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Introduction

Stephan Ulmer

Within the past two decades, functional magnetic
resonance imaging (fMRI) has developed tre-
mendously and continues to do so. From initial
descriptions of changes in blood oxygenation
that can be mapped with MRI using T2*-weighted
images to very basic investigations performing
studies of the visual and motor cortex, fMRI has
further evolved into a very powerful research tool
and has also become an imaging modality of
daily clinical routine, especially for presurgical
mapping. With the first edition of this book, we
tried to give an overview of the basic concepts
and their clinical applications. With increasing
demands by you, the reader, as a researcher and/
or clinical colleague, and due to increasing appli-
cations, we feel an update is due, with add-ons to
the previous edition. We are delighted to present
this second edition of fMRI: Basics and Clinic
Applications.

Understanding brain function and localizing
functional areas have ever since been a main goal
of neuroscience, with fMRI being a very power-
ful tool to approach this aim. Studies on healthy
volunteers usually take a different approach and
often have a very complex study design, while
clinical applications face other problems most
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commonly related to the limited compliance of
the patients, even more so in the context of
dementia, advanced-stage tumor patients, or with
children. Therefore, the application of fMRI in a
clinical setting is a different challenge, reflected
in the study designs as well as in the analysis of
the data algorithms. Analyzing data also has
become increasingly complex due to sophisti-
cated study designs in single-center studies, mul-
ticenter trials requiring meta-analysis, and for
mapping connectivity. Analyzing fMRI data is a
science of its own. Fortunately, there is a variety
of software solutions available free of charge for
the most part. Manufacturers also offer analyzing
software.

Besides the classical definition of functional
areas that might have been shifted through a
lesion or could be present in a distorted anatomy
prior to neurosurgical resection, further clinical
applications include mapping of recovery from
stroke or trauma, cortical reorganization (if these
areas were affected), and changes during the
development of the brain or during the course of
a disease. For the understanding of psychiatric
disorders, dementia, and Parkinson’s disease,
fMRI offers new horizons.

Knowledge of basic neuroanatomy, the asso-
ciated physiology, and especially the possible
pathophysiology that might affect the results to
start with is mandatory. The results in volun-
teers are the requisite to understand the results
in patients, and they can only be as good as the
design itself. Monitoring the patient in the scanner
is necessary to guarantee that the results obtained

S. Ulmer, O. Jansen (eds.), fMRI — Basics and Clinical Applications, 3
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will reflect activation caused by the stimulation,
or to understand that reduced or even missing
activation could have hampered the results, and
to analyze how they were generated. Obviously,
we have to realize that while the patient is still
in the scanner, a repetition of the measurement
can be done or an unnecessary scan avoided if
the patient is incapable of performing the task.
Performing motor tasks seems relatively straight-
forward, as patient performance can be directly
observed in the scanner. Cognitive and language
tasks are more challenging. Also, a vascular
stenosis or the steal effects of a brain tumor or an
arteriovenous malformation (AVM) may corrupt
the results. There are some sources resulting in
disturbances that might depict no activation in a
patient, e.g., in language tasks that usually depict
reliable results in volunteers. It is essential to have
a person with expertise in training and testing
patients on the cognitive tasks involved, such as a
neuropsychologist or a cognitive neurologist.

Task performance and paradigm development
usually follow a graduated scheme. Initially,
experiments are performed in healthy volunteers.
This, however, has the disadvantage that the vol-
unteers are most likely healthy students or staff
who are used to the scanner environment and can
therefore focus unrestrictedly on the task, whereas
patients may be scared or too nervous concerning
their disease and about what might happen in the
near future (such as a brain tumor resection).

The same paradigm must be used in less
affected patients first, to confirm the feasibility in
this setting that might become more specific after
some experience. Test-retest reliability finally
enables clinical application to address specific
questions. Passive or “covert” tasks might be
helpful; however, at least in cognitive studies per-
formance cannot be measured. Semantic and
cognitive processes continue during passive situ-
ations, including rest and other passive baseline
conditions. Regions involved will therefore be
eliminated from the analysis when such condi-
tions are used as a baseline.

Mapping children represents a twofold chal-
lenge. Normative data is not available and com-
pliance is limited. In early childhood or in
cognitively impaired children, or just simply

during brain development, cognitive tasks need
to be modified individually, and that again causes
problems in analyzing the data and interpreting
the results.

As already stated, absence of an expected acti-
vation represents a real challenge and raises the
question of the reliability of the method per se.
Suppression of activation or task-related signal
intensity decrease has also not been fully under-
stood. Missing activation in a language task could
mislead the neurosurgeon to resect a low-grade
lesion close to the inferior frontal lobe and still
cause speech disturbance or memory loss after
resection of a lesion close to the mesial tempo-
ral lobe, and therefore — depending on the close
cooperation between the clinicians — healthy
skepticism as well as combination with other
modalities such as direct cortical stimulation may
be advisory. Indeed, the combination of fMRI
with further modalities such as electroencepha-
lography (EEG), transcranial magnetic stimula-
tion (TMS), magnetoencephalography (MEG),
or positron emission tomography (PET) is very
promising. Hemispheric (language) dominance
is only the tip of the iceberg and we have to ask
ourselves again how sensitive our methods and
paradigms are to depict minor deficits. The same
is true for clinical bedside testing and thus ques-
tions “silent” brain regions.

Sequence selection is important in terms of
what we want to see and how to achieve it. Prior
to the introduction of echo planar imaging, tem-
poral resolution was restricted. Spatial resolution
requirements are much more important in indi-
vidual cases than in a healthy control group,
especially in the presurgical definition of the so-
called eloquent areas.

Higher field strengths might enable us to
depict more signals but possibly more noise in
the data as well. From a clinician’s point of view,
reliability of individual results is desired.

It is exciting to see how fMRI became a clinical
application in recent years of which neurosurgeons
were initially very suspicious during the first clini-
cal experiments in presurgical mapping. Its current
acceptance can be appreciated in the increasing
numbers of studies performed on demand, not
only in brain tumor mapping but also in epilepsy.



1 Introduction

A completely new field has developed more
recently, namely, ethical considerations arising from
incidental imaging findings. For patients, incidental
findings are often part of the daily routine, yet
“healthy” volunteers are faced with completely
unexpected consequences and so are researchers.

With the second edition of this book, we will try
to answer new questions while giving an overview

on how fMRI can be applied for clinical purposes.
After the first edition we felt the need to add further
fields and applications, this being an ongoing pro-
ject that we try to keep alive. It is a great honor for
me to have such a distinguished board of experts in
the field involved in this project. I hope that you
will enjoy this book as much as I have and that it
will help you in your own daily work.



