The Evolution of Clinical Functional Imaging
during the Past 2 Decades and Its Current Impact

METHODOLOGIC . .
perspecTives | 0N Neurosurgical Planning
J.J. Pillai SUMMARY: BOLD fMRI has, during the past decade, made a major transition from a purely research

imaging technique to a viable clinical technique used primarily for presurgical planning in patients with
brain tumors and other resectable brain lesions. This review article briefly examines the history and
evolution of clinical functional imaging, with particular emphasis on how the use of BOLD fMRI for
neurosurgical planning has changed during the past 2 decades. Even more important, this article
describes the many published studies during that same period that have examined the overall clinical
impact that BOLD and DTI have made on surgical planning.

ABBREVIATIONS: AF = arcuate fasciculus; ASFNR = American Society of Functional Neuroradiol-
ogy; BOLD = blood oxygen level—dependent; CPT = current procedural terminology; CPU =
central processing unit; CSM = intraoperative cortical stimulation mapping; DTl = diffusion tensor
imaging; DTT = diffusion tensor tractography; EPI = echo-planar imaging; FA = fractional anisot-
ropy; FDA = US Food and Drug Administration; fMRI = functional MR imaging; GLM = general
linear model; MEG = magnetoencephalography; PACS = picture archiving and communication
system; QC = quality control; RAM = random access memory; SPM = Statistical Parametric

Mapping; TL = temporal lobe; TLE = temporal lobe epilepsy; Wada = intracarotid sodium

amobarbital test

MRI is a physiologic imaging technique that has rapidly

evolved since the early 1990s when Ogawa et al'" first de-
scribed the BOLD principle, which was based on animal im-
aging studies and was considered novel. Human imaging ap-
plications arose only in 1991, when Belliveau et al* described
mapping of the human visual cortex by using fMRI. Since
those early days, fMRI has burgeoned into one of the most
useful research techniques in modern cognitive neuroscience,
with use by a wide variety of researchers in fields as diverse as
psychology, neurology, psychiatry, and linguistics. However,
clinical use of fMRI is a relatively recent phenomenon, with
only slightly more than a decade of collective experience. This
review article examines the history and evolution of clinical
functional imaging, with special emphasis on BOLD and, to a
lesser extent, DTT applications in clinical brain tumor imag-
ing, which have served as early models for the clinical transla-
tion and maturation of these imaging modalities. In addition,
this article describes the clinical impact that BOLD and DTI
have made on surgical planning.

The ASENR was established in 2004 to address the unique
concerns relating to clinical use of functional imaging, com-
prising not only BOLD imaging but also DT, perfusion imag-
ing, MEG/magnetic source imaging, and molecular and met-
abolic imaging, including MR spectroscopy. As all of these
physiologic imaging modalities enter mainstream clinical
neuroradiology, a growing need to establish national stan-
dards for their clinical use and standardized quality control
metrics has emerged. The ASENR, by planned launch of a
multicenter study that will assess the effectiveness of BOLD
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and DTT in surgical planning, is well-poised for this role. The
steadily increasing membership of the ASFNR and successful
annual meetings, such as the one conducted in late February
2009 in San Antonio, Texas, are a testament not only to the
increasing popularity of these techniques but also to the grow-
ing need for incorporation of these modalities into main-
stream clinical neuroradiology practice. While a description of
all the research and clinical applications of these diverse phys-
iologic and metabolic imaging modalities that are embraced
by the ASFNR is clearly beyond the scope of this article, we can
examine the technique that has historically served as the
springboard for the birth of the ASFNR—BOLD imaging—
and, to a lesser extent, the complementary role of DTI in pre-
surgical mapping, which are the main currently accepted clin-
ical applications of these techniques. There are broadly 3 main
categories of patients who commonly undergo preoperative
fMRI: 1) patients with structural brain lesions in close prox-
imity to eloquent cortex who need preoperative functional
risk assessment, 2) patients who need determination of preop-
erative language hemispheric lateralization (and possibly, in
the future, memory lateralization), and 3) patients with epi-
lepsy needing preoperative seizure-focus localization with
electroencephalographic-correlated fMRI.> We will focus on
the first 2 categories in this article.

The Early Era of Clinical BOLD Imaging

In the early days of BOLD imaging (the 1990s), all such imag-
ing was conducted at most centers under institutional review
board—approved research protocols because no accepted
clinical application existed, and much investigation into the
basic principles of BOLD contrast was necessary. Because EPI
was relatively new and most MR imaging scanners were oper-
ating at field strengths of 1.5T or below, with limited gradient
strengths and low slew rates, BOLD imaging was relatively
difficult to perform. While FDA-approved EPI sequences were
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developed by scanner manufacturers, the software for BOLD
image analysis was not FDA-approved but was rather designed
strictly for research applications.

