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After functional mapping of the brain by magnetic resonance imaging (MRI) 
was found to be feasible in the early 1990s, many neuroscientists involved in 
research on brain function became interested in functional MRI (fMRI). In 
contrast to positron emission computed tomography (PET), which was used 
for many years to study brain function, fMRI is not based on ionizing radia-
tion and thus can be repeated as often as necessary in patients or normal 
volunteers. The novel imaging method gained further in popularity when 
stronger magnets, stronger and faster gradients, and more advanced software 
for data analysis became available. Although many (neuro)radiologists had 
access to the hardware, relatively few also had the necessary background and 
drive to apply fMRI in a meaningful way. Not surprisingly, the new research 
field was therefore largely taken over by neuroscientists with time on their 
hands.

This dominance, which sometimes makes it hard for neuroradiologists to 
gain recognition for their (largely clinical) research on fMRI, still continues 
to this day. As long as the local MRI capacity is such that the clinical imaging 
demands are met and neuroradiologists are in a position to pursue their own 
research, no real problem occurs; in the ideal situation, there would be suit-
able MRI hardware reserved entirely for research. However, whenever neuro-
radiologists with their primary responsibilities to patient care compete with 
neuroscientists for MRI time, problems are guaranteed. Although under the 
pressure of a tight schedule resulting from clinical demands plus the “work-
ing in” of neurologic emergencies, neuroradiologists are generally blamed 
for the shrinking of research time. This seems unfair, as neuroradiologists 
alone can do little about this. The problem can only be reduced, and eventu-
ally perhaps solved, in an atmosphere of mutual respect and understanding, 
that is, under conditions where neuroscientists, neuroclinicians, and neurora-
diologists work closely and amicably together.

Such is the atmosphere in which Christoph Stippich, a neuroradiologist 
with a background in magnetoencephalography, works and in which he con-
ceived this book, at the Neurology, Neurosurgery and Neuroradiology 
department of the University of Heidelberg’s “Kopfklinik” (which is also 
situated in close proximity to the EENT and Radiooncology departments). 
Stippich’s idea was to clarify and then compile what is reliable and relayable 
current knowledge of presurgical neuroimaging, specifically fMRI. Given 

Foreword to the First Edition
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his experience of many years in this field, he is eminently suited for the edi-
torship of such a book. The result of his endeavor and that of his collabora-
tors, some of them world renowned, is so remarkable that I am convinced of 
the book having a significant clinical impact, primarily, but not exclusively, in 
neurosurgery. Christoph Stippich set out to show the scientific community 
what a determined neuroradiologist can do in an area dominated by “true” 
neuroscientists, and he has succeeded!

Klaus SartorHeidelberg, Germany

Foreword to the First Edition
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In the economic world, an inscription suggests that the book was considered 
by its publishers, after a close look at sales, to appeal to a large enough, pos-
sibly growing readership. In the scientific world, an inscription of a mono-
graph suggests that the authors succeeded in finding readers for their special 
topic and keeping them. In the case of Clinical Functional MRI, I’m sure it is 
more than just keeping readers: it is making the entire clinical neuro-commu-
nity aware of the increasing importance of this field. At the same time, the 
new edition provides a state-of-the-art summary, as it were, helpful to all 
those colleagues who are unable to closely follow the pertinent literature. As 
7 years have passed since its first publication, Clinical Functional MRI was 
completely revised, and new chapters on emerging subtopics—e.g., on rest-
ing-state presurgical fMRI, presurgical fMRI in epilepsy, DTI tractography, 
and brain plasticity as seen in fMRI and DTI—were added. Christoph 
Stippich, now heading neuroradiology at the University of Basel/Switzerland, 
proved his excellence as editor by refining the book’s concept, unifying the 
text, and strengthening his team of experts. My prediction? A third edition in 
less than 7 years.

Klaus Sartor
University of Heidelberg Medical Center

Heidelberg, Germany

Foreword to the Second Edition
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The third edition of this textbook accounts for the tremendous development 
of clinical functional MRI.  All modalities employed for presurgical func-
tional neuroimaging have seen a substantial evolution within the past years. 
Besides providing very detailed information on localization or lateralization 
of essential brain areas and functions in question for surgery, alterations in 
structural and functional brain connectivity can be assessed arising from the 
brains pathologies as well as from treatment.

Task-based functional MRI (TB-fMRI) is well established in many neuro-
centers worldwide and plays an important role in the neuroimaging workup 
of functionally critical brain tumors or epilepsies. Resting-state functional 
MRI (RS-fMRI) has now proven clinical applicability, provides important 
complementary information, does not require active cooperation of the 
patient, and can even be used intraoperatively. In parallel, intensive research 
on neurovascular uncoupling (NVU) has been conducted, expanding our 
understanding of limitations, pitfalls, and possible solutions in BOLD- 
imaging. Moreover, ultra-high field MR-imagers achieved certification for 
clinical use and initial results on 7 T presurgical fMRI have been published. 
Diffusion tensor imaging (DTI) and -tractography (DDT) have undergone 
further refinement and represent an integral part of presurgical functional 
neuroimaging. While EEG-correlated fMRI and MEG are employed presur-
gically in highly specialized neurocenters, the role of PET and SPECT has 
shifted from imaging brain functions mostly to characterization of brain 
tumors and other brain pathologies.

To provide our readers with the latest information on presurgical func-
tional neuroimaging, all chapters have been fully revised and updated, while 
keeping the text comprehensive and practical. “Multimodality in functional 
neuroimaging” was completely rewritten by a new author’s team. It is now 
roughly 15 years of working together on this textbook with great pleasure. 
We hope that it will be of value for all working, or intending to work, in the 
field of clinical functional neuroimaging, and in particular with presurgical 
fMRI and DTI.

Allensbach, Germany Christoph Stippich  

Preface to the Third Edition
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Abstract

Functional magnetic resonance imaging 
(fMRI) provides noninvasive localization and 
lateralization of specific brain functions by 
measuring local hemodynamic changes cou-
pled to neuronal activation (neurovascular 
coupling) during active stimulation of the 
brain or in its resting state. Different magnetic 
properties of oxygenated (diamagnetic) and 
deoxygenated (paramagnetic) hemoglobin are 
exploited to generate the blood oxygen level- 
dependent (BOLD) contrast. Diffusion tensor 
magnetic resonance imaging (DTI) measures 
anisotropic (directional) diffusion of protons 
along myelinated fibers and thereby provides 
detailed information on the white matter 

architecture. Specific white matter tracts can 
be reconstructed using diffusion tensor trac-
tography (DTT). During the last three decades 
both novel MR modalities have revolutionized 
the imaging research on human brain function 
and structure and its connectivity under physi-
ological and pathological conditions.

Task-based (TB) presurgical fMRI in 
patients with brain tumors or epilepsies—with 
first clinical applications dating back to the 
mid-1990s—represents the best established 
and validated clinical application and has been 
integrated into the presurgical imaging work-
flow of leading neurocenters. Specific tasks 
need to be performed by the patient during the 
actual fMRI measurements activating the 
brain areas in question for surgery. Usually, 
essential cortical motor and language areas are 
localized and the language-dominant hemi-
sphere is determined prior to treatment. 
Memory, auditory, somatosensory, visual, or 

C. Stippich (*) 
Department of Neuroradiology and Radiology, 
Schmieder Clinic, Allensbach, Germany
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other functions have also been investigated, 
but played a quantitatively minor role in pre-
surgical fMRI.

Resting-state (RS) fMRI measures syn-
chronized fluctuations in BOLD signals 
related to spontaneous brain activation. 
Besides localizing so-called eloquent func-
tional brain areas various “resting-state net-
works” can be identified and analyzed for 
functional connectivity including changes 
related to the brain’s disease. Since its intro-
duction to presurgical functional neuroimag-
ing arena—roughly a decade ago—RS-fMRI 
has seen a tremendous evolution, demon-
strated promising results, and has relevant 
advantages for clinical application: 
Cooperation is not required and patients with 
severe functional deficits can be investigated. 
Time-consuming and demanding individual 
patient training prior to the fMRI exams is not 
necessary. Application is possible under seda-
tion or anesthesia directly before or even dur-
ing neurosurgery with ultrafast image 
processing at hand. However, the data avail-
able on validity, reliability, and potential 
patient benefit of presurgical RS-fMRI are 
still limited and require further investigation.

DTI and DTT provide complementary data 
on functionally important white matter con-
nections to be spared during treatment, e.g., 
the pyramidal tract (motor function), the arcu-
ate fascicle (language), the optic radiation 
(vision), and others. This imaging information 
is indispensable to establish the best possible 
treatment for each individual patient, and to 
achieve the ultimate goal of brain surgery: 
function-preserving complete or most radical 
removal of the pathology. To this end fMRI 
and DTI are integrated meaningfully into 
functional neuronavigation.

Meanwhile, relevant medical societies 
(e.g., the American Society for Functional 
Neuroradiology, ASFNR) have released 
guidelines and recommendations on imaging 
procedures and data evaluation for presurgical 
fMRI and DTI.  However, all clinical func-
tional neuroimaging modalities are far from 
being simple “push-button” techniques. 

Responsible presurgical application requires 
profound knowledge of the imaging tech-
niques employed, underlying functional neu-
roanatomy, physiology and pathology, 
neuroplastic alterations, influencing factors, 
artifacts, pitfalls, validity, and limitations. 
Finally, information on other—alternative or 
complementary—functional neuroimaging 
modalities and their multimodal integration is 
essential.

1  Introduction

Functional magnetic resonance imaging (fMRI) 
is a modern, noninvasive imaging technique to 
measure and localize specific functions of the 
human brain without the application of radiation 
(Bandettini et al. 1992; Kwong et al. 1992). Brain 
function is indirectly assessed with high spatial 
resolution via detection of local hemodynamic 
changes in capillaries (Menon et  al. 1995) and 
draining veins (Frahm et  al. 1994) of the so- 
called functional areas, e.g., regions of the human 
brain that govern motor, sensory, language, or 
memory functions. In task-based fMRI 
(TB-fMRI), specific stimulation of the respective 
neurofunctional system is required (Belliveau 
et al. 1991). The stimuli are presented in a pre-
defined manner during the fMRI measurement, 
which is called a stimulation paradigm. TB-fMRI 
is well established for the presurgical application 
in patients with brain tumors or epilepsies. It can 
be considered as the most commonly used and 
robust neuroimaging modality for motor and lan-
guage function (Tyndall et  al. 2017). The mea-
surement of spontaneous brain activation is also 
possible, by using resting-state fMRI (RS-fMRI) 
techniques (Purdon and Weisskoff 1998). Here, 
low-frequency fluctuations in the hemodynamics 
of the brain are analyzed for synchrony to detect 
interconnected areas that constitute different 
functional systems. RS-fMRI is typically 
employed to study functional brain connectivity 
in neuroimaging research. Meanwhile, RS-fMRI 
has shown clinical applicability and can be con-
sidered as a powerful adjunct for presurgical 

C. Stippich
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functional neuroimaging (Lee et  al. 2013; 
Rosazza et al. 2018; O’Connor and Zeffiro 2019; 
Seitzman et al. 2019).