Neuroanatomy and Cortical

Landmarks

Stephan Ulmer

2.1 Neuroanatomy and Cortical

Landmarks of Functional Areas

Prior to any type of functional mapping, a pro-
found knowledge of neuroanatomy is mandatory.
Focusing on the clinical applications of fMRI,
this chapter will present methods to identify char-
acteristic anatomical landmarks and describe the
course and shape of some gyri and sulci and how
they can be recognized on MR imaging. As anat-
omy will be presented in neurofunctional sys-
tems, some redundancy is desired in order to
course over cortical landmarks. If fMRI is not
performed during clinical routine imaging, usu-
ally a 3D data set is acquired to overlay the
results. Nowadays, fMRI is performed using echo
planar imaging (EPI) with anisotropic distortion,
whereas 3D Tl-weighted data sets, such as
MPRage (magnetization-prepared rapid acquisi-
tion gradient echo) or SPGR (spoiled gradient-
recalled acquisition in steady state) sequences,
are usually isotropic. Normalization of the fMRI
data may reduce this systemic error to some extent
that is more pronounced at the very frontal aspect
of the frontal lobe and the very posterior aspect of
the occipital lobe. However, for individual data,
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normalization and overlaying fMRI results on
anatomy remain crucial. No two brains, not even
the two hemispheres within one subject, are iden-
tical at a macroscopic level, and anatomical tem-
plates represent only a compromise (Devlin and
Poldrack 2007). Usage of templates like the
Talairach space (based on the anatomy of one
brain) or the MNI template (based on 305 brains)
can cause registration error as well as additional
variation and reduce accuracy; indeed, it does not
warrant the shammed anatomical precision in the
individual case.

2.1.1 Sensorimotor Cortex

2.1.1.1 Transverse Sections

There are various methods to identify the precen-
tral gyrus (preCG; [3]), the central sulcus (CS)
and the postcentral gyrus (postCG; [4]). From
a craniocaudal point of view, the sensorimotor
strip follows (from the apex to the Sylvian fissure
[35b]) a medial-posterior-superior to lateral-
anterior-inferior course. The precentral gyrus [3]
fuses with the superior frontal gyrus (SFG; [1])
at the very upper convexity (Ebeling et al. 1986;
Kido et al. 1980; Naidich et al. 1995; Ono et al.
1990). This can be well depicted on transverse
sections (see Figs. 2.1 and 2.2). The precentral
gyrus [3] is the most posterior part of the frontal
lobe that extends inferiorly to the Sylvian fissure
[35b]. The precentral gyrus [3] is thicker than the
postcentral gyrus [4] in anterior-posterior (ap)
dimension (Naidich et al. 1995) as is the grey

S. Ulmer, O. Jansen (eds.), fMRI — Basics and Clinical Applications, 7
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Fig.2.1 Overview of the used sections. The numbers are explained within the text as well as in the other figure legends
in detail

matter (Meyer et al. 1996). At the apex, the pre- lateral view (see Fig. 2.3), the cingulate sulcus [5]
[3] and postcentral gyri [4] form the paracentral ascends at the medial interhemispheric surface
lobule [b] as they fuse. Making a little detour to a  dorsal to the paracentral lobule (pars marginalis)
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Fig.2.2 Axial T2-weighted TSE MR images. / superior
frontal gyrus, 2 medial frontal gyrus, 3 precentral gyrus, 4
postcentral gyrus, 5 “pars bracket”, cingulated sulcus, 6

Fig. 2.3 Sagittal FLAIR image at the midline. / superior
frontal gyrus, 5 “pars bracket”, cingulate sulcus, 6 precu-
neus, parietal lobe, 23 body of the corpus callosum, 24
anterior commissure, 25 parietooccipital sulcus, 27 cal-
carine fissure, b paracentral lobule, 28 cuneal point

[b] and thus separates it from the precuneus [6].
This intersection can be appreciated on axial
sections as the “bracket” sign (see Fig. 2.2;
Naidich and Brightbill 1996) that borders the
postcentral gyrus [4]. Somatotopographically,
the apex harbours the cortical representation
the lower extremity (Penfield and Rasmussen
1950). Following its course along the superficial

precuneus, parietal lobe, 7 intraparietal sulcus, 8 inter-
hemispheric fissure, @ hand knob, b paracentral lobule

convexity (from medial-posterior-superior to
lateral-anterior-inferior), the cortical surface of
the precentral gyrus increases at its posterior
margin, building the omega-shaped motor hand
knob ([a]; Yousry et al. 1995, 1997). Within this
primary motor cortex (M1) of the hand, there
is an additional somatotopic order of the indi-
vidual digits (with interindividual overlap and
variation). From medial to lateral, the hand is
organized beginning with digit 5 (D5), to the
thumb representation (D1) being the most lat-
eral (Dechent and Frahm 2003). The motor hand
knob [a] is another typical landmark of the pre-
central gyrus [3]; however, as the CS and the
postcentral gyrus [4] follow this course, there is
also an omega-shaped structure in the postcentral
gyrus (harbouring the somatosensory hand area).
However, as described above, the ap-dimension
of the postcentral gyrus [4] is smaller compared
to the precentral gyrus [3], thus often enabling a
differentiation. Somatotopographically, the corti-
cal somatosensory representation follows the dis-
tribution of the precentral gyrus [3] (Penfield and
Rasmussen 1950; Overduin and Servos 2004).
Lateral to the SFG [1], the medial frontal gyrus [2]
zigzags posteriorly and points towards the motor
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hand knob [a]. Beginning at this “junction” and
lateral-inferior to this landmark, the ap-diameter
of the preCG [3] decreases, but it increases again
along the lower convexity. This has already been
recognized by Eberstaller (1890). Using modern
imaging techniques, the diameter had been mea-
sured and the previous findings validated that the
biggest diameter of the preCG [3] is found at the
lower portion of the gyrus adjacent to the Sylvian
fissure [35b] (Ono et al. 1990). This is the pri-
mary motor cortex (M1) of lip representation and
tongue movements. In the axial sections, there is
neither a typical shape or landmark of the gyrus,
nor does measuring from the motor hand area or
the ac (anterior commissure) help us to describe
the location precisely. This can be solved on sag-
ittal sections (see below).

Previously, the anatomy of the frontal lobe has
been described partially. As the course of the
medial frontal gyrus [2] can be followed nicely
on axial sections, the lateral inferior aspect of the
frontal lobe represents the inferior frontal gyrus.
Anterior to the preCG [3], the prefrontal motor
areas can be found. The inferior frontal gyrus
borders and overhangs the insula [19] anteriorly.
This part is the frontal operculum [9] harbouring
the motor speech area of Broca (see below sagit-
tal sections).The lateral ventricles with its ante-
rior and posterior horn can easily be depicted on
axial sections due to its typical form and typical
signal caused by corticospinal fluid (CSF, see
Figs. 2.1, 2.5 and 2.6). Their shape is formed
through the head of the caudate nucleus [10] lat-
eral to the anterior horn, the thalamus [11] lateral
at its waist (III. ventricle) and posteriorly by the
fibres of the anterior-posteriorly running optic
radiation [21] and left-right running fibres of the
splenium [20] (see Figs. 2.5 and 2.6). Lateral to
these structures, descending corticospinal fibres
pass the internal capsule [16] and follow a certain
somatotopic organization. The internal capsule is
framed medial by the head of the caudate nucleus
[10], the third ventricle and the thalamus [11] (at
the posterior aspect of the third ventricle) and lat-
eral by the globus pallidus [17]. From medial to
lateral towards the insula [19], the globus palli-
dus, putamen and claustrum within the lentiform
nucleus [17] can be differentiated. In the anterior

limb and the genu of the internal capsule, [16]
corticospinal fibres from the tongue, lip and face
descend, whereas in the posterior limb, fibres
from the upper extremity, body and finally lower
extremity are found.