Because paradigms for motor, language, and visual map-
ping were just beginning to emerge and limited literature was
available regarding optimal paradigm design and stimulus-
presentation techniques, much of the work being conducted
in the realm of paradigm design and implementation was
home grown at a number of academic institutions. Many dif-
ferent software packages were available for BOLD processing,
but no consensus existed as to which was most appropriate for
clinical use and multiple approaches to data processing exist-
ed.® Some of these packages relied on the GLM for statistical
analysis (eg, SPM, University College London, London, UK),”
while others relied on cross-correlation approaches, t test
analyses, independent component analysis, or multiple differ-
ent options for data analysis (eg, Analysis of Functional
Neurolmages; Medical College of Wisconsin, Milwaukee,
Wisconsin).® Even within each of these general approaches,
much debate existed as to the optimal statistical threshold-
ing for research and clinical applications. Different itera-
tions of the software were developed during the years (eg,
SPM evolved from the early SPM96 to the current SPM8),
and new, more conservative statistical approaches evolved
(eg, various corrections for multiple comparisons, the false
discovery rate).’

During the early era of clinical BOLD imaging, the same
basic interdisciplinary approach that served as the hallmark
of BOLD research applied equally to clinical examinations.
Often an MR imaging physicist or 2, research assistants,
image-processing personnel, a statistician, and, at some
centers, a psychologist or neurologist were participants in a
multidisciplinary fMRI research team along with a neuro-
radiologist either with or without a dedicated MR imaging
technologist. The fMRI systems used had to be essentially
assembled by the research team, with stimulus-presenta-
tion software and hardware, patient-monitoring equip-
ment, and paradigm design and implementation all inde-
pendently developed or purchased from different vendors.
No integrated commercially available fMRI system existed,
and the home grown systems were not designed to be MR
imaging technologist—driven.

Although unprecedented high-resolution structural brain
imaging had been realized with the advent of structural MR
imaging in the early 1980s, study of in vivo higher level cogni-
tive function was not possible before the advent of BOLD
fMRI. BOLD imaging allowed assessment not only of sensori-
motor and visual function but also of complex language,
memory, emotion, and even higher level reasoning functions,
such as abstract mathematic reasoning.'” BOLD imaging
complemented established but relatively spatial-resolution-
limited electrophysiologic methods such as electroencepha-
lography and transcranial magnetic stimulation for the study
of brain function, and it preceded the emergence of MEG as a
readily available alternative technique. This has led to an ex-
plosion of BOLD-related literature in the cognitive neuro-
sciences during the past 2 decades. Even unlikely applications
such as in the medicolegal arena with evaluation of truth-tell-
ing have recently been noted.'"'
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BOLD fMRI Validation Studies during the Early Era

BOLD Motor Mapping

During the early era of functional imaging, many individual
institution-based clinical validation studies emerged that
strove to compare BOLD results with those of the intracarotid
sodium amobarbital (Wada) test for language lateralization
and intraoperative cortical stimulation mapping for language
and motor cortex localization. For example, many studies
have compared CSM with preoperative motor fMRI; these
studies have found high correlations between the 2
modalities.'*>°

BOLD Language Mapping Compared with Wada Testing
Language mapping has been less standardized than motor
mapping across medical centers and has thus been more diffi-
cult to validate than simple sensorimotor mapping. Neverthe-
less, many studies have compared preoperative BOLD imag-
ing with the Wada test for language lateralization. For
example, Binder et al*' studied 22 patients with epilepsy with
both Wada testing and fMRI by using a semantic decision task
and found high correlation between the lateralization on fMRI
and Wada testing (r = 0.96). Bahn et al** also found similar
results (100% concordance) in a comparison of language
fMRI to Wada lateralization in their study of 7 patients with
epilepsy. Similarly, Hertz-Pannier et al*® reported perfect lan-
guage lateralization concordance between Wada and preoper-
ative fMRI results by using a word-generation task in a group
of 6 children with partial epilepsy. Sabbah et al** reported
language lateralization concordance in 19 of 20 patients with
epilepsy between preoperative Wada testing and fMRI by us-
ing a silent word-generation task. Meneses et al*> also studied
5 patients with epilepsy with a verbal-fluency fMRI language
task and have similarly reported 100% lateralization concor-
dance with Wada testing. On the basis of these and other stud-
ies, many epileptologists now think that fMRI is adequate for
language lateralization, though the failure thus far to establish
widely accepted memory activation paradigms still makes
fMRI fall short of a definite substitute for the Wada test for
overall hemispheric lateralization. Nevertheless, many believe
that fMRI is well on its way to serving as a reliable noninvasive
substitute for the Wada test.”®