The blood oxygen level-dependent (BOLD) 
fMRI technique makes use of blood as an intrin-
sic contrast (Ogawa et  al. 1990, 1992, 1993), 
superseding the intravenous application of para-
magnetic contrast agents (Belliveau et al. 1991) 
or radioactive substances (Mazziotta et al. 1982; 
Raichle 1983; Fox et  al. 1986; Holman and 
Devous 1992). The different magnetic properties 
of oxygenated and deoxygenated hemoglobin are 
exploited to generate the BOLD contrast. 
Although the underlying physiological mecha-
nisms of neurovascular coupling are not ulti-
mately understood, there seems to be a very good 
correspondence of BOLD signals with actual 
neuronal activity (Logothetis et  al. 2001; 
Logothetis 2002, 2003; Logothetis and Pfeuffer 
2004; Logothetis and Wandell 2004). However, 
neurovascular uncoupling (NVU)—a phenome-
non observed in some brain tumors and other 
pathologies affecting the brain’s hemodynamic 
properties—represents a relevant limitation to the 
presurgical application of BOLD-fMRI (Agarwal 
et al. 2016, 2021; Pak et al. 2017). To assess pos-
sible NVU cerebrovascular reactivity mapping 
can be employed (Pillai and Mikulis 2015).

Powerful magnets, performant gradient sys-
tems, and ultrafast MR sequences enable exami-
nation of the entire brain in clinically feasible 
time frames. Furthermore, fMRI profits from 
high main magnetic field strength and multichan-
nel head coils in terms of improved signal-to- 
noise ratio (SNR), higher spatial resolution, and/
or shorter examination times. Novel multislice 
image acquisition helps to further reduce scan-
ning times significantly (Kiss et al. 2018). While 
clinical fMRI studies of motor and language 
function can be conducted on well-equipped 
midfield MR imagers (1.0 T, 1.5 T), it is prefer-
rable to employ 3 T MR machines for clinical 
BOLD functional neuroimaging (Tyndall et  al. 
2017). Recently, first installations of ultrahigh-
field MR imagers (7 T) achieved certification for 
clinical use (Springer et  al. 2016) and initial 
results on presurgical fMRI are available (Lima 
Cardoso et al. 2017). However, worldwide access 

to ultrahigh- field clinical MR imagers will stay 
very limited and as of today, higher patient ben-
efit still awaits proof. Better functionality of data 
processing and immediate data analysis, as 
obtained with real-time fMRI (RT-fMRI), facili-
tate the usability of fMRI in the clinical context 
(Fernandez et  al. 2001; Weiskopf et  al. 2003; 
Steger and Jackson 2004; Moller et  al. 2005; 
Vakamudi et al. 2020). Today, most vendors offer 
some functionality with their MR imagers to ana-
lyze fMRI data at the scanners’ console directly 
and stimulation devices designed for clinical 
fMRI are commercially available. In addition, 
various open-source data processing pipelines 
can be employed and automated workflows from 
image acquisition to medical reporting (Pernet 
et al. 2016). This technical evolution has facili-
tated the application of fMRI in the clinical envi-
ronment, substantially.

Thus, fMRI not only offers a variety of novel 
options for clinical diagnostics and research but 
also has opened up a new diagnostic field of radi-
ology and neuroradiology, by shifting paradigms 
from strictly morphological imaging to measure-
ment and visualization of brain function (Stippich 
et al. 2002a; Thulborn 2006). Nonetheless, clini-
cal fMRI has not become a simple “push-button” 
technique yet and requires profound expertise in 
the field of responsible physicians.

Presurgical TB-fMRI has demonstrated positive 
effects on patient mortality, morbidity, and clinical 
outcome (Vysotski et al. 2018); provides intraop-
eratively critical information in case of limited or 
infeasible electrocorticography (Rigolo et  al. 
2020); and can be adapted for pediatric patients 
(Jones et al. 2020). RS-fMRI has been introduced 
for presurgical application (Lee et al. 2013), vali-
dated (Qiu et al. 2014; Lemée et al. 2019), imple-
mented into clinical routine (Lee et  al. 2016; 
Leuthardt et al. 2018), and used in pediatric patients 
(Roland et al. 2019) and even intraoperatively (Qiu 
et  al. 2017; Metwali et  al. 2020a, b, 2021). 
Furthermore, resting-state networks enable us to 
study functional brain connectivity under physio-
logical and pathological conditions.

The combination of fMRI with diffusion ten-
sor imaging (DTI) has proven scientific and clini-
cal relevance (Bick et  al. 2012). By measuring 

Presurgical Functional MRI and Diffusion Tensor Imaging
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the directed diffusion of protons along myelin-
ated fibers, DTI provides complementary infor-
mation on white matter architecture, i.e., on the 
course and integrity of functionally important 
white matter tracts. In neuroimaging research, 
DTI is mainly applied to study the human brain’s 
structural connectivity, whereas diffusion tensor 
tractography (DDT) is often also employed for 
clinical applications (Leclercq et  al. 2011; 
Vanderweyen et  al. 2020). DTI measurements 
can be obtained together with fMRI in the same 
scanning session, which gives an even more com-
plete picture of each patient’s individual brain 
pathology. When integrated into neuronavigation 
patients may profit in functional outcome and 
extent of resection (Incekara et al. 2016).

With this textbook, we aim to provide the reader 
with thorough and comprehensive information on 
the abovementioned advanced MRI techniques, 
namely, task-based fMRI, resting- state fMRI, dif-
fusion tensor imaging, and tractography in the pre-
surgical context, which constitute their best 
established and validated clinical applications. A 
meaningful combination of these advanced MRI 
techniques with standard MR sequences 
(T2-FLAIR, T1-weighted sequences pre- and post-
contrast administration) as well as with diffusion- 
and perfusion-weighted MRI is recommended to 
complete the state-of- the-art preoperative struc-
tural and functional neuroimaging in patients with 
brain tumors and drug-resistant epilepsy (Svolos 
et al. 2013) (Fig. 1). On current MR imagers with 

a

b

Fig. 1 The state-of-the-art preoperative multimodality 
MR imaging in a right glioblastoma affecting the basal 
ganglia, insula, and inferior frontal lobe as visualized on 
standard MR sequences (a, upper row). Advanced MR 
imaging (b, lower row) revealed disintegration of white 

matter architecture/alterations in fractional anisotropy on 
color-coded DTI maps (left), increased relative blood vol-
ume on dynamic susceptibility contrast-enhanced (DSCE) 
perfusion imaging (middle), and right language dominance 
on BOLD fMRI (right) in this left-handed male patient

C. Stippich
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main magnetic field strength of 1.5 T or above, 
equipped with powerful gradients and multichan-
nel head coils, such protocols should not require 
more than 45 min of scanning time. To this end the 
MR protocol needs to be tailored to the different 
requirements in individual patients. As an approxi-
mation for TB-fMRI, a multiparadigm language 
mapping should require 10–20  min of scanning 
time and a somatotopic motor or somatosensory 
mapping of 5–10 min. RS-fMRI requires between 
5 and 20 min as does DTI, depending on the imag-
ing sequences used. It is recommended to acquire 
the complete MR protocol within the same scan-
ning session in order to minimize coregistration 
inaccuracies and to include the T1-weighted 3D 
post-contrast data set—which will be used for the 
overlay of functional or structural images and for 
neuronavigation. When using strictly time-opti-
mized image acquisition and the most relevant 
fMRI and DTI sequences only, both can be fit into 
a 30-min time frame, leaving enough time for the 
essential structural imaging, all within a typical 
routine neuroimaging time slot. Other meaning-
fully selected MR sequence may be added to such 
multimodal MR protocols, e.g., susceptibility- 
weighted imaging (SWI). MR-spectroscopy 
(MRS) and chemical-shift imaging (CSI) may 
require seperate scanning sessions

MR spectroscopy (MRS) and chemical shift 
imaging (CSI) are other MR modalities for 
advanced neuroimaging in oncology which may 
be added selectively and provide important com-
plementary information on the brain’s and the 
tumor’s metabolism (Tsougos et al. 2012). Here, 
a second scanning session is recommended 
unless the patients are very cooperative.

2  Blood Oxygenation Level- 
Dependent Functional MRI 
(BOLD fMRI)

Enhanced synaptic activity resulting from stimu-
lation of neurons leads to a local increase in 
energy and oxygen consumption in functional 
areas. The following local hemodynamic changes 
transmitted via neurovascular coupling are mea-
sured by fMRI with high spatial accuracy:

• Increase of regional cerebral blood volume 
(rCBV)

• Increase of regional cerebral blood flow 
(rCBF)

• Relative increase of oxyhemoglobin in capil-
laries and venous blood

In principle, fMRI measurements can be 
accomplished with different techniques; BOLD 
fMRI being the most frequently used in human 
brain is therefore often referred to as the standard 
technique (Thulborn et al. 1996; Thulborn 1998, 
2006). Bolus tracking measures rCBV making 
use of external contrast agents (Belliveau et  al. 
1991), and spin tagging assesses rCBF using 
arterial blood for intrinsic contrast (Detre et  al. 
1992). In contrast, BOLD technique (Ogawa 
et  al. 1990, 1992, 1993) takes advantage of the 
different magnetic properties of oxygenated 
(oxy-Hb) and deoxygenated (deoxy-Hb) hemo-
globin to generate an image contrast. 
Paramagnetic deoxy-Hb produces local field 
inhomogeneities in a measurable range for MRI 
resulting in a signal decrease in susceptibility- 
weighted MR sequences (T2*), whereas diamag-
netic oxy-Hb does not interfere with the external 
magnetic field. Specific neuronal stimulation 
augments local cerebral oxygen consumption, 
which initially results in a decrease of oxy-Hb 
and an increase in deoxy-Hb in the functional 
area. To provide the active neurons with oxygen-
ated blood, perfusion (rCBF, rCBV) in capillaries 
and draining veins is increased within several 
seconds. This mechanism not only equalizes the 
initial decrease of local oxy-Hb concentration but 
even overcompensates it (Fox and Raichle 1986). 
Deoxy-Hb is progressively washed out which is 
reflected by a reduction of local field inhomoge-
neity and a raise of BOLD signal in T2*-weighted 
MR images (Turner et al. 1991).