2.1.1.2 Sagittal Sections

Previously sagittal sections have been described
at the interhemispheric surface (see Fig. 2.3). The
corpus callosum [20, 22, 23] represents the big-
gest connection between the two hemispheres.
The frontal aspect is the genu [22], the medial part
is the body [23] and the most rostral part is the
splenium [20]. The corpus callosum encases the
lateral ventricles. At the base, the anterior com-
missure (ac; [24]) can be identified as a roundish
structure. Sometimes, the posterior commissure
(pc) can also be defined, which represents a bun-
dle of white fibres crossing the midline, at the dor-
sal aspect of the upper end of the cerebral aqueduct.
Previously slice orientation of most fMRI studies
had been performed according to this ac-pc line in
order to have a reference system.

From the base to the apex, the corpus callo-
sum is abutted by the callosal sulcus and the cin-
gulate gyrus. The gyrus abutting the cingulate
sulcus [5] is the medial part of the SFG [1]. In the
region (at the medial cortical surface) framed by
vertical lines perpendicular to the ac (Vac) or pc
(Vpc; see Fig. 2.3), the supplementary motor area
(SMA) is harboured in the cingulate gyrus and
superior frontal gyrus. As described above, the
cingulate sulcus [5] ascends at the medial inter-
hemispheric surface (see Fig. 2.3) dorsal to the
paracentral lobule ([b]; pars marginalis) and thus
separates it from the precuneus [6]. This intersec-
tion can be nicely appreciated on axial sections as
the “bracket” sign (see Fig. 2.2; Naidich and
Brightbill 1996) that borders the postcentral
gyrus [4]. The postcentral gyrus is already a part
of the parietal lobe. The precuneus [6] is located
dorsal to the postcentral sulcus. There is another
important landmark that separates the parietal
lobe from the occipital lobe (cuneus [26]), the
parietooccipital sulcus [25]. It can be easy recog-
nized in sagittal views (see Fig. 2.3), as the dorsal
sulcus that follows an inferior-anterior to superi-
or-posterior course, posterior to the ascending
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part of the cingulate sulcus [5]. It is advisable to
follow one of these structures moving laterally
through the brain in sagittal sections. Once the
Sylvian fissure [35b] can be identified, anatomi-
cal landmarks are again easy to define.

In midsagittal sections (see Fig. 2.6), the
motor hand knob [a] can again be recognized as
a “hook” that rises out of the parenchyma and
points dorsally. Further, laterally the sensorimo-
tor cortex overhangs the insula [19]. The Sylvian
fissure [35b] that separates the frontal lobe and
the temporal lobe has an inferior-anterior to
superior-posterior course. At its anterior mar-
gin, it ascends into the anterior horizontal ramus
[35¢] and more dorsally into the anterior ascend-
ing ramus [35d] of the frontal operculum [9] that
also overhangs the anterior aspect of the insula
[19]. The anterior horizontal ramus [35c] sepa-
rates the pars orbitalis [40] from the pars triangu-
laris [39], whereas the anterior ascending ramus
[35d] separates the pars triangularis [39] from
the pars opercularis [9] of the frontal operculum
of the inferior frontal gyrus and thus forms an
“M” (Naidich et al. 1995). The pars opercularis
[9] of the frontal operculum of the inferior fron-
tal lobe harbours Broca’s area. At its posterior
margin, the pars opercularis is delimited by the
anterior subcentral sulcus. At the base of the sen-
sorimotor strip, the precentral [3] and postcen-
tral gyrus [4] fuse (Eberstaller 1890; Ono et al.
1990). This junction is delimited dorsally by the
posterior subcentral sulcus. Movement of the lips
or tongue induce an increase in BOLD signal at
this portion (Fesl et al. 2003, own observations).
The base of the sensorimotor area has, depend-
ing on anatomical variations, a “K” or an “N”
shape that is built by the anterior subcentral sul-
cus and inferior precentral sulcus, the precentral
gyrus, posterior subcentral sulcus, postcentral
gyrus and postcentral sulcus that again borders
the angular gyrus [38] (Eberstaller 1890; Ono
et al. 1990, own observations; see Fig. 2.6). The
posterior part of the Sylvian fissure separates —
following its superior-posterior course — and
ascends into the posterior ascending ramus [35a]
flanked by the anterior and posterior aspect of
the supramarginal gyrus [37] that has a horse-
shoe appearance.

2.1.2 Thelnsula

The insula [19] is covered by the superior tempo-
ral gyrus [34], the frontal operculum [9] and the
base of the sensorimotor strip. Its anatomy is best
depicted in sagittal sections (see Fig. 2.6).

2.1.2.1 Sagittal Sections

The insula [19] is separated by the CS [36] that
runs from superior-posterior towards the inferior-
anterior located apex of the insula into an anterior
lobule and a posterior lobule (see Fig. 2.6). The
anterior lobule consists of three gyri (anterior,
medial and posterior short insular gyri); the pos-
terior lobule consists of two gyri, the anterior
long insular gyrus and the posterior long insular
gyrus separated by the postcentral gyrus (Naidich
et al. 2004).

From a neurofunctional point of view, the insula
has various functional areas. The anterior lobule
was found to cause word-finding difficulties during
electrical stimulation in epilepsy surgery (Ojemann
and Whitaker 1978a, b) and to be responsible for
speech planning (Wise et al. 1999; Price 2000).
Speech apraxia is induced through lesions in the
left precentral gyrus of the insula (Dronkers 1996;
Nagao et al. 1999), whereas the right anterior lob-
ule becomes activated during vocal repetition of
nonlyrical tunes (Riecker et al. 2000). Stimulation
of the right insula increases sympathetic tone, and
stimulation of the left insula increases parasympa-
thetic tone (Oppenheimer 1993), possibly playing
a role in cardiac mortality in left insular stroke.
Finally visual-vestibular interactions have been
found (Brandt et al. 1998) to name a few systems.