BOLD Language Mapping Compared with Intraoperative

Mapping

Other studies were performed comparing preoperative lan-
guage fMRI results with those of awake intraoperative CSM
results. For example, Yetkin et al'? in their study of 28 patients
who performed finger, lip, and tongue motor tasks in addition
to silent word-generation and counting tasks, found 100%
concordance between the fMRI activation sites and intraoper-
ative stimulation sites within 20 mm and 87% concordance
within 10 mm. Furthermore, Benson et al*’ reported correct
language lateralization by using a verb-generation task in 22 of
23 patients who also underwent either Wada testing (n = 12)
or CSM (n = 11) asa reference standard. Hirsch et al,'® in their
study of 125 patients and 63 controls using multiple fMRI
tasks, found sensitivities for detection of the Broca area of 93%
and 77% and for the Wernicke area of 100% and 91%, respec-



tively, for the control and patient groups; they also noted over-
all concordance with CSM and Wada results.

Memory Mapping with BOLD fMRI

While memory mapping has been the subject of extensive re-
search during the past decade, it has not yet gained widespread
clinical acceptance despite the publication of 3 validation
studies, which have compared preoperative memory fMRI lat-
eralization with preoperative Wada test results and/or postop-
erative memory outcome.”®° For example, Janszky et al*® in
their study of 16 patients with right mesial TLE who per-
formed the Roland hometown walking test found a high cor-
relation (r = 0.71) between the preoperative fMRI memory
lateralization and individual postoperative memory outcome
following right anterior TL resection. Similarly, Richardson et
al’® noted high correlations between preoperative fMRI hip-
pocampal encoding asymmetry and postoperative memory
outcome in their study of 10 patients with left TLE who un-
derwent a verbal-encoding task.

In the study of Rabin et al*® of 35 patients with TLE and 30
healthy controls who performed a complex visual-scene-en-
coding memory task, the authors evaluated medial TL regions
of interest that encompassed the hippocampus, parahip-
pocampal gyrus, and fusiform gyrus. The control subjects
showed almost symmetric activation within these regions of
interest, whereas the patients with TLE showed greater
asymmetry. Preoperative fMRI activation asymmetry ratios
from the regions of interest correlated significantly with
both memory lateralization by preoperative Wada testing
and postoperative memory outcome, as determined by a
change in scene recognition between presurgical and post-
surgical evaluations.*

Limitations in the Early Era of Functional Imaging
Many of these studies were fairly unsophisticated because in
that era, export of postprocessed functional activation maps
into neuronavigation systems was not possible and most radi-
ology departments did not even have PACS, but were rather
relying on hard copy films. Neurosurgeons using such data at
most centers had access to only relatively primitive neuronavi-
gation systems that only permitted use of 3D structural brain
images; for this reason, hard copy images of BOLD results
were often posted in the surgical suites for planning purposes.
As PACS servers became more common around the turn of
the century with the digitization of radiology departments,
more impetus for electronic transfer of functional activation
maps to PACS servers developed. Along with the development
of PACS, we have seen a tremendous increase in computa-
tional capacity since the 1990s. In those days, much of the
processing of BOLD data was extremely time-consuming due
to relatively slow CPU processing capability and relatively low
memory (RAM) capacity of high-end computer workstations
in that era, and the data-storage needs were colossal, consid-
ering that a single clinical study could exceed 1 gigabyte of
data. It was not uncommon for a single clinical fMRI study to
require up to 8—12 hours of processing by using GLM ap-
proaches. A minimum of 1 terabyte of storage capacity was
considered optimal in those days, which seems minute com-
pared with the requirements of the current era.
Multimodality image fusion, now the standard, was not

widely available due to the inherent limitations of BOLD pro-
cessing and coregistration with other functional imaging data-
sets. For example, coregistration with DTI maps, such as FA-
weighted color directional maps or DTT, was generally not
feasible because different research software packages were
used for generation of the DTI maps, which were not neces-
sarily compatible with the software used for the BOLD image
analysis. Scanner vendors did not provide commercially avail-
able software for DTI processing, and only standard 3-direc-
tion diffusion encoding was available for generation of typical
diffusion-weighted images and postprocessed apparent diffu-
sion coefficient maps. Similarly, dynamic susceptibility con-
trast perfusion MR imaging was in its infancy as well, and
commercially available software generally allowed only acqui-
sition of time-to-peak maps and basic cerebral blood volume
maps, not corrected for contrast-leakage effects or capable of
providing permeability information. Even the phenomenon
of neurovascular uncoupling had not yet been described, and
many of the potential pitfalls of the clinical application of
BOLD imaging were just being acknowledged for the first
time.

