of the techniques continues.
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