2.1.2.2 Transverse Sections

The insular cortex [19] is delimited medially by the
globus pallidus, putamen and claustrum (lentiform
nucleus [17]) and separated by a small border of
white matter (extreme capsula [18]). The gyri can
be differentiated by counting each knob starting
ventrally at the anterior peri-insular sulcus that abuts
the pars opercularis [9] of the frontal operculum of
the inferior frontal gyrus (see Figs. 2.4 and 2.5).
Five knobs can be defined (anterior, medial and
posterior short insular gyri and anterior and poste-
rior long insular gyri).
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Fig.2.4 Sagittal FLAIR images. / superior frontal gyrus,
3 precentral gyrus, 4 postcentral gyrus, 5 “pars bracket”,
cingulate sulcus, 6 precuneus, parietal lobe, 7 intraparietal
sulcus, 9 pars opercularis, inferior frontal lobe, frontal
operculum, /9 insula (anterior and posterior short insular
gyri, anterior and posterior long insular gyri), 33 medial

frontal gyrus, 35a posterior ascending ramus of the
Sylvian fissure, 35b Sylvian fissure, 35¢ anterior horizon-
tal ramus of the Sylvian fissure, 35d anterior ascending
ramus of the Sylvian fissure, 36 central sulcus of the
insula, 37 supramarginal gyrus, 38 angular gyrus, a hand
knob

Fig.2.5 Axial T2-weighted TSE MR and sagittal FLAIR
images. 3 precentral gyrus, 4 postcentral gyrus, 7 intrapa-
rietal sulcus, 8 interhemispheric fissure, 9 pars opercu-
laris, inferior frontal lobe, frontal operculum, /0 Heschl’s
gyrus, /1 Heschl’s sulcus, /2 planum temporale, /3 supe-
rior temporal sulcus, /4 head of the caudate nucleus, /5
thalamus, /6 internal capsule, /7 globus pallidus, puta-
men, claustrum (lentiform nucleus), /8 extreme capsule,

2.1.3 Speech-Associated Frontal Areas

2.1.3.1 Transverse Sections

In axial sections, the insula [19] can be found eas-
ily (see Figs. 2.5 and 2.6). From medial (ventri-
cles) to lateral, the globus pallidus, putamen and

19 insula (anterior and posterior short insular gyri, ante-
rior and posterior long insular gyri), 34 superior temporal
gyrus, 35a posterior ascending ramus of the Sylvian
fissure, 37 supramarginal gyrus, 38 angular gyrus, 39 pars
triangularis, frontal operculum, inferior frontal gyrus, 40
pars orbitalis, frontal operculum, inferior frontal gyrus, 4/
medial temporal gyrus

claustrum, within the lentiform nucleus, [17] can
be differentiated followed by the extreme capsula
[18] and the cortex of the insula [19]. The Sylvian
fissure [35b] separates the insula [19] from the
temporal lobe. As stated above, the insula — taking
anatomic variations into account — has 4-5 knobs
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Fig.2.6 Axial T2-weighted TSE MR and sagittal FLAIR
images. / superior frontal gyrus, 3 precentral gyrus, 4
postcentral gyrus, 5 “pars bracket”, cingulate sulcus, 6
precuneus, parietal lobe, 7 intraparietal sulcus, 8 inter-
hemispheric fissure, 9 pars opercularis, inferior frontal
lobe, frontal operculum, /0 Heschl’s gyrus, /2 planum
temporale, /4 head of the caudate nucleus, /5 thalamus,

(anterior, medial and posterior short insular gyri
divided, by the CS, from the anterior and posterior
long insular gyri). The insula [19] is covered by
the superior temporal gyrus [34], the frontal oper-
culum [9] and the base of the sensorimotor strip.
After identifying the anterior short gyrus of the
anterior lobule of the insular cortex, on a trans-
verse view, the anterior border between the insula
and inferior frontal lobe is the anterior peri-insular
sulcus. It abuts the insula [19], on one hand, and
the pars opercularis [9] of the frontal operculum of
the inferior frontal gyrus, on the other. The pars
opercularis [9] has a triangular shape in axial sec-
tions and covers the anterior part of the insula [19].
It can be followed into the anterior cranial fossa
where it abuts the gyrus orbitalis that runs parallel
to the gyrus rectus. The convolution anterior to the
pars opercularis [9] on the lateral surface is the
pars triangularis [39], separated by the anterior
ascending ramus [35d] of the Sylvian fissure.

2.1.3.2 Sagittal Sections

Beginning at the lateral border of the brain (in
sagittal views, see Figs. 2.4 and 2.5) there is the
Sylvian fissure [35b] that runs anterior-inferior to
posterior-superior. Previously, the posterior mar-

16 internal capsule, /7 globus pallidus, putamen, claus-
trum (lentiform nucleus) /8 extreme capsule, /9 insula
(anterior and posterior short insular gyri, anterior and pos-
terior long insular gyri), 33 medial frontal gyrus, 34 supe-
rior temporal gyrus, 35a posterior ascending ramus of the
Sylvian fissure, 36 central sulcus of the insula

gins have been described (see above). The Sylvian
fissure separates the temporal lobe from the fron-
tal lobe. At its anterior margin, it ascends into the
anterior horizontal ramus [35¢] and more dor-
sally into the anterior ascending ramus [35d] of
the frontal operculum [9] that also overhangs the
anterior aspect of the insula [19]. The anterior
horizontal ramus [35c] separates the pars orbit-
alis [40] from the pars triangularis [39], whereas
the anterior ascending ramus [35d] separates the
pars triangularis [39] from the pars opercularis
[9] of the frontal operculum of the inferior frontal
gyrus that form an “M” (Naidich et al. 1995). The
pars opercularis of the frontal operculum of the
inferior frontal lobe harbours Broca’s area. At its
posterior margin, the pars opercularis is delim-
ited by the anterior subcentral sulcus.

2.1.4 Auditory Cortex and Speech-
Associated Temporoparietal
Areas

2.1.4.1 Transverse Sections
From medial to lateral (see Figs. 2.5 and 2.6)
towards the insula [19], the globus pallidus,
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putamen and claustrum within the lentiform
nucleus [17] can be differentiated. Between
the lentiform nucleus [17] and the cortex of the
insula [19] the extreme capsula [18] is depicted
as a small rim of white matter. The Sylvian
fissure [35b] separates the insula [19] from the
temporal lobe. This is an easy definable landmark
on axial views. The insula — taking anatomic
variations into account — has 4-5 knobs (anterior,
medial and posterior short insular gyri divided,
by the CS [36], from the anterior and posterior
long insular gyri). Posterior to the convolution
that represents the section of the posterior long
insular gyrus, a gyrus in the superior temporal
lobe can be identified with a dorsomedial to ante-
rior-lateral course, called the transverse temporal
gyrus or Heschl’s gyrus [10]. This is the primary
auditory cortex (Mukamel et al. 2005; Devlin
and Poldrack 2007). Number and size may vary
(Penhune et al. 1996; Rademacher et al. 2001);
however, this is another good landmark that
is easy to define. Heschl’s gyrus [10] might be
interrupted by the sulcus intermedius of Beck.
Two gyri on the right and only one on the left
hemisphere can be found frequently (Shapleske
et al. 1999). Heschl’s sulcus [11], which borders
Heschl’s gyrus [10] posteriorly, is the anterior
border of the planum temporale [12]. Although
direct cortical stimulation intraoperatively may
cause speech disturbances in this area (Sanai
et al. 2008; Shapleske et al. 1999), the planum
temporale [12] represents, more likely, the audi-
tory association cortex. The planum temporale
[12] extends on the superior surface of the tempo-
ral lobe and is delimited laterally by the superior
temporal sulcus [13], posteriorly by the poste-
rior ascending ramus and/or descending ramus
of the Sylvian fissure and medially in the depth
of the Sylvian fissure, which is less well defined
(Shapleske et al. 1999). These borders are easier
depicted in sagittal views; however, in transverse
sections, remaining in the same plane in which
Heschl’s gyrus [10] can be found, the superior
temporal sulcus [13] is the next biggest sulcus
posterior to Heschl’s sulcus [11]. Heschl’s gyrus
[10] bulges into the Sylvian fissure [35b]. The
Sylvian fissure can therefore also be followed in
ascending axial images. At the parietotemporal