Advances in the Current Era of Functional Imaging

In the current era of functional imaging, arising at the start of
the current millennium, what was originally a novelty from a
cognitive neuroscience investigation standpoint has evolved
into an essential element in such exploration of human brain
function, and this has led to development of new models of
language function (eg, the ventral and dorsal stream model)
and working memory based on empiric evidence provided by
functional neuroimaging.”’

Furthermore, BOLD imaging has made a major transition
from a research to a clinically viable imaging technique. The
development of the new CPT codes for fMRI in January 2007
signifies this transition to an essential clinical tool that has
elevated the surgical standard of care. From the very begin-
ning, our neurosurgical colleagues have been primarily re-
sponsible for advocating the clinical use of this technique, and
currently neurosurgeons at a growing number of academic
medical centers consider the combination of BOLD and DTI
to be an indispensable component of their practices. Such im-
aging has influenced preoperative risk assessment, intraoper-
ative mapping strategy, and surgical trajectory.

Many major improvements in the current decade of clini-
cal functional imaging have made performance of these exam-
inations much more streamlined and practical. Newer com-
mercially available fully integrated FDA-approved fMRI
systems are now available that offer turnkey solutions from a
data-acquisition and paradigm-delivery standpoint as well as
rapid and often technologist-driven streamlined processing.
No institutional review board protocol is needed for use of
these FDA-approved clinical systems. A variety of well-docu-
mented paradigms are available for motor, language, and vi-
sual mapping. Three-dimensional fusion of DTI and BOLD
datasets and delivery of postprocessed images to PACS servers
and neuronavigation systems are now possible due to software
improvements. Image-processing time has been drastically re-
duced to =1 hour for BOLD processing, largely due to vastly
more powerful computer workstations with faster CPUs and
greater RAM. While the need for increased data-storage ca-
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CPT Codes for fMRI*®

Code No.
70554 fMRI brain by technologist

Description
Includes test selection and administration of repetitive body part movement and/or
visual stimulation, not requiring physician or psychologist administration.
Requires physician or psychologist administration of entire neurofunctional testing.
Neurofunctional testing selection and administration during noninvasive imaging
functional brain mapping, with test administered entirely by a physician or
psychologist, with review of test results and report.

70555 fMRI brain by physician/psychologist
96020 functional brain mapping (must be used with 70555)

pacity has grown, the cost associated with incremental expan-
sion of data-storage capability has decreased substantially.
Perfusion imaging or cerebrovascular reactivity mapping is
also performed at many centers along with BOLD fMRI to
evaluate the potential for lesion-related neurovascular
uncoupling.

Establishment of CPT Codes Reflecting Advances of the
Current Era

The establishment of the CPT codes has been based both on
the numerous single-center clinical validation studies de-
scribed above and on several landmark studies that have
shown the great value of preoperative functional imaging in
surgical planning.®*>* See the Table for a description of these
codes.?® Specifically, in the study of Petrella et al’* of 39 pa-
tients with brain tumors who underwent preoperative fMRI,
the BOLD fMRI altered treatment planning in 19 patients
(P < .05) and resulted in reduced surgical time (1560 min-
utes) in 22 patients. Medina et al’® evaluated 60 patients with
preoperative language (n = 53), motor (n = 33), or visual
(n = 7) fMRL In 38 (63%) patients, fMRI helped to avoid
further studies, including the Wada test. In their series, intra-
operative mapping was altered in 31 (52%) patients, and over-
all surgical planning was altered in 25 (42%) patients by the
preoperative fMRI results.”> Roessler et al** studied 22 pa-
tients with gliomas near the motor cortex who underwent
both preoperative fMRI on a 3T MR imaging system and CSM.
fMRI detected the primary motor cortex in all patients, but
CSM was possible in only 17 of 22 patients (77.3%). The au-
thors reported 100% agreement between CSM localization
and fMRI localization of the primary motor cortex within 10

mm.*

Complementary Role of DTI in Eloquent White Matter
Mapping

DTI for depiction of eloquent white matter has been as useful
in clinical practice as BOLD imaging for delineation of elo-
quent cortex because surgical severing of these white matter
tracts can produce similar postoperative neurologic deficits.
Many scanner vendors now offer streamlined DTI and DTT
packages, and the overall value of DTI for preoperative risk
assessment is excellent.’® See Fig 1 for an example of how the
combination of BOLD and DTI is used in the evaluation of a
patient with a brain tumor.