BOLD measurements are currently exerted 
with ultrafast single-shot echo-planar-imaging 
(EPI) sequences as gradient echo (GRE) or spin 
echo (SE) (Stippich et  al. 2002a, b). GRE 
sequences usually obtain higher BOLD signal 
predominantly from venous origin, whereas SE 
sequences also measure lower BOLD signals 
arising from the capillary bed in brain 
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parenchyma (Hulvershorn et  al. 2005a, b). 
Simultaneous multislice EPI significantly 
reduces scanning times (Kiss et  al. 2018). 
Temporal resolution in paradigms with a blocked 
or parametric design corresponds to the chosen 
block duration but could be substantially 
improved (<100  ms) by the introduction of 
event-related measurements (Buckner et  al. 
1996). FMRI, however, cannot attain the tempo-
ral resolution of electroencephalography (EEG) 
(Berger 1929; Gevins 1995; Gevins et al. 1995) 
or magnetoencephalography (MEG) (Hari and 
Ilmoniemi 1986; Hämäläinen et  al. 1993) but 
lacks the need for a complicated model-based 
calculation for source localization and offers 
higher spatial precision due to a direct correla-
tion with the surface anatomy. Signal intensity 
and realizable spatial resolution vary with the 
magnetic field strength. MR scanners with mag-
netic field strengths below 1.0 Tesla (T) are not 
suitable for clinical functional BOLD imaging. 
The broadly available 1.5 T scanners allow reli-
able measurements of cortical activation pro-
vided that powerful gradient systems (possibly 
>30  mT/m) are on hand, while high-magnetic-
field scanners with 3 T or above even permit 
functional imaging of subcortical structures and 
the brain stem (Thulborn 1999; Zambreanu et al. 
2005). Despite excellent SNR and spatial resolu-
tion, the application of ultrahigh- field fMRI still 
has to be considered experimental (Goa et  al. 
2014; Hua et al. 2013; Huber et al. 2014). This is 
mainly due to technical and logistical difficulties 
as well as due to the very limited availability of 
ultrahigh-field MR imagers in a clinical setting. 
Recently, some vendors achieved certification 
for clinical use of their latest generation ultra-
high-field MR machines. Meanwhile, some lead-
ing medical imaging centers are equipped with 
clinical 7 T MR units (Lima Cardoso et al. 2017). 
Some methodological aspects have been 
addressed regarding presurgical 7  T-fMRI 
(Dymerska et al. 2019) and even integration with 
simultaneous EEG recordings is possible 
(Grouiller et al. 2016). Advantages of fMRI over 
positron-emission tomography (PET) (Mazziotta 
et  al. 1982; Raichle 1983; Fox et  al. 1986) or 
single-photon emission computer tomography 

(SPECT) (Holman and Devous 1992)—other 
methods measuring brain activity indirectly with 
lower spatial/temporal resolution (glucose or 
oxygen metabolism, blood flow/perfusion 
changes)—are its noninvasiveness, lack of radia-
tion, reproducibility, and broad availability of 
clinical scanners.

Task-based presurgical BOLD fMRI repre-
sents the best established and validated clinical 
application of fMRI. Due to the intrinsically low 
SNR, it is mandatory to perform multiple 
repeated stimulations during each task-based 
fMRI measurement in order to obtain robust 
BOLD signals. Statistical correlation of BOLD 
signal time courses with the chosen stimulation 
protocol (paradigm) enables the identification of 
those brain areas that show hemodynamic 
changes in synchrony with the task. A prerequi-
site for this is a further processing of fMRI data, 
which is normally done after the measurements 
with freely available open-source or commercial 
software (Cox 1996; Friston 1996; Gold et  al. 
1998; Roberts 2003; http://www.mriquestions.
com/best- fmri- software.html 2020). However, 
only a few programs have been certified for med-
ical use. Nowadays, most manufacturers of clini-
cal high-magnetic-field scanners offer options for 
immediate online processing of fMRI data 
(Fernandez et al. 2001; Moller et al. 2005; Posse 
et  al. 2013; Vakamudi et  al. 2020). Since the 
functionality and the statistical calculations used 
vary considerably between the different software, 
the appropriate choice largely depends on indi-
vidual criteria and preferences. Basically, any 
data processing software for fMRI should at least 
offer proper image alignment, motion correction, 
temporal and spatial data smoothing, multiple 
statistical tests to assess functional activation, 
and options for spatial normalization (Stippich 
et  al. 2002a, b). Furthermore, each fMRI soft-
ware used for neurosurgery or radiation treatment 
should provide precise and reliable tools for 
superimposing functional or morphological 
images, for the integration of fMRI with DTI 
data, and for data export (e.g., into neuronaviga-
tion systems).

This textbook has its traditional focus on 
presurgical functional neuroimaging. Today, 

C. Stippich

http://www.mriquestions.com/best-fmri-software.html
http://www.mriquestions.com/best-fmri-software.html


7

presurgical TB-fMRI is the most widely used 
modality and is commonly combined with DTI 
and DTT to visualize both functionally important 
cortical areas and white matter tracts. As men-
tioned earlier, RS-fMRI has seen a tremendous 
evolution and is increasingly used for presurgical 
neuroimaging. Hence, we have now updated and 
substantially expanded the information available 
in this textbook on these complementary MR 
modalities TB-fMRI, RS-fMRI, DTI, and DTT, 
but keep the focus strictly on pre- and intraopera-
tive applications in patients with brain tumors 
and epilepsy. A detailed methodological descrip-
tion of diffusion MRI and BOLD fMRI is beyond 
the scope of this book—for this purpose, we refer 
the reader to the extensive literature available.

3  Diffusion Tensor Imaging 
(DTI) and DTI Tractography 
(DTT)

Diffusion MR signal mainly originates from pro-
tons that move in the extracellular space of bio-
logical tissues (Brownian motion) (LeBihan 
2006, 2013; LeBihan and Johansen-Berg 2012). 
Within a given voxel, the diffusion may be fully 
free and undirected (isotropic) or directed (aniso-
tropic) due to barriers preventing proton move-
ment (e.g., myelinated axons). DTI is capable to 
detect such anisotropic diffusion (Basser et  al. 
1994; LeBihan et al. 2001), but for this end diffu-
sion must at least be measured in six different 
directions. Anisotropic diffusion can then be 
modeled mathematically using a 3D Gaussian 
probability function from which a 3 × 3 matrix is 
calculated, named diffusion tensor. The diffusion 
tensor is characterized by eigenvalues and eigen-
vectors and indicates the main orientation of dif-
fusion within a voxel. The fractional anisotropy 
(FA) quantifies such directed diffusion. Isotropic 
(undirected) diffusion corresponds to an FA value 
of 0 which translates graphically to a sphere. In 
contrast, an FA value of 1 reflects the opposite 
extreme, i.e., a totally directed (anisotropic) dif-
fusion which would graphically translate to a line 
but does not occur in biological tissues—thus, 
the typical shape of the FA is an ellipsoid.

Myelinated axons are lipophilic and represent 
diffusion barriers for hydrophilic protons that 
travel perpendicularly. In turn, this results in a 
preferred orientation and higher velocity of diffu-
sion along such barriers. Thus, DTI reflects the 
white matter architecture and the course of func-
tionally important fiber bundles rather indirectly 
by measuring the anisotropic diffusion of protons 
between and along axons. Basically, DTI fiber 
tracts are reconstructed by following and con-
necting the predominant directed diffusion across 
adjacent voxels. A well-established approach is 
to use anatomical regions as seed points for trac-
tography. Standard DTI measurements and most 
mathematical algorithms employed for analyzing 
DTI data have limitations when different orienta-
tions of diffusion need to be differentiated within 
a voxel, when crossing fibers need to be recon-
structed, or when diffusion anisotropy is affected 
by the brain’s pathology, e.g., by tumor invasion 
or edema (Cortez-Conradis et  al. 2013; 
Kallenberg et  al. 2013; Kleiser et  al. 2010; 
Stadlbauer et al. 2010). At the expense of scan-
ning/processing time, more advanced MR tech-
niques enable the assessment of the contribution 
of the differential intravoxel anisotropy (diffu-
sion spectrum imaging, q-ball imaging, HARDI, 
etc.) or the employment of a more sophisticated 
(e.g., probabilistic or advanced deterministic) 
modeling for tractography (Bauer et  al. 2013; 
Kuhnt et al. 2013a, b; O’Donell et al. 2012). In 
difficult cases such advanced DTI techniques in 
combination with fMRI-targeted tractography 
may provide clinically relevant results (Sanvito 
et al. 2020). In general, the quality of DTI images 
depends on the number of directions measured, 
the number of averages used, and the spatial reso-
lution chosen, which are all inversely related to 
scanning time.

4  Presurgical fMRI and DTI

Presurgical fMRI and DTI measurements are car-
ried out to facilitate function-preserving and safe 
treatment in patients with brain tumors and epi-
lepsy by localizing and lateralizing specific brain 
functions, functionally important axonal 
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connections, or epileptic activity, noninvasively 
(Bick et al. 2012; Dimou et al. 2013; Centeno and 
Carmichael 2014; Barras et al. 2016; Szaflarski 
et  al. 2017; Black et  al. 2019). This diagnostic 
information cannot be obtained from morpho-
logical brain imaging alone or from invasive 
measures prior to treatment.

Consequently, presurgical fMRI and DTI are 
always performed in individual patients to 
achieve a functional diagnosis. This differs fun-
damentally from applications in basic neurosci-
ence research where normal or altered brain 
function is usually investigated in group studies 
to better understand physiological or pathologi-
cal conditions in general. A direct contribution to 
the patient management is not required. In con-
trast, for clinical diagnostic applications, the 
experimental setup as well as the processing and 
evaluation of the data need to be adapted to the 
clinical environment so that patients—who may 
present with neurological or cognitive deficits—
can be examined successfully in a standardized 
way. Still, in clinical fMRI and DTI, this is typi-
cally achieved via local experts, individual rou-
tines, and own validation (Pillai 2010). The novel 
applications of resting-state fMRI may have 
practical advantages, as an active cooperation of 
the patient is not required (Lang et  al. 2014). 
Uncooperative, sedated, or anesthetized patients 
or children who are not able to perform task- 
based fMRI properly may profit from 
RS-fMRI. RS-fMRI can also be applied intraop-
eratively (Nimsky 2011; Qiu et al. 2017; Metwali 
et al. 2020a, b).