junction, sulci such as the Sylvian fissure or the
superior temporal sulcus [13] ascend, whereas
the sulcus intermedius primus descends. This
hampers anatomical description in axial sections.
Ascending in axial slice order, the superior tem-
poral sulcus [13] diminishes. As Heschl’s gyrus
[10] bulges into the Sylvian fissure [35b], the
Sylvian fissure can be followed on its course as
posterior ascending ramus [35a] up to the level
of the cella media of the lateral ventricles (in
bicommissural orientation), as a big intersection
posterior to Heschl’s sulcus [11]. The posterior
ascending ramus [35a] of the Sylvian fissure is
imbedded in the supramarginal gyrus [37] which
again is separated from the angular gyrus [38]
by the sulcus intermedius primus. Descending
in axial slice order, pre- and postcentral gyri can
be identified as described above. The next sulcus
dorsal to the postcentral sulcus is the intraparietal
sulcus [7] which can be followed from the medial
apical surface, laterally and dorsally in the pari-
etal lobe [6]. Laterally, it ends above the sulcus
intermedius primus and abuts the angular gyrus
[38]. Size of the planum temporale [12] varies
depending on sex, handedness and hemispherical
dominance (Shapleske et al. 1999). Activation
in functional imaging studies was found in verb
generation tasks (Wise et al. 1991) and listening
to tones, words and tone sequences (Binder et al.
1996, 1997, 2000).

2.1.4.2 Sagittal Sections

According to its dorsomedial to anterior-lateral
course (see Fig. 2.6), the transverse temporal
gyrus or Heschl’s gyrus [10] abuts the base of the
inferior sensorimotor strip (most likely the post-
central gyrus) at the lateral aspect and the poste-
rior long gyrus of the insula [19] in more medially
located sections. It is erected into the Sylvian
fissure [35b]. Heschl’s sulcus [11], which borders
Heschl’s gyrus [10] posteriorly, is the anterior bor-
der of the planum temporale [12]. The planum
temporale [12] extends on the superior surface of
the temporal lobe and is delimited laterally by the
superior temporal sulcus [13], posteriorly by the
posterior ascending ramus and/or descending
ramus of the Sylvian fissure and medially in the
depth of the Sylvian fissure, which is less well
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defined (Shapleske et al. 1999). The Sylvian
fissure can be followed from the anterior ascend-
ing [35d] and horizontal rami [35c¢] in the frontal
operculum [9] of the inferior frontal gyrus, dor-
sally to the ascending [35a] and descending rami
at the temporoparietal junction. Medially it is
flanked by the insula [19], laterally by the superior
temporal gyrus [34] and inferior parts of the pre-
and postcentral gyri. Parallel to the Sylvian fissure
[35b], the superior temporal gyrus [34] also dem-
onstrates an anterior-posterior course. The poste-
rior ascending ramus [35a] of the Sylvian fissure
is imbedded in the supramarginal gyrus [37] which
has a horseshoe appearance. Posterior to the supra-
marginal gyrus [37], the superior-inferior running
sulcus intermedius primus separates it from the
angular gyrus [38]. The superior temporal sulcus
[13] ascends at its posterior end and diminishes.

2.1.4.3 Coronal Sections

In coronal views, the Sylvian fissure separating
the temporal lobe from the insula and the frontal
lobe can easily be seen. Originating from the
temporal lobe, Heschl’s gyrus points towards the
insula (not shown).

2.1.5 Visual Cortex

2.1.5.1 Sagittal Sections

At the medial surface of the occipital lobe, there is a
sulcus that zigzags anterior-posteriorly called the
calcarine sulcus [27], along which the visual cortex
is located. The calcarine sulcus [27] separates the
superior lip from the inferior lip of the visual cortex.
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Spatial Resolution of fMRI

Techniques

Seong-Gi Kim, Tao Jin, and Mitsuhiro Fukuda

3.1 Introduction

Following its introduction over two decades ago,
functional magnetic resonance imaging (fMRI)
based on the blood oxygenation level-dependent
(BOLD) contrast (Ogawa et al. 1990) has
become the tool of choice for visualizing neural
activity in the human brain. The conventional
BOLD approach has been extensively used for
pinpointing functional foci of vision, motor,
language, and memory in normal and clinical
patients. Intraoperative localization of functional
foci will greatly improve surgical planning for
epilepsy and tumor dissection, and potentially,
for deep brain stimulation. Therefore, it is criti-
cal to understand the spatial resolution of fMRI
relative to the actual neural active site (see
review articles, (Kim and Ogawa 2002; Kim and
Ugurbil 2003)).

In order to reliably determine the functional
foci, high signal-to-noise ratio (SNR), which
can be achieved using optimized imaging tech-
niques, is critical. However, high SNR of fMRI
techniques is not sufficient for high-resolution
functional mapping if the signals that are being
imaged do not have a high specificity to the local
neural activity. Therefore, it is important to
understand the signal source of BOLD fMRI
and its fundamental limit of spatial resolution.

S.-G. Kim (P<) * T. Jin * M. Fukuda

Department of Radiology, University of Pittsburgh,
3025 East Carson Street, Pittsburgh, PA 15203, USA
e-mail: kimsg @pitt.edu

Increased neural activity induces an increase in
tissue metabolic demands. Thus, imaging the
metabolic change (e.g., 2-fluorodeoxyglucose
positron emission tomography) will yield high
spatial specificity as metabolism will occur at
the tissue at the site of the neuronal activity and
not in the vasculature. Changes in neural activ-
ity and metabolism could directly or indirectly
modulate the hemodynamic responses, includ-
ing the cerebral blood flow (CBF), the cerebral
blood volume (CBV), and the venous oxygen-
ation levels. It has been well established that the
magnitude of CBF change is well correlated
with that of metabolic change. Thus, CBF map-
ping can pinpoint the most active spot of neural
activity even if the exact spatial extent of the
CBF response is controversial ((Malonek and
Grinvald 1996) vs. (Duong et al. 2001)). The
most commonly used BOLD technique is sensi-
tive to paramagnetic deoxyhemoglobin (dHb),
which is located at the capillaries and the venous
draining vascular system (Ogawa et al. 1993),
reducing spatial specificity of the gradient-echo
BOLD signal. Often in fMRI studies, higher
resolution BOLD images appear localized to
large venous vessels because of larger contribu-
tions of venous signals due to the reduced vol-
ume fraction of tissue.