Emerging Role of BOLD and DTI in Neuronavigation

One relatively recent advance has been the ability to import
digital BOLD and DTI data directly into neuronavigation sys-
tems. Some of the neuronavigation companies even offer their
own BOLD and DTI processing software, including software
for basic tractography. Several recent studies have shown great
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promise for DTT incorporation into neuronavigation systems
for surgical planning,””*° and similar studies have shown the
added value of BOLD results when incorporated into neuro-
navigation systems.*' Each of these studies will be described
briefly.

In the study of Bello et al’” of 52 patients with low-grade
gliomas and 12 patients with high-grade gliomas, the authors
found a high correlation between DTI fiber tracking results
and those of intraoperative subcortical mapping; the overall
sensitivity was 95% for detection of the corticospinal tract and
97% for detection of language tracts, by using intraoperative
mapping as the criterion standard. The combination of both
methods decreased surgery duration, patient fatigue, and the
incidence of intraoperative seizures.”’

Wu et al*® studied 238 patients with brain tumors involving
the pyramidal tract to determine the impact of the use of pre-
operative DTI in neuronavigation on postsurgical outcome
and long-term survival; 118 underwent DTI, while 120 under-
went only standard 3D structural imaging for neuronaviga-
tion. Postoperative motor deterioration occurred in 32.8% of
the control cases, compared with only 15.3% in the DTI group
(P <.001). In addition, significantly higher 6-month Karnof-
sky Performance Scale scores were noted in the DTI group.®®
In 81 patients with high-grade gliomas, the median survival of
patients undergoing preoperative DTT was 21.2 months com-
pared with only 14.0 months for the control patients (P =
.048).%8

Coenen et al*® compared the location of the preoperative
DTI-based pyramidal tract outlined in neuronavigation with
the tract outlined in surgery through subcortical intraopera-
tive mapping in 13 patients with tumors adjacent to the py-
ramidal tracts or in perirolandic regions. They found thatin 11
of the 13 patients (92%), the motor pathways were correctly
predicted by preoperative DTT, by using subcortical intraop-
erative mapping as the criterion standard.*

Berman et al*® performed DTT of the corticospinal tract
with DTT overlay on T1- and T2-weighted anatomic images
for import into a neuronavigation system for surgical plan-
ning in a total of 9 patients with gliomas; in 7 patients, addi-
tional magnetic source imaging was performed to identify the
functional somatosensory cortex. Intraoperative subcortical
stimulation mapping of the corticospinal tract was performed
by using a bipolar electrode with a total of 16 subcortical mo-
tor stimulations identified in the 9 patients.*® The mean dis-
tance between stimulation sites and DTT-determined tracts
was 8.7 £ 3.1 mm, which included the inherent error associ-
ated with both the actual DTT technique and the stereotactic
navigation/image coregistration.*’

Krishnan et al*' investigated the correlation between the
lesion-to-fMRI voxel activation distance and the occurrence
of new postoperative motor deficits in 54 patients with peri-



Fig 1. Multiplanar views of language BOLD activation overlaid on FA-weighted color directional diffusion maps superimposed on postgadolinium 3D magnetization-prepared rapid acquisition
of gradient echo high-resolution anatomic images in a patient with a left trigonal intraventricular mass. The BOLD paradigm used is a silent word-generation task. Red-green-blue coding
convention is used for DTI display, in which red refers to mediolateral; blue, to superoinferior; and green, to anteroposterior preferential diffusion. Note the activation of both Broca and

Wernicke areas in the left hemisphere in this left-language-dominant patient.

rolandic lesions who performed hand, foot, and tongue motor
fMRI tasks. In 45 patients, gross total resection was accom-
plished, while 80%—-95% of resection was performed in the
remaining 9 patients; postoperative neurologic status was
noted to be improved relative to baseline in 29.6% of patients,
unchanged in 53.7%, and worsened in 16.7%.*' The authors
concluded that a lesion-to-activation distance of <5 mm may
be associated with a higher risk of postsurgical neurologic de-
terioration, whereas within a 10-mm range, CSM should be
performed for safe resection, while for distances of >10 mm, a
complete resection can be safely accomplished.*!

See Fig 2A, -B for examples of language and motor BOLD-
activation maps imported into a neuronavigation system.

New Insights and Challenges Provided by Clinical
Functional Imaging

During the past 2 decades, fMRI has not only served a vital role
in presurgical mapping in patients with resectable brain le-
sions but has also contributed greatly to the evolution of our
knowledge regarding language processing and overall cortical
and subcortical language representation in the human brain.”!
The classic model of language processing, invoking the Broca
area (left inferior frontal gyrus) and Wernicke area (posterior
left superior temporal gyrus) as well as the AF, which connects
the expressive language areas to the receptive language cortex,
has recently been replaced with a more complex model de-
scribing a more expansive language network. In particular, the

new concept of “dual-stream model,” which has been de-
scribed in the current decade, has been recently evaluated with
fMRI/DTT by Saur et al.>’ These authors observed that sub-
lexical speech repetition is subserved by a dorsal pathway, con-
necting the superior TL and the premotor cortices in the fron-
tal lobe via the AF and superior longitudinal fasciculus.>' In
addition, higher level language comprehension is mediated by
a ventral pathway connecting the middle TL and ventrolateral
prefrontal cortex via the extreme capsule.>’ The dorsal path-
way involves sensorimotor mapping of sound to articulation,
whereas linguistic processing of sound to meaning involves
the ventral pathway.”'