During the last years, more and more devices 
and software solutions have become commer-
cially available that facilitate the clinical applica-
tion of fMRI.  These products are mainly 
dedicated to stimulation and data processing. 
Moreover, first attempts have been made to define 
robust clinical applications for task-based 
fMRI.  To this end, paradigms have been pro-
posed and published online by the American 
Society of Functional Neuroradiology (for 
details, please visit www.asfnr.org/paradigms.
html). There is also instructive teaching material 
available online along with regular clinical fMRI 
case conferences. At least in the USA, CPT codes 

have been established for reimbursement of clini-
cal fMRI examinations. It is important to note, 
however, that fMRI and DTI cannot be consid-
ered as fully standardized methods routinely used 
in clinical diagnostic neuroimaging. Hence, 
depending on the local situations, it may still be 
required to perform presurgical fMRI and DTI 
examinations in the framework of scientific stud-
ies until all hard- and software components used 
for medical application have been certified and 
official recommendations or guidelines have 
been issued by the relevant national medical 
association. Until then, individual routines and 
standards still need to be established for data 
acquisition, processing, and evaluation, as well 
as for the medical interpretation and documenta-
tion of clinical fMRI and DTI findings. For a 
meaningful clinical application, a profound 
knowledge of the specifications of the different 
software packages used, of possible sources of 
errors and imaging artifacts, and of relevant limi-
tations of the techniques employed is indispens-
able. For presurgical mapping identification of 
reliable fMRI data sets, selection of optimal data 
postprocessing pipelines and determination of 
patient-specific statistical thresholds are crucial 
(Stevens et  al. 2016). Furthermore a profound 
knowledge of limitations of the applied imaging 
techniques and of possible solutions is required. 
The same holds true for presurgical DTI and trac-
tography (Vanderweyen et al. 2020). As a basic 
principle, presurgical fMRI and DTI examina-
tions should still be performed, evaluated, and 
interpreted—or at least supervised—by trained 
and experienced physicians with particular 
expertise in this area, since careless use of this 
very promising technique could endanger 
patients.

There are numerous studies available suggest-
ing a high reliability of fMRI to localize the dif-
ferent cortical representations of the human body 
within the primary motor and somatosensory cor-
tices (Fig.  2) as well as the motor and sensory 
language areas (Fig. 3) prior to brain surgery, if 
indications and limits of the method are consid-
ered. The same holds true for the noninvasive 
determination of the dominant brain hemisphere 
for language function.
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Additional attention needs to be paid to 
technique- related inaccuracies due to the super-
position of functional and morphological images, 
the referencing of fMRI data in neuronavigation 
systems, or the surgery-induced localization 
errors following removal of brain tissue or loss of 
cerebrospinal fluid (brain shift) (Reinges et  al. 
2004; Wittek et al. 2005). Safety of surgical pro-
cedures in functional areas or their proximity can 
be improved by concomitant visualization of 
functional landmarks and important fiber tracts 
(e.g., pyramidal tract, arcuate fascicle) using dif-
fusion tensor imaging (DTI) (Coenen et al. 2001; 
Holodny et al. 2001; Krings et al. 2001; Stippich 
et al. 2003a; Ulmer et al. 2004b; Holodny et al. 
2005; Shinoura et al. 2005). The same holds true 
for the combined use of fMRI and EEG (Towle 

et al. 2003), MEG (Kober et al. 2001; Grummich 
et al. 2006), or PET (Baumann et al. 1995; Bittar 
et  al. 1999). Tumor-induced hemodynamic 
changes can lead to erroneous fMRI localization 
and missing or artificial BOLD signals (Holodny 
et al. 1999, 2000; Schreiber et al. 2000; Krings 
et al. 2002; Ulmer et al. 2004a, b). Tumor-induced 
hemodynamic changes may arise from vascular 
compression, tumor neovasculature (Gould et al. 
2018), and neurovascular uncoupling (Pak et al. 
2017). Electrophysiological techniques are 
unsusceptible to these problems, since they 
directly measure electromagnetic fields resulting 
from synaptic activity (Berger 1929; Hari and 
Ilmoniemi 1986; Hämäläinen et  al. 1993). 
However, localization of electromagnetic sources 
requires complicated modeling and calculations 

a

b

c

Fig. 2 Preoperative fMRI somatotopic mapping of the 
motor (a) and somatosensory (b) homunculus and DTI 
tractography of the corticospinal (pyramidal) tract in a 
symptomatic patient with a left parietal astrocytoma. 
Voluntary movements of the toes and fingers on the right 
side were used for motor mapping, and fully automated 
pneumatically driven tactile stimulation of digits 1 and 2 
to the right foot and hand, respectively, was employed for 
somatosensory stimulation. Of note is the enhanced co- 
activation of the premotor and primary hand representa-

tions in the right hemisphere during voluntary right-hand 
movements as an fMRI indicator for tumor-associated 
neuroplastic reorganization. Integration of the abovemen-
tioned different functional body representations (foot 
motor (dark blue), foot somatosensory (light blue), hand 
motor (yellow), hand somatosensory (orange), tongue 
motor (purple)) and of the pyramidal tract (green) into a 
3D data set for functional neuronavigation (c, left), 3D 
surface view (c, right)
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and is therefore limited in precision and accu-
racy. Furthermore, it should be borne in mind that 
fMRI and DTI results are generated by using 
mathematical correlations and therefore vary 
with the chosen statistical parameters or thresh-
olds. Consequently, the size and extent of fMRI 
cortical activations or of reconstructed DTI fiber 
tracts do not reflect the truth and may confront 
the operator with an unfounded safety margin. 
Thus, resection borders cannot be determined 

reliably on the basis of fMRI or DTI data without 
standardization and validation. Of note, a retro-
spective analysis indicated that the lesion to acti-
vation distance and the degree of white matter 
involvement are predictive on preoperative, but 
not on postoperative, functional deficits (Bailey 
et al. 2015).

When applied in a standardized way, fMRI 
has the diagnostic potential to substantially con-
tribute to the planning and implementation of 

Fig. 3 Preoperative fMRI language mapping of the motor 
(Broca) and sensory (Wernicke) language areas and DTI 
tractographies of the arcuate fascicle (green) and pyrami-
dal tract (purple) integrated into the T1-weighted post- 
contrast 3D MRI used for functional neuronavigation in a 
female patient with a symptomatic left astrocytoma 

involving the inferior frontal and superior temporal lobes 
and the insula; transverse, coronal, and sagittal views, 3D 
surface view. fMRI revealed a left language dominance 
and a good spatial agreement between the functional 
localizations obtained with four different language para-
digms for both essential language areas
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function-preserving therapies in patients with 
brain tumors and epilepsy (Lee et  al. 1999; 
Gaillard et  al. 2000; Grabowski 2000; Hirsch 
et al. 2000; Sunaert and Yousry 2001; Baxendale 
2002; Binder et  al. 2002; Rutten et  al. 2002; 
Stippich et al. 2003a, b, 2007; Van Westen et al. 
2005; Thulborn 2006). Prior to and during neuro-
surgical interventions, fMRI can help to reduce 
the need for invasive diagnostic procedures, as 
intra-arterial Wada test (Wada and Rasmussen 
1960; Rausch et al. 1993; Benbadis et al. 1998; 
Abou-khalil and Schlaggar 2002) or intraopera-
tive electrocorticography (Penfield 1937; Cedzich 
et al. 1996; Duffau et al. 2002, 2003). Moreover, 
intraoperative fMRI supports surgical decision- 
making after limited or infeasible ECoG (Rigolo 
et al. 2020). Multimodal functional mapping with 
fMRI, DTI, and direct cortical stimulation/elec-
trocorticography facilitates precision surgery 
(Flouty et al. 2017) and improves extent of resec-
tion in gliomas (Incekara et  al. 2016). Whether 
the embedding of fMRI and DTI in presurgical 
diagnostics can indeed reduce surgery-related 
morbidity and mortality was addressed in pro-
spective clinical trials. Meanwhile, positive evi-
dence has been provided (Zacharaki et al. 2012; 
Castellano et  al. 2017; Vysotski et  al. 2018). 
Prerequisites are a consensus on measuring tech-
niques, analysis procedures, and medical evalua-
tion of clinical fMRI as well as the establishment 
of official recommendations and guidelines by 
the assigned medical association. As stated ear-
lier, first attempts in that direction have been 
made.

5  Content Overview

Chapter “Revealing Brain Activity and White 
Matter Structure Using Functional and Diffusion- 
Weighted Magnetic Resonance Imaging” pro-
vides an easy, but in-depth, access to the 
techniques and underlying physiology of the 
abovementioned different fMRI and DTI tech-
niques (Bandettini et al. 1992; Kwong et al. 1992; 
Ogawa et al. 1993; Basser et al. 1994; Purdon and 
Weisskoff 1998). The principles and basics of 

MRI, fMRI, and DTI, as well as the different 
established experimental designs for task-based 
fMRI, are presented along with the options for 
specific data analysis. The resting-state fMRI 
technique is explained in detail and what meth-
ods can be implemented to study functional con-
nectivity in different resting-state networks. 
Finally, diffusion tensor imaging and tractogra-
phy are addressed (LeBihan and Johansen-Berg 
2012). On a solid methodological basis, the capa-
bilities to study structural connectivity and to 
employ presurgical tractography are 
demonstrated.