To understand the spatial resolution of hemo-
dynamic responses, functional changes of differ-
ent vascular origins should be carefully
considered. In this chapter, we will discuss the
intrinsic limitations and the improvements of
spatial resolution.

S. Ulmer, O. Jansen (eds.), fMRI — Basics and Clinical Applications, 17
DOI 10.1007/978-3-642-34342-1_3, © Springer-Verlag Berlin Heidelberg 2013
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Vascular Structure and
Hemodynamic Response

3.2

As all fMRI signals originate from changes in
hemodynamics, it is important to examine vascu-
lar structure. Detailed human brain vasculature
was studied anatomically by Duvernoy et al.
(1981). In short, vessels can be classified into pial
and parenchymal vessels. Superficial pial arterial
and venous vessels are numerous; arterial vessels
with ~40-280-mm diameter have lesser branches
than venous vessels with a ~130-380-mm diam-
eter. These vessels can run a few centimeters and
even longer. At the surface of the cortex, pial ves-
sels connect to penetrating arteries and emerging
veins at a right angle.

Parenchymal vessels can be divided into arter-
ies, veins, and capillary network. Capillaries with
~5-pum average diameter and ~100-um length are
most abundant at the middle of the cortex (Pawlik
et al. 1981). Intracortical arteries and veins can
be further classified into their cortical depths
(Duvernoy et al. 1981); group 1 and 2 vessels
(with 10-20 wm diameter for arterial vessels and
20-30 pm for venous vessels) reach the upper
cortical layers (layers 2-3), group 3 (with
15-30 pm for arterial vessels and 45 pum for
venous vessels) the middle of the cortex (layers
3-5), group 4 (with 30-40 pm for arterial vessels
and 65 um for venous vessels) the lower cortical
region (layer 6), and group 5 (with 30-75 pum for
arterial vessels and 80-125 pum for venous ves-
sels) the white matter. The number of intracorti-
cal arteries is ~4 times the number of intracortical
veins (Duvernoy et al. 1981).

The intrinsic limit of spatial specificity of
hemodynamic-based fMRI can be dependent on
how finely CBF and CBV are regulated. Blood in
each intracortical artery will supply a certain tis-
sue volume, which is referred to as “the volume
of arterial unit”; the volume of arterial unit is a
volume with 0.33-0.5 mm diameter around a
vessel for groups 2-3 and for 0.5-2 mm for group
5 (Duvernoy et al. 1981). If an individual intrac-
ortical artery can be independently regulated,
spatial resolution can be 0.33-0.5 mm if arterial
vessels or capillary changes are detected. Our
fMRI studies suggest that intrinsic CBF and CBV

changes are reasonably specific to submillimeter
functional domains (Duong et al. 2001; Zhao
et al. 2005), which are in the order of 0.5-0.7-mm
diameter in cats. If the regulation point exists at
precapillary arterioles or capillaries, then spatial
resolution is even better. Recent papers indicate
that precapillary arterioles indeed dilate during
stimulation via astrocyte-capillary signaling
(Zonta et al. 2003; Mulligan and MacVicar 2004;
Metea and Newman 2006; Schummers et al.
2008; Petzold and Murthy 2011). In fact, the cap-
illary network responds precisely in regions of
neural activity in rat olfactory bulb, suggesting
that spatial resolution of ~100 um is achievable
(Chaigneau et al. 2003).

When an imaging technique is sensitive to
changes inintracortical veins, its spatial resolution
is determined by the volume of tissue draining to
each vein, which is considered to be “the volume
of venous unit.” The volume of venous units is a
volume with 0.75—-1 mm diameter around a ves-
sel for groups 3—4 vessels and 1-4 mm diameter
for group 5 (Duvernoy et al. 1981). Thus, spatial
resolution cannot be better than 0.75 mm even if
one single intracortical artery regulates precisely
and downstream vessels respond. Intracortical
venous vascular structures can be visualized
with MRI. Figure 3.1 shows venographic images
of cat brain, which were obtained using the
BOLD contrast at 9.4 T. Venous vessels appear
as dark lines or dots because venous blood has
short T, relative to tissue and arterial blood.
Furthermore, blood susceptibility effect extends
to tissue, enlarging apparent venous vessel size.
Clearly, groups 3-5 intracortical veins can be
easily visualized, and group 3 is most numerous.
Typical distance between intercortical veins is
~0.5—-1 mm (Fig. 3.1).

3.3  Spatial Resolution of BOLD

fMRI

Since blood travels from capillaries to intracorti-
cal veins, and finally pial veins, a change in dHb
concentration in blood can also occur far away
from the actual gray matter region with increased
neural activity, reducing effective spatial
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Coronal

Fig.3.1 Visualization of venous vessels in a cat brain. A
3-D T,"-weighted MR image was obtained at 9.4 T with
78 um isotropic resolution and field of view of
2x2x4 cm®. A gradient-echo time of 20 ms was used to
maximize the contrast between venous vessels and tissue.
Data acquisition and processing methods were reported
elsewhere (Park et al. 2008). 1.25-mm-thick slabs were
selected, and minimum intensity projection was per-
formed to enhance the contrast of venous vessels. As a

resolution. However, there is considerably more
dilution of dHb change at farther downstream
from the neuronally active region due to larger
blood contribution from inactive regions. This
dilution issue is also closely related to strength
and spatial extent of neural activity. When the
area of activation is small, this deoxygenated
blood is diluted with blood from inactivated
regions, effectively reducing the oxygenation
level change. Thus BOLD fMRI is capable of
differentiating small functional modules such
as single whisker barrels (Yang et al. 1996).
However, when the area of activation is large,
blood drained from active regions can travel far
away without much dilution.

Conventional BOLD response is related to a
change in dHb contents within a voxel, thus
directly correlated with (baseline dHb content)
time (oxygenation change). Since a pixel with
draining veins has high baseline dHb content,
the BOLD response is particularly sensitive to
large draining veins. Thus, spatial resolution of

surface coil was used, the ventral section in the coronal
slice (top left) had poor signal-to-noise ratio (SNR), and
thus, vessels could not be detected in that region. White
matter areas (contours in right) can be distinguished from
gray matter. Dotted yellow box in the coronal image was
expanded 4 times into right. Yellow arrows cerebrospinal
fluid (CSF) areas; red arrows venous vessels draining
from white matter, which are “group 5.” Scale bar, 5 mm
for left and 1.25 mm for right

conventional BOLD signal can be much worse
than that determined by the volume of venous
unit. It is a reasonable assumption that conven-
tional BOLD-based high-resolution fMRI may
mostly detect the functionally less-specific large-
vessel signals. To precisely localize functional
foci, it is desirable to remove or minimize large-
vessel contributions.