Some technical pitfalls of clinical BOLD imaging have been
highlighted as a result of the growing use of this technique.
Foremost among these is the phenomenon of neurovascular
uncoupling, which refers to the uncoupling of the regional
microvascular blood flow changes from adjacent neuronal ac-
tivity often seen in high-grade brain tumors with tumor an-
giogenesis or in arteriovenous malformations that alter local
cerebral hemodynamics; many biochemical mediators of the
neurovascular coupling have been implicated, such as nitrous
oxide, certain neurotransmitters, etc.*>** Cerebral vascular
reactivity mapping by using carbon dioxide challenges or
breath-holding, MR perfusion imaging to assess the presence
of regional hyperperfusion, and complementary intraopera-
tive mapping evaluation are methods that different centers are
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Fig 2. BOLD activation maps imported into a neuronavigation system. A, Hand motor activation from an alternating finger-tapping paradigm, with the 3D cursor placed on activation seen
anterior to a left parietal lobe tumor. B, Language activation (combination of silent word-generation and rhyming tasks), with the 3D cursor on temporal lobe receptive cortical activation,

in close proximity to the classic Wernicke area.

using in the current era to assess the validity of BOLD activa-
tion in light of this important potential limitation.

Another emerging problem is lack of standardization,
which affects DTT as well as BOLD; many different software
packages exist for tractography, including traditional DTI-
based methods (such as the fiber assignment by continuous
tracking algorithm),*>**”as well as more sophisticated meth-
ods that take into account each eigenvector within an individ-
ual voxel, such as high angular resolution diffusion imag-

ing*®° or diffusion spectrum imaging.>!

The Future of Functional Neuroimaging

The future of clinical functional imaging holds the opportu-
nity for neuroradiologists to work more closely with neuro-
surgical colleagues as preoperative functional imaging be-
comes progressively incorporated into the evolving surgical
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standard of care. Challenges in a revenue-driven radiology
practice model will have to be met with demonstration of the
added value of functional imaging in overall patient care, and
neurosurgical end-users will continue to provide this neces-
sary impetus for development in this field. Although currently
limited to major tertiary care academic centers, clinical func-
tional imaging will likely soon make its way to private practices
and smaller academic centers as vendors provide increasingly
sophisticated streamlined and integrated packages. In the fu-
ture, with increasing use of higher field intraoperative MR
imaging systems, integration of presurgical and possibly even
intraoperative functional imaging data into neuronavigation
systems with effective real-time brain-shift correction may be-
come a reality, and this will affect the future role of the func-
tional neuroradiologist. In addition, the need to train neuro-
radiology fellows in functional imaging is being increasingly



recognized; therefore, fellowship programs will need to pro-
vide trainees with more exposure to physiologic/functional
imaging in the near future.

References

1.

20.

21.

22.

23.

24.

25.

26.

Ogawa S, Lee TM, Nayak AS, et al. Oxygenation-sensitive contrast in magnetic
resonance image of rodent brain at high magnetic fields. Magn Reson Med
1990;14:68-78

. Ogawa S, Lee TM. Magnetic resonance imaging of blood vessels at high fields:

in vivo and in vitro measurements and image simulation. Magn Reson Med
1990;16:9-18