Chapter “Functional Neuroanatomy” exten-
sively deals with the relevant morphological and 
functional neuroanatomy to facilitate the reader’s 
access to presurgical fMRI and DTI. In addition 
to a detailed systematic description of the surface 
anatomy and cytoarchitecture of the human brain, 
important morphological criteria for a straight-
forward identification of different anatomical 
structures are discussed. Comprehensive infor-
mation on the functional neuroanatomy of the 
motor and language systems is provided. Here, it 
cannot be sufficiently stressed that a profound 
knowledge of the relevant neuroanatomy is indis-
pensable for a correct medical interpretation of 
clinical fMRI and DTI data. In any case, the pre-
central knob is the only reliable anatomical land-
mark for a functional area, namely, the motor 
hand representation (Yousry et  al. 1997; Fesl 
et  al. 2003). There are no morphological land-
marks for areas related to cognitive brain func-
tions such as language or memory (Ojemann 
et al. 1989; Ojemann 1991). Due to the vast phys-
iological interindividual anatomical variability 
(Amunts et al. 1999, 2000) and the dependence 
on various individual factors, functional areas are 
traditionally mapped intraoperatively by means 
of electrophysiological methods (Penfield 1937, 
1950; Woolsey et al. 1979; Ojemann et al. 1989; 
Ojemann 1991; Uematsu et  al. 1992; Cedzich 
et  al. 1996; Duffau et  al. 1999). However, this 
information is preoperatively inaccessible, and 
the time needed for surgery is therefore signifi-
cantly prolonged. FMRI and DTI, on the other 
hand, yield relevant diagnostic information on 
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anatomy, pathology, and function prior to surgery 
in one single examination. Thus, the indication 
for presurgical fMRI and DTI results from:

• Clinical signs and symptoms
• The limitations of morphological imaging
• The necessity to measure and visualize nor-

mal, modified neuroplastic, and pathological 
(e.g., epileptic) brain activity

Chapter “Task-Based Presurgical Functional 
MRI in Patients with Brain Tumors” covers pre-
surgical task-based BOLD fMRI (TB-fMRI), 
which represents fMRI’s best established, vali-
dated, and most widely used clinical application. 
Particular notice is given to practical and 
methodological- technical aspects (Sect. 3) as 
well as to specific requirements of fMRI diagnos-
tics in patients with rolandic brain tumors (Sect. 
4) or lesions with critical spatial relationship to 
language areas (Sect. 5). Diagnostic aims and 
selection criteria for patients are discussed, clini-
cally tested examination protocols are proposed 
(Stippich et al. 1999, 2000, 2002b, 2003b, 2004, 
2005, 2007; Stippich 2010), and their applica-
tions are illustrated with example cases. 
Presurgical TB-fMRI has positive effects on 
patient mortality, morbidity, and clinical outcome 
(Vysotski et al. 2018); provides intraoperatively 
critical information in case of limited or infeasi-
ble electrocorticography (Rigolo et al. 2020); and 
can be adapted for pediatric patients (Jones et al. 
2020). Further, potentials and limits of presurgi-
cal TB-fMRI are depicted (Sect. 4.6 of chapter 
“Task-Based Presurgical Functional MRI in 
Patients with Brain Tumors”).

Chapter “Presurgical Resting-State fMRI” 
highlights the clinical application of resting-state 
fMRI (RS-fMRI) as a novel functional neuroimag-
ing modality in the presurgical workup of patients 
with brain tumors (Mitchell et al. 2013). Here, no 
stimulation or active cooperation of the patients 
is required to assess important functional sys-
tems, which is potentially of great value to fur-
ther facilitate the clinical application of fMRI 
(Posse et al. 2013). RS-fMRI has been introduced 
for presurgical application (Lee et al. 2013), vali-
dated (Qiu et al. 2014; Lemée et al. 2019), imple-

mented into clinical routine (Lee et  al. 2016; 
Leuthardt et  al. 2018), and used in pediatric 
patients (Roland et al. 2019) and even intraopera-
tively (Qiu et al. 2017; Metwali et al. 2020a, b). 
RS-fMRI provides additional information on the 
connectivity between different functionally 
important brain areas, which may be exploited in 
the future to study the effects of lesions, treat-
ment, and medication on brain function (Niu 
et al. 2014; Smucny et al. 2014; Otten et al. 2012; 
Martino et  al. 2011). Such neuroplastic altera-
tions in brain function may be compensatory or 
pathological in nature.

Chapter “Simultaneous EEG-fMRI in 
Epilepsy” refers to the highly specific application 
of presurgical fMRI in patients with epilepsy 
which requires fundamentally different data 
acquisition and processing techniques as com-
pared to both task-based and resting-state fMRI, 
such as EEG-correlated fMRI for the localization 
of epileptogenic foci (Centeno and Carmichael 
2014: Chiang et  al. 2014). To this end, major 
technical and methodological problems had to be 
solved, which now enables us to use electrical 
devices (EEG) inside MR scanners to correct for 
interferences and related artifacts and thereby 
precisely detect and localize the sources of epi-
leptic activity in the human brain. EEG-correlated 
fMRI is by no means a standard application 
(Pittau et al. 2014). It should be considered as a 
valuable additional investigation tool in the field 
of epilepsy imaging which is available in some 
leading medical centers worldwide.

Chapter “Diffusion Imaging with MR 
Tractography for Brain Tumor Surgery” accounts 
for DTI and DTT with their proven value for 
functional brain tumor and epilepsy surgery with 
respect to both preoperative neuroimaging and 
intraoperative navigation (Potgieser et  al. 2014; 
Shahar et al. 2014; Sternberg et al. 2014; Kuhnt 
et  al. 2012b, 2013a, b). In this setting, DTI is 
fully complementary to fMRI, by providing addi-
tional relevant information on the course and 
integrity of important white matter tracts in rela-
tion to a surgical target. Hence, these techniques 
should be applied in combination whenever pos-
sible. Specific attention is given to the corticospi-
nal tract and sensorimotor system; the arcuate, 
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uncinate, inferior fronto-occipital fascicles and 
language systems; as well as the superior longitu-
dinal fascicle, optic radiation, and visuospatial 
attention network.

Chapter “Functional Neuronavigation” 
addresses the specific aspects of functional neu-
ronavigation (Orringer et al. 2012; Risholm et al. 
2011). With the help of the functional landmarks 
provided by fMRI and DTI, the spatial relation-
ship between the brain tumor or epileptogenic 
zone, functional brain areas, and essential white 
matter tracts can be evaluated preoperatively, 
which facilitates the selection of the most cau-
tious therapy. Functional neuronavigation per-
mits planning and implementation of radical and, 
at the same time, function-preserving operations. 
This goal is rarely achieved with morphological 
information alone, especially in the presence of 
brain malformations, anatomical variants, or a 
disturbed or destroyed anatomy due to tumor 
growth or pathology-related neuroplastic changes 
of brain function. Technical inaccuracies and cor-
rections for brain shift due to intraoperative loss 
of cerebrospinal fluid and tissue removal have to 
be taken into account (Kuhnt et al. 2012a).

Chapter “Presurgical Functional Localization 
Possibilities, Limitations, and Validity” is dedi-
cated to the validation of presurgical fMRI and 
DTI with established reference procedures such 
as intraoperative electrocorticography (ECoG) or 
intra-arterial administration of barbiturates 
(Wada test) (Leclercq et al. 2011). For a thorough 
understanding of the topic, these reference proce-
dures are presented in detail together with a rep-
etition of the relevant methodological aspects and 
limitations of fMRI.  Today, it can be assumed 
that presurgical task-based fMRI is a robust and 
valid tool to localize different representations of 
the human body in the primary motor and 
somatosensory cortices, to localize essential lan-
guage centers—namely, Broca’s and Wernicke’s 
areas—and to lateralize the brain’s dominant 
hemisphere for language function. There is also 
substantial evidence that DTT is reliable to visu-
alize the pyramidal tract, the arcuate fascicle, the 
optic radiation, and other large white matter bun-
dles both pre- and intraoperatively (Shahar et al. 
2014). fMRI and DTI have the potential to help 

to reduce the number of invasive measures 
needed, to better select those patients who require 
such interventions, and to facilitate the planning 
and targeted intraoperative positioning of 
 electrodes. If and to what extent a substitution of 
invasive measures may be appropriate is not fully 
clear, yet.

This topic is inherently related to chapter 
“Multimodal Functional Neuroimaging”—which 
has been completely rewritten—and provides the 
reader with an overview on multimodal investiga-
tions using multiparametric functional and struc-
tural MRI including volumetric/quantitative 
measures, DTI, DTT, MR spectroscopy, as well 
as other non-MR-based functional neuroimaging 
techniques (Wehner 2013). These methods 
include positron-emission tomography (PET) 
and single-photon emission computed tomogra-
phy (SPECT)—the latter two techniques are from 
the domain of nuclear medicine that utilize radio-
active substances/tracers and can be employed 
together with CT or MR scanners for hybrid 
imaging (Nensa et al. 2014)—just as the electro-
physiological methods electroencephalography 
(EEG) and magnetoencephalography (MEG) that 
noninvasively measure electromagnetic fields as 
a direct correlate of neuronal (synaptic) activity 
with a very high temporal resolution (Grummich 
et  al. 2006). These techniques are therefore not 
susceptible to hemodynamic or metabolic influ-
encing factors.

Chapter “Brain Plasticity in fMRI and DTI” 
covers neuroplasticity from its definition to its 
implications for diagnosis, treatment, and prog-
nosis in the clinical context from a neuroimag-
ing’s perspective (Niu et  al. 2014; Tozakidou 
et al. 2013; Partovi et al. 2012). The measurable 
neuroplastic changes are also discussed on the 
basis of the underlying pathophysiology down to 
the cellular and molecular levels. The current 
understanding of neuroplasticity imaging is con-
densed from an extensive literature research on 
patients with stroke, epilepsy, brain tumors, mul-
tiple sclerosis, and peripheral nervous system 
disorders used to interpret neuroplastic imaging 
findings. Clinical examples are provided with a 
focus on neuroplasticity of the motor system, 
which in turn is helpful to better understand 
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phenomena that may be observed in preoperative 
functional neuroimaging. Clear and valuable 
considerations are provided for a practical imag-
ing of neuroplasticity.

Chapter “Clinical BOLD fMRI and DTI: 
Artifacts, Tips, and Tricks” accounts for pitfalls, 
drawbacks, and diagnostic errors in clinical 
BOLD fMRI and DTI.  Important imaging arti-
facts, influencing factors of brain lesions, and 
pharmaceutical effects on the measurable BOLD 
response and DTI data are presented and dis-
cussed in detail. Practical suggestions to over-
come these problems are provided for a successful 
application of presurgical diagnostic fMRI and 
DTI.
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Abstract

Magnetic resonance imaging (MRI) is based 
on the magnetic excitation of body tissue and 
the reception of returned electromagnetic sig-
nals from the body. Excitation induces phase- 
locked precession of protons with a frequency 
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proportional to the strength of the surrounding 
magnetic field as described by the Larmor 
equation. This fact can be exploited for spatial 
encoding by applying magnetic field gradi-
ents along spatial dimensions on top of the 
strong static magnetic field of the scanner. The 
obtained frequency-encoded information for 
each slice is accumulated in two-dimensional 
k space. The k space data can be transformed 
into image space by Fourier analysis.

Functional MRI (fMRI) allows localizing 
brain function since increased local neuronal 
activity leads to a surprisingly strong increase 
in  local blood flow, which itself results in 
measurable increases in  local magnetic field 
homogeneity. Increased local blood flow 
delivers chemical energy (glucose and oxy-
gen) to the neurons. The temporary increase 
and decrease of local blood flow, triggered by 
increased neuronal activity, are called the 
hemodynamic response starting 2–4  s after 
stimulus onset. Increased local blood flow 
results in an oversupply of oxygenated hemo-
globin in the vicinity of increased neuronal 
activity. The oversupply flushes deoxygenated 
hemoglobin from the capillaries and the down-
stream venules. Deoxygenated hemoglobin is 
paramagnetic reducing the homogeneity of 
the local magnetic field resulting in a weaker 
MRI signal than would be measurable without 
it. Oxygenated hemoglobin is diamagnetic 
and does not strongly reduce field homogene-
ity. Since the increased local blood flow 
replaces deoxygenated hemoglobin with oxy-
genated hemoglobin, local field homogeneity 
increases, leading to a stronger MRI signal as 
compared to a nonactivated state. Measured 
functional brain images thus reflect neuronal 
activity changes as blood oxygenation level- 
dependent (BOLD) contrast.