In order to understand which size of venous
vessels can be detected by BOLD fMRI, we
review the source of BOLD fMRI signals.
Detailed biophysical models and explanations
can be found in others (Ogawa et al. 1993;
Weisskoff et al. 1994; Kim and Ugurbil 2003).
The BOLD contrast induced by dHb arises from
both intravascular (IV) and extravascular (EV)
components. Since exchange of water between
these two compartments (typical lifetime of the
water in capillaries >500 ms) is relatively slow
when compared with the imaging time (echo time
<100 ms), MRI signals from these can be treated
as separate pools.
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The IV component is considered to be uniform
within vessels because water rapidly exchanges
between red blood cells (RBC) with paramag-
netic dHb and plasma (average water residence
time in RBCs=~5 ms) and travels through space
by exchange and diffusion. Thus, “dynamic”
time averaging occurs over the many different
fields induced by dHb. All water molecules inside
the vessel will experience similar dynamic aver-
aging, resulting in reduction of blood water T, in
the venous pool. At high magnetic fields, venous
blood T, can be shorter than tissue T, because R,
(=1/T,) of venous blood is quadratically depen-
dent on magnetic field (Thulborn et al. 1982).
Thus, at a higher magnetic field, IV contribution
can be reduced by setting echo time much longer
than blood T, (or TZ*) (Lee et al. 1999; Jin et al.
2006). Alternatively, the IV signal can be reduced
by applying bipolar gradients (as employed in
diffusion-weighted images), which, with a “b”
value of >30 s/mm?, are expected to leave only
the microvascular/extravascular contribution (Le
Bihan et al. 1986).

The EV BOLD phenomenon has two bio-
physical sources (Ogawa et al. 1993; Weisskoff
et al. 1994): one is due to intra-voxel dephasing
of the magnetization in the presence of suscepti-
bility-induced gradients, and the other is due to
diffusion across the steep, susceptibility-induced
gradients around small vessels (capillaries and
venules). The first component induces high per-
centage signal changes around large venous
vessels, regardless of magnetic field strength.
Since field gradient decreases by (r/a)*> where r
is the distance from vessel to the region of inter-
est and a is the vessel radius, the dephasing
effect around a larger vessel is more spatially
widespread. However, the dephasing effect of
the static field can be refocused by the 180°
radiofrequency (RF) pulse. Therefore, the EV
contribution of large vessels can be reduced by
using the spin-echo technique (which is similar
to T,-weighting in diagnostic imaging). The sec-
ond component induces small signal changes in
areas around capillaries and small venules. The
reason is that tissue water around capillaries and
small venules will be “dynamically” averaged
over the many different fields during TE, similar

to the IV component. This effect is larger at a
higher magnetic field due to an increased sus-
ceptibility gradient within the water diffusion
distance during TE. The dynamic diffusion-
induced signals can be detected by either GE or
SE approach. It is conceivable that the T,-based
BOLD technique is better localized to neuronal
active region than T,’-based BOLD if the IV
component of large vessels is removed (Zhao
et al. 2004, 2006). However, the sensitivity of
spin-echo techniques is less than gradient-echo
BOLD signal.

To examine the spatial resolution of GE and
SE BOLD fMRI, we used cortical layers as a
model because layer 4 has the highest metabolic
and CBF responses during neural activity as well
as the highest synapse density and cytochrome
oxidase activity (Woolsey et al. 1996). If the
fMRI technique is highly specific to metabolic
response and/or neural activity, the middle of the
cortex should have the highest signal change.
Figure 3.2 shows GE and SE BOLD fMRI maps
of one isoflurane-anesthetized cat obtained dur-
ing visual stimulation at 9.4 T (Zhao et al. 2006).
To view the cortical cross section within a plane
resolution of 156x 156 um?, a 2-mm-thick imag-
ing slice was selected perpendicular to the corti-
cal surface. In both GE and SE BOLD maps,
signal intensities increased during visual stimula-
tion, indicating an increase in venous oxygen-
ation. In conventional GE BOLD fMRI (Fig. 3.2),
the highest percentage signal changes (yellow
pixels) were seen in the CSF space (within the
green contours), where pial veins are located.
This large-vessel contribution to BOLD signals is
reduced using the SE technique (Fig. 3.2) because
the dephasing around large vessels refocuses.
This result is consistent with high-field SE BOLD
observations (Lee et al. 1999; Yacoub et al. 2003;
Zhao et al. 2004).

SE BOLD fMRI is an excellent alternative
approach if high spatial resolution is required and
high magnetic field (such as 7 T) is available
(Moonetal.2007; Yacoub et al. 2008). Otherwise,
conventional GE BOLD fMRI should be used
with post-processing approaches to remove or
minimize large-vessel contributions. Location of
large pial venous vessels can be determined from
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Fig. 3.2 High-resolution GE (left) and SE BOLD (right)
fMRI maps of cat brain during visual stimulation overlaid
on anatomical EPI images (Zhao et al. 2006). Coronal
2-mm-thick images with 156x 156 pum? in-plane resolu-
tion were acquired using the four shot EPI technique at
9.4 T with gradient-echo time of 20 ms and spin-echo

venographic images obtained with high-resolu-
tion T,"-weighted MR techniques (see Fig. 3.1)
or from anatomical structures such as sulci and
CSF. Large venous vessel areas tend to induce
large BOLD percent change (see also Fig. 3.2)
(Kim et al. 1994), delayed response (Lee et al.
1995), significant phase change (Menon 2002),
and large baseline fluctuations (Kim et al. 1994).
Although these criteria are subjective, they are
effective in detecting and reducing large-vessel
contamination.

Perfusion-Based fMRI
Approaches

34

Alternative to the BOLD approach, CBF-
weighted techniques which are sensitive mainly
to parenchyma should be considered for mapping
functional foci. CBF-weighted functional images
can be obtained using MR by employing arterial
blood water as an endogenous flow tracer. Arterial
spin labeling (ASL) can be achieved by RF
pulse(s). Then, labeled spins move into capillar-
ies in the imaging slice and exchange with tissue
water spins. To obtain only perfusion-related
images, two images are acquired, one with ASL
and the other without labeling. The difference
between the two images is directly related to
CBF, and relative CBF changes due to physiolog-
ical perturbations can be measured. Most of the
labeled water molecules extract into tissue and

time of 40 ms. To determine statistically significant pixels,
Student’s ¢ test was performed on a pixel-by-pixel basis
with a t-value threshold of 2.0. Then, percentage signal
changes were calculated for statistically active pixels.
Green contours CSF area, black contours white matter,
scale bar 2 mm, color scale bar 0.3-3 %