. Ogawa S, Lee TM, Kay AR, et al. Brain magnetic resonance imaging with con-

trast dependent on blood oxygenation. Proc Natl Acad Sci U S A 1990;87:
9868-72

. Belliveau JW, Kennedy DN Jr, McKinstry RC, et al. Functional mapping of the

human visual cortex by magnetic resonance imaging. Science 1991;254:716—-19

. Chakraborty A, McEvoy AW. Presurgical functional mapping with functional

MRI. Curr Opin Neurol 2008;21:446-51

. Gold S, Christian B, Arndt S, et al. Functional MRI statistical software

packages: a comparative analysis. Hum Brain Mapp 1998;6:73—84

. Friston KJ, Jezzard P, Turner R. Analysis of functional MRI time-series. Hum

Brain Mapp 1994;1:153-71

. Cox RW. AFNI: software for analysis and visualization of functional magnetic

resonance neuroimages. Comput Biomed Res 1996;29:162—73

. Genovese CR, Lazar NA, Nichols T. Thresholding of statistical maps in func-

tional neuroimaging using the false discovery rate. Neuroimage 2002;15:
870-78

. Kroger JK, Nystrom LE, Cohen JD, et al. Distinct neural substrates for deduc-

tive and mathematical processing. Brain Res 2008;1243:86-103

. Kozel FA, Johnson KA, Mu Q, et al. Detecting deception using functional mag-

netic resonance imaging. Biol Psychiatry 2005;58:605—13. Epub 2005 Sep 26

. Mohamed FB, Faro SH, Gordon NJ, et al. Brain mapping of deception and

truth telling about an ecologically valid situation: functional MR imaging and
polygraph investigation—initial experience. Radiology 2006;238:67—88

. Yetkin FZ, Mueller WM, Morris GL, et al. Functional MR activation correlated

with intraoperative cortical mapping. AJNR Am ] Neuroradiol 1997;18:
1311-15

. Roux FE, Boulanouar K, Ranjeva JP, et al. Usefulness of motor functional MRI

correlated to cortical mapping in Rolandic low-grade astrocytomas. Acta Neu-
rochir (Wien) 1999;141:71-79

. Roux FE, Boulanouar K, Ranjeva JP, et al. Cortical intraoperative stimulation

in brain tumors as a tool to evaluate spatial data from motor functional MRI.
Invest Radiol 1999;34:225-29

. HirschJ, Ruge MI, Kim KH, et al. An integrated functional magnetic resonance

imaging procedure for preoperative mapping of cortical areas associated with
tactile, motor, language, and visual functions. Neurosurgery 2000;47:711-21,
discussion 721-22

. Roux FE, Ibarrola D, Tremoulet M, et al. Methodological and technical issues

for integrating functional magnetic resonance imaging data in a neuronavi-
gational system. Neurosurgery 2001;9:1145-56, discussion 115657

. Krings T, Schreckenberger M, Rohde V, et al. Functional MRI and 18F FDG-

positron emission tomography for presurgical planning: comparison with
electrical cortical stimulation. Acta Neurochir (Wien) 2002;144:889-99

. WuJS, Zhou LF, Chen W, et al. Prospective comparison of functional mag-

netic resonance imaging and intraoperative motor evoked potential monitor-
ing for cortical mapping of primary motor areas [in Chinese]. Zhonghua Wai
Ke Za Zhi 2005;43:1141-45

Xie J, Chen XZ, Jiang T, et al. Preoperative blood oxygen level-dependent
functional magnetic resonance imaging in patients with gliomas involving
the motor cortical areas. Chin Med J (Engl) 2008;121:631-35

Binder JR, Swanson SJ, Hammeke TA, et al. Determination of language domi-
nance using functional MRI: a comparison with the Wada test. Neurology
1996;46:978 -84

Bahn MM, Lin W, Silbergeld DL, et al. Localization of language cortices by
functional MR imaging compared with intracarotid amobarbital hemi-
spheric sedation. AJR Am ] Roentgenol 1997;169:575-79

Hertz-Pannier L, Gaillard WD, Mott SH, et al. Noninvasive assessment of lan-
guage dominance in children and adolescents with functional MRI: a prelim-
inary study. Neurology 1997;48:1003—12

Sabbah P, Chassoux F, Leveque C, et al. Functional MR imaging in assessment
of language dominance in epileptic patients. Neuroimage 2003;18:460-67
Meneses MS, Rocha SF, Blood MR, et al. Functional magnetic resonance im-
aging in the determination of dominant language cerebral area [in Portu-
guese]. Arq Neuropsiquiatr 2004;62:61-67. Epub 2004 Apr 28

Abou-Khalil B. An update on determination of language dominance in screen-

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

ing for epilepsy surgery: the Wada test and newer noninvasive alternatives.
Epilepsia 2007;48:442-55. Epub 2007 Feb 21

Benson RR, FitzGerald DB, LeSueur LL, et al. Language dominance determined
by whole brain functional MRI in patients with brain lesions. Neurology
1999;10;52:798 809

Janszky J, Jokeit H, Kontopoulou K, et al. Functional MRI predicts memory
performance after right mesiotemporal epilepsy surgery. Epilepsia 2005;46:
244-50

Rabin ML, Narayan VM, Kimberg DY, et al. Functional MRI predicts post-
surgical memory following temporal lobectomy. Brain 2004;127(pt 10):
2286-98

Richardson MP, Strange BA, Thompson PJ, et al. Pre-operative verbal memory
fMRI predicts post-operative memory decline after left temporal lobe resec-
tion. Brain 2004;127(pt 11):2419-26

. Saur D, Kreher BW, Schnell S, et al. Ventral and dorsal pathways for language.