Functional images are acquired using the 
fast echo planar imaging (EPI) pulse sequence 
allowing acquisition of a 64 × 64 image matrix 
in less than 100 ms. To sample signal changes 
over time, a set of slices typically covering the 
whole brain is measured repeatedly. Activation 

of neurons results in a BOLD signal increase 
of only about 1–5% and it lies buried within 
strong physical and physiological noise fluc-
tuations of similar size. Proper preprocessing 
steps, including 3D motion correction and 
removal of drifts, reduce the effect of artifacts 
increasing the signal-to-noise ratio (SNR). In 
order to reliably detect stimulus-related 
effects, proper statistical data analysis is per-
formed. In order to estimate response profiles 
condition-related time course episodes may be 
averaged in various regions of interest (ROIs). 
The core statistical tool in fMRI data analysis 
is the general linear model (GLM) allowing to 
analyze blocked and event-related experimen-
tal designs. To run a GLM, a design matrix 
(model) has to be constructed containing ref-
erence functions (predictors, model time 
courses) for all effects of interest (conditions) 
as well as confounds. The GLM fits the cre-
ated model to the data independently for each 
voxel’s data (time course) providing a set of 
beta values estimating the effects of each con-
dition. These beta values are compared with 
each other using contrasts resulting in a statis-
tical value at each voxel. The statistical values 
of all voxels form a three-dimensional statisti-
cal map. To protect against wrongly declaring 
voxels as significant, statistical maps are 
thresholded properly by taking into account 
the multiple comparison problem. This prob-
lem is caused by the large number of indepen-
dently performed statistical tests (one for each 
voxel).

In recent years, parallel imaging tech-
niques have been developed, which allow 
acquiring MRI data simultaneously with two 
or more receiver coils. Parallel imaging can be 
used to increase temporal or spatial resolution. 
It also helps to reduce EPI imaging artifacts, 
such as geometrical distortions and signal 
dropouts in regions of different neighboring 
tissue types.

MRI has not only revolutionized functional 
brain imaging targeting grey matter neuronal 
activity but also enabled insights into human 
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white matter structure using diffusion- 
weighted magnetic resonance imaging. With 
proper measurement and modeling schemes 
including diffusion tensor imaging (DTI), 
major fiber tracts can be reconstructed using 
computational tractography providing impor-
tant information to guide neurosurgical proce-
dures potentially reducing the risk of lesioning 
important fiber bundles.

Since its invention in the early 1990s, func-
tional magnetic resonance imaging (fMRI) 
has rapidly assumed a leading role among the 
techniques used to localize brain activity. The 
spatial and temporal resolution provided by 
state-of-the-art MR technology and its nonin-
vasive character, which allows multiple stud-
ies of the same subject, are some of the main 
advantages of fMRI over the other functional 
neuroimaging techniques that are based on 
changes in blood flow and cortical metabolism 
(e.g., positron-emission tomography, PET). 
fMRI is based on the discovery of Ogawa 
et al. (1990) that magnetic resonance imaging 
(MRI, also called nuclear magnetic resonance 
imaging) can be used in a way that allows 
obtaining signals depending on the level of 
blood oxygenation. The measured signal is 
therefore also called “BOLD” signal 
(BOLD = blood oxygenation level- dependent). 
Since locally increased neuronal activity leads 
to increased local blood flow, which again 
changes local blood oxygenation, fMRI allows 
indirect measurements of neuronal activity 
changes. With appropriate data analysis and 
visualization methods, these BOLD measure-
ments allow drawing conclusions about the 
localization and dynamics of brain function.

This chapter describes the basic principles 
and methodology of functional and diffusion- 
weighted MRI.  After a description of the 
physical principles of MRI at a conceptual 
level, the physiology of the blood oxygenation 
level-dependent (BOLD) contrast mechanism 
is described. The subsequent, major part of the 
chapter provides an introduction to the current 
strategies of statistical image analysis tech-

niques with a focus on the analysis of single- 
subject data because of its relevance for 
presurgical mapping of human brain function. 
This is followed by a description of functional 
connectivity focusing on the analysis of 
resting- state fMRI data. Finally, principles of 
diffusion-weighted MRI measurements are 
described including diffusion tensor imaging, 
which is the most common acquisition and 
modeling approach in clinical MRI.

1  Physical Principles of MRI

Magnetic resonance imaging makes it possible to 
visualize both anatomical and functional data of 
the human brain. This section shortly describes 
the main concepts of the physical principles of 
MRI. More detailed descriptions of the physical 
basis of MRI are available in several introductory 
texts, e.g., Huettel et al. (2004), Bandettini et al. 
(2000), Brown and Semelka (1999), NessAiver 
(1997), Schild (1990), and Uludağ et al. (2015).

A typical whole-body MR scanner has a hol-
low bore (tube) about 1 m across. Inside of that 
bore a cylinder is placed containing the primary 
magnet producing a very strong static, homoge-
neous magnetic field (B0). Today, nearly all scan-
ners create the magnetic field with 
superconducting electromagnets whose wires are 
cooled by cryogens (e.g., liquid helium). Most 
standard clinical scanners used to image the 
human brain possess a magnetic field strength of 
1.5 and 3.0 T; 1.5 T is 30,000 times the strength 
of the earth magnetic field (1 T = 10,000 Gauss). 
In some research labs, the human brain is imaged 
at the ultrahigh field at 7 T and beyond. In 2017, 
the first 7 T model was cleared for clinical use in 
both Europe and the United States. The stronger 
the magnetic field, the greater the signal-to-noise 
ratio, which can be used to image the brain at a 
higher spatial resolution. At higher field strengths 
it gets, however, increasingly difficult to create a 
homogeneous magnetic field, which is necessary 
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for accurate spatial decoding of the raw measure-
ment data. Since homogeneous fields are easier 
to create for scanners with small bores, scanners 
with higher magnetic fields (10–20 T) are cur-
rently only available for animal use, but human 
MRI scanners of up to 14 T are emerging 
(Nowogrodzki 2018). Besides the main magnet, 
additional coils are located inside the cylinder 
including shimming coils, gradient coils, and a 
radio-frequency (RF) coil. The shimming coils 
are used to shape the magnetic field increasing its 
homogeneity. The gradient coils are used to tem-
porarily change the magnetic field linearly along 
any direction which is essential for spatial local-
ization (see below). The RF coil is used to send 
radio-frequency pulses into the subject.

In a typical brain scanning session, a subject 
or patient in supine position is slowly moved into 
the scanner bore using a maneuverable table. 
Scanning of anatomical and functional images is 
managed from a terminal in a control room by 
specifying slice positions and by running appro-
priate MRI pulse sequences. The control room 
usually has a window behind the computer termi-
nal, which allows looking into the scanner room. 
Before the subject is moved into the scanner, the 
head is placed in a small replaceable coil, called 
the head coil. This coil surrounds the head and is 
used to send radio-frequency pulses into the sub-
ject as well as to receive electromagnetic echos. 
When receive-only head coils are used, the radio- 
frequency pulses are provided by the RF coil in 
the cylinder of the scanner. The head coil is an 
example of a volume coil, which is designed such 
that the sensitive volume (e.g., brain) experiences 
a fairly uniform RF field. Surface coils are 
receive-only RF coils that are placed directly 
upon the surface of the anatomy to be imaged. 
They provide very high signal to noise in their 
immediate vicinity but recorded images suffer 
from extreme nonuniformity because the obtained 
signal intensity drops rapidly with distance and 
approaches zero about one coil diameter away 
from the coil. Phased-array coils are an attempt 
to combine the positive properties of volume and 
surface coils by combining images from two or 

more surface coils to produce a single image (see 
Sect. 1.2.6).

The physical principles of MRI are the same 
for anatomical and functional imaging. What 
makes functional imaging special is described in 
Sect. 2. The operation of MRI can be described in 
two major themes. The first theme refers to the 
excitation and recording of electromagnetic sig-
nals reflecting the properties of the measured 
object. The second theme refers to the construc-
tion of two- and three-dimensional images visu-
alizing how the measured object properties vary 
across space.

1.1  Spin Excitation and Signal 
Reception

Magnetic resonance imaging is based on the 
magnetic excitation of body tissue and the record-
ing of returned electromagnetic signals from the 
body. All nuclei with an odd number of protons 
are magnetically excitable. The atom of choice 
for MRI is 1H, the most common isotope of 
hydrogen having a nucleus with only 1 proton. 
Hydrogen protons are ideally suited for MRI 
because they are abundant in human tissue and 
possess particularly favorable magnetic proper-
ties. Water is the largest source of protons in the 
body, followed by fat. Protons have magnetic 
properties because they possess a spin: they 
rotate like a spin top around their own axes induc-
ing a small directed magnetic field. In a normal 
environment, the magnetic fields of the spins in 
the human body are oriented randomly and, thus, 
cancel each other out. If, however, the body of a 
subject is placed in the strong static magnetic 
field of an MRI tomography (called B0), the spins 
orient themselves in line with that field, either 
parallel or antiparallel (Fig. 1). Since a slightly 
larger proportion of spins aligns parallel to the 
scanner magnetic field, the body gets magne-
tized. The excess number of spins aligned with 
the external magnetic field is proportional to the 
strength of the external magnetic field and is in 
the order of 1015 spins at 1.5 T in a 2 × 2 × 2 mm 
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volume of water. The total magnetic field of the 
excess spins is called M0. Just as a spinning top 
wobbles, the spinning protons wobble, or pre-
cess, about the axis of the external B0 field 
(Fig.  1c). The precession frequency of the pro-
tons depends on the strength of the surrounding 
magnetic field. More precisely, the precession 
frequency ω is directly proportional to the 
strength of the external magnetic field and is 
defined by the Larmor equation:

 ω γ0 = B0  

The symbol ω0 is known as the precessional, 
Larmor, or resonance frequency. The symbol γ 
refers to the gyromagnetic ratio, which is a con-
stant unique to every atom. For hydrogen pro-
tons, γ  =  42.56  MHz/T.  At the magnetic field 
strength of a 3  T scanner, the precession fre-
quency of hydrogen protons is thus 128 MHz.