the remaining labeled water lose most of their
labeling by the time they reach the draining veins
due to its relatively short half-life (i.e., T, of
blood). Thus, CBF-weighted MRI signals pre-
dominantly originate from tissue/capillary as
well as arterial vessels (Ye et al. 1997; Lee et al.
2002; Kim and Kim 2005). Sensitivity of perfu-
sion-weighted signals increases with magnetic
field strength due to an increase in arterial blood
T,. ASL techniques include continuous ASL
(Detre et al. 1992), flow-sensitive alternating
inversion recovery (FAIR) (Kim 1995; Kwong
et al. 1995), and various other techniques
(Edelman et al. 1994; Wong et al. 1998).
Perfusion-based MR techniques have been
used for fMRI studies. The spatial specificity of
CBF-based fMRI is superior compared to GE
BOLD techniques (Duong et al. 2001). Figure 3.3
shows BOLD and CBF functional maps during
finger movements obtained at 4 T (Kim et al.
1997). The FAIR technique was used with inver-
sion time of 1.4 s; the BOLD map was obtained
from non-slice-selective inversion recovery
images, while the CBF map was from subtraction
of non-slice-selective from slice-selective inver-
sion recovery images. Generally, activation areas
are consistent between the maps measured by
both techniques. However, pixel-wise compari-
son shows discrepancy between the two maps.
Large signal changes in BOLD are located at
draining veins indicated by arrows in the middle
slice, while no signal change was observed in
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CBF fMRI

BOLD fMRI

Fig. 3.3 BOLD and CBF functional maps of left-hand
finger opposition, overlaid on T-weighted EPI (Kim et al.
1997). The flow-sensitive alternating inversion recovery
(FAIR) technique was used to acquire BOLD (bottom)
and CBF (fop) contrast simultaneously at 4.0 T. BOLD
maps were obtained from non-slice-selective inversion
recovery (IR) images, while CBF maps were calculated
from differences between slice-selective and non-slice-
selective IR images. A cross-correlation value of 0.3 was

CBF. Tissue areas with high percent CBF changes
have low BOLD signal changes. This indicates
that the CBF approach is more specific to tissue
than GE BOLD fMRI. To further confirm human
fMRI results, BOLD and CBF fMRI were also
compared in the cat’s layer model. Figure 3.4
shows GE BOLD and CBF fMRI maps obtained
during visual stimulation at 9.4 T (Jin and Kim
2008). CBF data were obtained using the FAIR
technique with inversion time of 1.25 s, while
gradient BOLD data were obtained with TE of
20 ms. The highest GE BOLD signal changes
occur at the surface of the cortex, while the high-
est CBF changes occur at the middle of the cor-
tex. This again demonstrates that perfusion-based
fMRI technique is superior to GE BOLD for pin-
pointing functional foci precisely.

Proper CBF contrast is achieved only when
enough time is allowed for the labeled arterial

used for threshold. For BOLD images, each color incre-
ment represents a 1 % increment starting from the bottom
1 %, while for CBF images, each color increment repre-
sents a 10 % increment starting from the bottom 10 %.
The oblique arrow at the middle slice, indicating the right
(contralateral) central sulcus, shows no activation in the
CBF map, but large signal increase in the BOLD map,
suggesting BOLD is sensitive to large draining veins

water to travel into the region of interest and
exchange with tissue water. This makes it difficult
to detect changes in CBF with a temporal resolu-
tion greater than 7, of arterial blood water.
Acquisition of a pair of images can further reduce
temporal resolution and consequently SNR.
Thus, it is difficult to obtain whole brain fMRI
rapidly. However, baseline CBF value can be
obtained, in addition to quantitative functional
response. An additional advantage is less sensi-
tivity to baseline signal drifts because slow non-
activation-related signal changes can be removed
by the pairwise subtraction (Kim 1995), and it is
more stable to low-frequency stimulation com-
pared to BOLD. Therefore, perfusion-based
fMRI techniques are preferable for repetitive
measurements over a long time period such as
weeks and months, allowing investigations of
functional reorganization and development. In
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GE BOLD

0%

Fig. 3.4 BOLD and CBF fMRI maps of cat brain during
visual stimulation overlaid on anatomical EPI images (Jin
and Kim 2008). Coronal 2-mm-thick images with
312%312 pm? in-plane resolution were acquired at 9.4 T;
BOLD fMRI (leff) was obtained with TE of 20 ms, while
CBF (right) was detected with the FAIR technique with
inversion time of 1.25 s. Maps were obtained by thresh-

clinical applications of fMRI where precise map-
ping is required around abnormal regions, the
CBF-based fMRI technique is most appropriate
because parenchymal signals are dominant.
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The Electrophysiological
Background of the fMRI Signal

Christoph Kayser and Nikos K. Logothetis

4.1 Introduction

The ability to non-invasively study the architec-
ture and function of the human brain constitutes
one of the most exciting cornerstones for modern
medicine, psychology and neuroscience. Current
in vivo imaging techniques not only provide clin-
ically essential information and allow new forms
of treatment but also reveal insights into the
mechanisms behind brain function and malfunc-
tion. This supremacy of modern imaging rests on
its ability to study the structural properties of the
nervous system simultaneously with the func-
tional changes related to neuronal activity. As a
result, imaging allows us to combine information
about the spatial organization and connectivity of
the nervous system with information about the
underlying neuronal processes and provides the
only means to link perception and cognition with
the neural substrates in the human brain.
Functional imaging techniques build on the inter-
connections of cerebral blood flow (CBF), the
brain’s energy demand and the neuronal activity
(for reviews on this topic, see Heeger and Ress
2002; Logothetis 2002; Logothetis and Wandell
2004; Lauritzen 2005). Indeed, elaborate mecha-
nisms exist to couple changes in CBF and blood
oxygenation to the maintenance and restoration
of ionic gradients and the synthesis, transport and
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reuptake of neurotransmitters. More than
125 years ago, Angelo Mosso had already real-
ized that there must be a relation between energy
demand and CBF when he observed increasing
brain pulsations in a patient with a permanent
skull defect performing a mental task (Mosso
1881). Similar observations on the coupling of
blood flow to neuronal activity (from experiments
on animals) led Roy and Sherrington to make the
insightful statement that “... the chemical prod-
ucts of cerebral metabolism contained in the
lymph that bathes the walls of the arterioles of
the brain can cause variations of the caliber of the
cerebral vessels: that is, in this reaction, the brain
possesses an intrinsic mechanism by which its
vascular supply can be varied locally in corre-
spondence with local variations of functional
activity” (Roy and Sherrington 1890).
Nowadays, there is little doubt about the use-
fulness of imaging to basic research and clinical
diagnosis. In fact, with the wide availability of
magnetic resonance imaging (MRI), functional
imaging has become a self-sustaining branch
of neuroscience research. Yet, and despite all
this progress, it is still not clear how faithfully
functional imaging replicates the patterns of neu-
ronal activity underlying the changes in brain
perfusion. Debating over the spatial and tempo-
ral precision of the imaging signal, researchers
have compared it to more direct measurements
of electrical neuronal activity from electrophysi-
ological approaches. This holds especially true
for the blood-oxygenation level-dependent signal
(BOLD-fMRI), which s probably the most widely
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