Proc Natl Acad Sci U S A 2008;105:18035—40

Petrella JR, Shah LM, Harris KM, et al. Preoperative functional MR imaging
localization of language and motor areas: effect on therapeutic decision mak-
ing in patients with potentially resectable brain tumors. Radiology 2006;240:
793-802

Medina LS, Bernal B, Dunoyer C, et al. Seizure disorders: functional MR im-
aging for diagnostic evaluation and surgical treatment—prospective study.
Radiology 2005;236:247-53

Roessler K, Donat M, Lanzenberger R, et al. Evaluation of preoperative high
magnetic field motor functional MRI (3 Tesla) in glioma patients by navigated
electrocortical stimulation and postoperative outcome. ] Neurol Neurosurg
Psychiatry 2005;76:1152-57

Bobholz JA, Rao SM, Saykin AJ, et al. Clinical use of functional magnetic res-
onance imaging: reflections on the new CPT codes. Neuropsychol Rev 2007;17:
189-91

Ulmer JL, Salvan CV, Mueller WM, et al. The role of diffusion tensor imaging
in establishing the proximity of tumor borders to functional brain systems:
implications for preoperative risk assessments and postoperative outcomes.
Technol Cancer Res Treat 2004;3:567-76

Bello L, Gambini A, Castellano A, et al. Motor and language DTI fiber tracking
combined with intraoperative subcortical mapping for surgical removal of
gliomas. Neuroimage 2008;39:369—82

WuJS, Zhou LF, Tang W], et al. Clinical evaluation and follow-up outcome of
diffusion tensor imaging-based functional neuronavigation: a prospective,
controlled study in patients with gliomas involving pyramidal tracts. Neuro-
surgery 2007;61:935-48, discussion 948—49

Coenen VA, Krings T, Axer H, et al. Intraoperative three-dimensional visual-
ization of the pyramidal tract in a neuronavigation system (PTV) reliably
predicts true position of principal motor pathways. Surg Neurol 2003;60:
381-90

Berman JI, Berger MS, Chung SW, et al. Accuracy of diffusion tensor magnetic
resonance imaging tractography assessed using intraoperative subcortical
stimulation mapping and magnetic source imaging. | Neurosurg 2007;107:
488-94

Krishnan R, Raabe A, Hattingen E, et al. Functional magnetic resonance imag-
ing-integrated neuronavigation: correlation between lesion-to-motor cortex
distance and outcome. Neurosurgery 2004;55:904—14

Ulmer JL, Krouwer HG, Mueller WM, et al. Pseudo-reorganization of language
cortical function at fMR imaging: a consequence of tumor-induced neurovas-
cular uncoupling. AJNR Am ] Neuroradiol 2003;24:213-17

Holodny Al, Schulder M, Liu WC et al. The effect of brain tumors on BOLD
functional MR imaging activation in the adjacent motor cortex: implications
for image-guided neurosurgery. AJNR Am ] Neuroradiol 2000;21:1415-22
Schreiber A, Hubbe U, Ziyeh S, et al. The influence of gliomas and nonglial
space-occupying lesions on blood-oxygen-level-dependent contrast enhance-
ment. AJNR Am ] Neuroradiol 2000;21:1055-63

Mori, S, Crain, BJ, Chacko VP, et al. Three dimensional tracking of axonal
projections in the brain by magnetic resonance imaging. Ann Neurol 1999;45:
265-69

Basser PJ, Pajevic S, Pierpaoli C, et al. In vivo fiber tractography using DT-MRI
data. Magn Reson Med 2000;44:625-32

Conturo TE, Lori NF, Cull TS, et al. Tracking neuronal fiber pathways in the
living human brain. Proc Natl Acad Sci U S A 1999;96:10422-27

Berman JI, Chung S, Mukherjee P, et al. Probabilistic streamline g-ball trac-
tography using the residual bootstrap. Neuroimage 2008;39:215-22

HessCP, Mukherjee P, Han ET, et al. Q-ball reconstruction of multimodal fiber
orientations using the spherical harmonic basis. Magn Reson Med 2006;56:
104-17

Mukherjee P, Chung SW, Berman JI, et al. Diffusion tensor MR imaging and
fiber tractography: technical considerations. ATNR Am J Neuroradiol 2008;29:
843-52

Kuo LW, Chen JH, Wedeen V], et al. Optimization of diffusion spectrum im-
aging and g-ball imaging on clinical MRI system. Neuroimage 2008;41:7—18.
Epub 2008 Feb 26

AJNR Am J Neuroradiol 31:219-25 | Feb 2010 | www.ajnr.org 225