If an applied electromagnetic pulse has the 
same frequency as the proton’s precession fre-
quency, then the protons get “excited” by 
absorbing the transmitted energy. This impor-
tant principle is called resonance and gives the 
method “magnetic resonance imaging” its 

name. Since the precession frequency is in the 
range of radio-frequency waves, the applied 
electromagnetic pulse is also called a radio-fre-
quency (RF) pulse. As an effect of excitation, 
spins flip from the parallel (lower energy) state 
to the antiparallel (higher energy) state. The RF 
pulse furthermore lets the excited protons pre-
cess in phase. As a result, the magnetization 
vector M0 moves down towards the x–y plane 
(Fig. 2). The x–y plane is perpendicular to the 
static magnetic field and is also referred to as 
the transverse plane. The angle, α, of rotation 
towards the xy plane is a function of the strength 
and duration of the RF pulse. If α  =  90°, the 
magnetization vector is completely moved into 
the x–y plane with an equal amount of spins 
aligned parallel and antiparallel (Fig. 2b). Since 
the protons precess in phase, i.e., they point in 
the same direction within the x–y plane, the 
magnetic fields of the spins add up to form a net 
magnetic field MXY in the x–y plane. This trans-
versal component of the rotating electromag-
netic field can be measured (received) in the 
receiver coil (antenna) because it induces a 
detectable current flow.

a b c

Precession

B0

M0

Fig. 1 Spinning protons are little magnets because of the 
spin property. (a) Without an external magnetic field, the 
directions of the spins are randomly distributed. (b) When 
placed within a large magnetic field, the spins align either 
with the field (parallel) or against the field (antiparallel). A 
slight excess of spins aligns with the external magnetic 

field resulting in a net magnetic field parallel to the exter-
nal magnetic field. (c) A spin is actually not aligning its 
axis of rotation with the external magnetic field as shown 
in a and b, but rotates around the direction of the field. 
This motion is called precession
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The established in-phase precession is, how-
ever, not stable after the RF transmitter is turned 
off. Because of interactions between the mag-
netic fields of the protons, the transverse magne-
tization decays within a few tenth of milliseconds. 
These spin-spin interactions lead to slightly dif-
ferent local magnetic field strengths and, thus, to 
slightly different precession frequencies leading 
to phase shifts between the precessing spins 
(dephasing). The dephasing process is also called 
transversal relaxation. It progresses initially rap-
idly but slows down over time following an expo-
nential function with time constant T2 with values 
in the range of 30–150 ms. Due to magnetic field 
inhomogeneities in the static magnetic field and 
in physiological tissue, the spins get out of phase 
actually faster than T2 and therefore the measured 
raw signal in the receiver coil, the free induction 
decay (FID), decays with the shorter time con-
stant T2* (Fig. 3):

 M MXY 0= − ∗e t T/ 2

 

The fact that local field inhomogeneities lead 
to different precession frequencies increasing the 
speed of dephasing is an important observation 
for functional MRI because local field inhomoge-
neities also depend on the local physiological 
state, especially the state of local blood oxygen-

ation, which itself depends on the state of local 
neuronal activity. Measurements of changing 
local magnetic field inhomogeneities (T2* param-
eter), thus, provide indirect measurements of 
local neuronal activity.

The speed of spin dephasing is determined by 
random effects as well as by fixed effects due to 
magnetic field inhomogeneities. The dephasing 
effect of constant magnetic field inhomogeneities 
can be reversed by application of a 180° RF 
pulse. During a time duration of t = τ spins go out 
of phase. Then a 180° RF pulse is applied flip-
ping the dephased spin vectors about the X′ or Y′ 
axis in the rotating frame of reference. As an 
effect of the pulse, the order of the spins is 
reversed (Fig. 4). At the echo time TE = 2τ, the 
vectors are back in phase producing a large sig-
nal, the spin echo. This process is similar to a 
race situation in which participants run with dif-
ferent (but constant) speed. At time τ they get a 
signal (“180° pulse”) to turn around and go back; 
assuming that they continue in the same speed, 
they will all arrive at the starting line at the same 
time (2τ).

The amplitude of the obtained spin echo will 
be smaller than the amplitude during the FID 
because part of the signal is inevitably lost due to 
random spin-spin interactions (T2 decay). As 
soon as the spins are all back in phase at the echo 

a
B0

B1
(RF pulse)

X'

Y'

X'

Y' Y

X

RFM0

MZ

MZ

a

w
MXY MXY MXY

Z

Rotating frame Laboratory Frame

Z Zb

Fig. 2 Spins in the lower energy state can be excited by 
an electromagnetic pulse at the resonance frequency ω0 
forcing the spins absorbing the transmitted energy to pre-
cess in phase. (a) As an effect of excitation, the net mag-
netic field M0 (blue vector) smoothly tips down towards 
the x–y plane. The longitudinal component Mz (green vec-
tor) decreases over time while the transverse component 
Mxy (red vector) increases. This view assumes that the 

observer is moving with the precessing protons (rotating 
frame of reference). (b) Viewed from outside (laboratory 
frame of reference), the net magnetization vector rotates 
with angular velocity ω0 given by the Larmor equation. 
The rotating magnetic field in the x–y plane emits radio-
frequency waves, which can be measured by a receiver 
coil
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time, they immediately start to go out of phase 
again. An additional 180° RF pulse will generate 
a second echo (Fig. 4). This process can be con-
tinued as long as enough signal is available. By 
setting the time of the 180° pulse, the amplitude 
of the T2 signal can, thus, be assessed at any 
moment in time.

Besides dephasing, the spins reorient them-
selves with the direction of the strong static mag-
netic field of the scanner since the excited spins 
slowly go back into the low-energy state realign-
ing with the external magnetic field. This reorien-
tation process is called longitudinal relaxation 
and progresses slower as the dephasing process. 
The increase (recovery) of the longitudinal com-

ponent Mz follows an exponential function with 
time constant T1 with values in the range of 
300–2000 ms:

 
M MZ 0= −( )−1 1e t T/

 

Note that the absorbed RF energy is not only 
released in a way that it can be detected outside 
the body as RF waves; part of the energy is given 
to the surrounding tissue, called the lattice. The 
spin-lattice interactions determine the speed of T1 
recovery, which is unique to every tissue. Tissue- 
specific T1 and T2 values enable MRI to differen-
tiate between different types of tissue when using 
properly designed MRI pulse sequences.

Spin 1

MXY =M0e
–t/T2*

0 1p 2p 3p 4p 5p 6p 7p 8p 9p 10p 11p
x

Spin 2

T2*

Spin 3

Fig. 3 The signal amplitude (red curve) of the measured 
raw MR signal, the free induction decay (FID), decays 
exponentially with time constant T2*. The raw signal itself 
is oscillating at the resonance frequency (blue curve). The 
signal is lost due to dephasing as indicated by the phase 
coherency plots (circles) with three representative, super-
imposed spins (see inset). The amplitude of the signal at 

any moment in time is determined by the sum of the spin 
vectors. When the spins are all in phase (left side), the 
maximum signal is obtained; that is, the vector sum equals 
M0. When the spins are completely out of phase (right 
side), the signal is completely lost; that is, the sum of the 
spin vectors equals zero
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1.2  Image Reconstruction

The described principles of magnetic resonance 
do not explain how one can obtain images of the 
brain. This requires attributing components of the 
signal to those positions in space from which 
they originated. Although not identical for all 
measurement sequences, the principles for local-
izing signal sources typically contain the com-
bined application of three fundamental 
techniques, selective excitation of a slice, fre-
quency encoding, and phase encoding. Each of 
these steps allows localizing the source of the 
signal with respect to one spatial dimension. Paul 
C. Lauterbur and Peter Mansfield were awarded 
the 2003 Nobel Prize in Medicine for their dis-
covery that magnetic field gradients can be used 
for spatial encoding. The gradient coils of the 
MRI scanner allow adding a magnetic field to the 
static magnetic field, which causes the field 
strength to vary linearly with distance from the 
center of the magnet. According to the Larmor 
equation, spins on one side are exposed to a 

higher magnetic field and precess faster while 
spins on the other side are exposed to a lower 
magnetic field and precess slower than spins in 
the center (Fig. 5b).

1.2.1  Selective Slice Excitation
A magnetic field gradient is used to select a slice 
of the imaged object (slice selection gradient). 
Since spins precess with different frequencies 
along a gradient, protons can be excited selec-
tively: an applied electromagnetic pulse of a cer-
tain frequency band will excite only those protons 
along the gradient precessing at the same fre-
quency band. Spins outside that range will pre-
cess at different frequencies and will, thus, not 
absorb the transmitted RF energy. The selectively 
excited protons are located in a slice oriented per-
pendicular to the gradient direction. A gradient 
along the z-axis will result in an axial slice, a gra-
dient along the x-axis in a sagittal slice, and a gra-
dient along the y-axis in a coronal slice. Oblique 
slices can be obtained by applying two or three 
gradients simultaneously. The position and 

90 180 180
X

Y

FID

T2

T2

TE

Spin echo Spin echo

Fig. 4 The effect of constant magnetic field inhomogene-
ities can be reversed by application of a 180° RF pulse, 
which flips the dephased vectors about the X′-axis. This is 
indicated in the upper row with three spin vectors, one 
precessing at the resonance frequency (green vector), one 
precessing slightly faster (violet vector), and one precess-
ing slightly slower (blue vector) leading to dephasing. The 
180° RF pulse reverses the order of the spins, but not the 

direction of rotation. The faster spin now runs behind 
catching up over time, while the slower spin runs ahead 
slowly falling back. At time TE (echo time), the vectors 
are back in phase producing a large signal, the spin echo. 
A second 180° RF pulse will generate a second echo (right 
side). The maximum amplitude of the echos gets smaller 
over time because signal is inevitably lost due to random 
spin-spin interactions (T2 decay, red curve)
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thickness of the selected slice depend on the 
slope of the applied gradient and the frequency 
band of the applied RF pulse. After selective slice 
excitation, the measured echo will be restricted to 
a compound signal from the excited protons 
within the slice. For subsequent spatial encoding, 
the slice selection gradient is turned off.

1.2.2  Frequency Encoding
While receiving the signal (FID or echo) from the 
excited slice, a magnetic field gradient can be 
applied along one of the two remaining spatial 
dimensions. This second gradient, running along 
one dimension of the excited slice, is called fre-
quency encoding gradient. Note that this gradient 
is not used to selectively excite protons, but to 
encode a spatial dimension for those protons 
already excited in the slice. Due to the applied 
gradient, the protons within the slice precess with 
different frequencies along the respective dimen-
sion allowing differentiating spatial positions in 
the received signal (Fig. 5). The frequency encod-

ing gradient is also called read-out gradient since 
it is turned on during reception of the signal from 
the protons. The strength of the signal at each fre-
quency is directly related to the strength of the 
signal at the encoded spatial position. The mea-
sured composite time domain signal consists of 
the sum of all frequency responses. The Fourier 
transform (FT) can be used to get from the com-
posite signal the strength of the signal at each 
frequency (amplitude and phase information). 
Since space has been frequency encoded, the 
strength of the signal at different frequencies cor-
responds to the strength of the signal at different 
spatial positions. The obtained frequency- specific 
information can thus be used to form a spatial 
image (Fig. 5b). In such an image, the grey level 
is used to represent the strength of the signal at 
each picture element (pixel).

1.2.3  Phase Encoding
A further encoding step is required to be able to 
also separate signal components originating from 

Glasses of
water

Precession frequency

Time domain signal

Frequency domain signal

Frequency encoding

Fourier transform

Image pixels

Glasses of
water

Gradient
XX

a b

Fig. 5 Assume that eight glasses with different amounts 
of water are placed in the MRI scanner along the x-axis 
and that a single, thick slice containing all glasses has 
been excited. (a) In the absence of any gradients, all of the 
excited protons from all glasses are spinning at the same 
frequency. The received signal also oscillates at that fre-
quency and its amplitude reflects the sum of excited water 
protons of all glasses. Since all protons precess at the 
same frequency, the Fourier transform cannot be used to 
identify signals from different spatial positions along the 
x-axis. (b) If a gradient is applied in the x direction, the 

spins will precess at frequencies that depend upon their 
position along the gradient. Spatial information is now 
frequency encoded: The strength of the signal at each fre-
quency is directly related to the number of excited protons 
from the respective glass of water. The obtained compos-
ite time domain signal is the sum of these frequencies. The 
Fourier transform can now be used to determine the 
strength of the signal at each frequency. Since frequencies 
encode different spatial positions, an “image” of eight 
pixels can be formed. The grey values of these pixels 
reflect the relative amount of water in the different glasses
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different positions along the second dimension in 
the imaging plane. This is achieved by briefly 
adding another gradient to the static magnetic 
field oriented along the remaining (third) spatial 
dimension before receiving an echo. This third 
magnetic field gradient is called phase encoding 
gradient. While the frequency encoding gradient 
is turned on during reception of the signal, the 
phase encoding (PE) gradient is turned off just 
before receiving the echo and, thus, does not 
(permanently) change the frequency at different 
spatial positions. This is necessary since fre-
quency encoding gradients in two dimensions 
would result in ambiguous spatial encoding in a 
similar way as the same number (e.g., 6) can be 
obtained in many different ways by the sum of 
two numbers (e.g., 2 + 4, 3 + 3, 5 + 1). Prior to 
read-out, the brief duration of the phase encoding 
gradient results in a short moment of different 
precession frequencies within each row of the 
slice. After turning off the phase encoding gradi-
ent, the protons within each row precess again 
with the same frequency but they will now pre-
cess with a systematic phase shift along the posi-
tions within each row. The amount of phase shift 
depends on the position of a proton along the 
encoded second image dimension. Through 
proper combination of frequency encoding in one 
dimension and phase encoding in the other 
dimension, all positions within a 2D image can 
be uniquely encoded with a desired resolution. 
Unfortunately, a single application of the phase 
encoding gradient is not sufficient to encode the 
second image dimension. The process of excita-
tion and phase encoding must be repeated many 
times for a single slice. At each repetition, the 
strength of the phase encoding gradient is slightly 
changed in order to ultimately obtain a complete 
frequency × phase encoding of the slice.

1.2.4  Two-Dimensional k Space
The data obtained from a series of excitation- 
recording cycles can be arranged in a two- 
dimensional space called k space. Each row of k 
space corresponds to the data of one excitation- 
recording cycle with a different phase encoding 

step. As described above, the echo signal of one 
line in k space contains a frequency-encoded rep-
resentation of one dimension of the selected slice. 
While the slice selection and frequency encoding 
gradients are the same from cycle to cycle, the 
slope of the phase encoding gradient is changed 
by a constant value across cycles and, thus, from 
line to line in k space. The imposed phase shift 
for a specific proton depends on the strength of 
the phase encoding gradient and on the proton’s 
position along the second image dimension. A 
series of phase encoding steps “fill” k space in 
such a way that the second slice dimension ulti-
mately also gets frequency encoded. The k space 
thus contains two-dimensional frequency- 
encoded information of the slice, which can be 
transformed into two-dimensional image space 
by application of the two-dimensional Fourier 
transform (2D FT).

1.2.5  Echo Planar Imaging
The described procedure is applied for each slice 
of a scanned volume. A properly specified series 
of electromagnetic pulses allowing to construct 
one or more 2D images from electromagnetic 
echos is called a MRI pulse sequence. The most 
often used sequence for functional MRI is gradi-
ent echo-echo planar imaging (GE-EPI). This 
sequence enables very rapid imaging of a slice by 
performing all phase encoding steps after a single 
90° excitation pulse. This sequence requires 
switching the read-out gradient rapidly on and off 
to fill k space line by line resulting in a series of 
(e.g., 64) small gradient echos within the dura-
tion of a single T2* decay. A complete image can 
thus be obtained in about 50–100 ms as opposed 
to several seconds with standard (functional) 
imaging sequences. GE-EPI is very sensitive to 
field inhomogeneities influencing the speed of 
dephasing (T2* contrast). This is essential for 
functional imaging (see below) but also produces 
image distortions, called susceptibility artifacts, 
which occur especially at tissue boundaries. 
Running EPI sequences requires a high- 
performance gradient system to enable very rapid 
gradient switching.
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1.2.6  Parallel Imaging and Parallel 
Excitation

In the last 20  years, parallel imaging (e.g., 
Pruessmann et al. 1999) has become a standard 
technique that has been introduced with different 
names by scanner manufacturers such as 
“SENSE,” “IPAT,” or “SMASH.” The basic idea 
of parallel imaging is the simultaneous  acquisition 
of MRI data with at least two (typically 32 or 
more) receiver coils, each having a different spa-
tial sensitivity. During image reconstruction, 
complementary information from the different 
receiver coils can be combined to fill k space in 
parallel reducing the number of time-consuming 
phase encoding steps. Besides appropriate coils 
(phased-array coils), parallel imaging requires 
that MRI scanners are equipped with multiple 
processing channels operating in parallel. Note 
that parallel imaging may be used either to 
increase temporal resolution when using a stan-
dard matrix size or to increase spatial resolution 
using a larger matrix with a conventional image 
acquisition time. Using parallel imaging to 
reduce scan time without sacrificing image qual-
ity is especially relevant for patient scans. 
Furthermore, parallel imaging may also reduce 
GE-EPI imaging artifacts because it allows 
acquiring standard image matrices with shorter 
echo times; typical EPI artifacts, such as signal 
dropouts in regions of neighboring tissue types 
and geometrical distortions, increase with 
increasing echo times.

In the last 10 years, parallel excitation tech-
niques have been increasingly employed that are 
able to excite more than once slice in parallel: If, 
for example, 8 slices are excited simultaneously, 
a whole-brain scan with 64 slices would be com-
pleted in the same time as 8 non-simultaneously 
recorded slices. To enable such powerful “simul-
taneous multi-slice” (SMS) or “multiband” tech-
niques, advanced excitation hardware is required 
including multiple transmit channels. 
Furthermore, special MRI pulse sequences are 
needed (Moeller et  al. 2010; Setsompop et  al. 

2012). Since multiple slices are acquired truly in 
parallel, imaging time is substantially reduced as 
compared to standard single-slice excitation 
techniques. This is especially beneficial for real- 
time fMRI neurofeedback studies (e.g., Goebel 
et al. 2010) since more time points (albeit tempo-
rally correlated) can help to calculate more stable 
feedback values in a given time window. Note, 
however, that the data received simultaneously 
from multiple slices need to be separated which 
becomes increasingly difficult with an increasing 
number of simultaneously excited slices. In order 
to avoid loss in image quality, the multiband fac-
tor (number of simultaneously excited slices) 
recommended for neuroscience applications is, 
thus, in the range of 2–8 depending on the tar-
geted brain region (Todd et al. 2017).

2  Physiological Principles 
of fMRI

Neuronal activity consumes energy, which is pro-
duced by chemical processes requiring glucose 
and oxygen. The vascular system supplies these 
substances by a complex network of large and 
small vessels. The arterial part of the vascular 
system transports oxygenated blood through an 
increasingly fine-grained network of blood ves-
sels until it reaches the capillary bed where the 
chemically stored energy (oxygen) is transferred 
to the neurons. If the brain is in resting state 
30–40% of the oxygen is extracted from the 
blood in the capillary bed. The venous system 
transports the less oxygenated blood away from 
the capillary bed. Oxygen is transported in the 
blood via the hemoglobin molecule. If hemoglo-
bin carries oxygen, it is called oxygenated hemo-
globin (HbO2), while it is called deoxygenated 
hemoglobin (Hb) when it is devoid of oxygen. 
While the arterial network contains almost only 
oxygenated hemoglobin, the capillary bed and 
the venous network contain a mixture of oxygen-
ated and deoxygenated hemoglobin.
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2.1  Neurovascular Coupling

A local increase of neuronal activity immediately 
leads to an increased oxygen extraction rate in 
the capillary bed and, thus, an increase in the 
relative concentration of deoxygenated hemoglo-
bin. This fast response to increased neuronal 
activity is described as the “initial dip” (Fig. 7). 
After a short time of about 3 s the increased local 
neuronal activity also leads to a strong increase 
in local blood flow. This response of the vascular 
system to the increased energy demand is called 
the hemodynamic response. Simultaneous elec-
trical recording and fMRI animal studies indicate 
that synaptic signal integration (measured by the 
local field potential, LFP) is a better predictor of 
the strength of the hemodynamic response than 

spiking activity (Logothetis et al. 2001; Mathiesen 
et al. 2000). It thus seems likely that the hemody-
namic response primarily reflects the input and 
local processing of neuronal information rather 
than the output signals (Logothetis and Wandell 
2004). Note that it is not yet completely known 
how the neurons “inform” the vascular system 
about their increased energy demand. Important 
theories about this neurovascular coupling are 
described, among many others, by Fox et  al. 
(1988), Buxton et  al. (1998), Magistretti et  al. 
(1999), and Uludağ et al. (2015). It appears likely 
that astrocytes play an important role because 
these special glial cells are massively connected 
with both neurons and vascular system. The 
hemodynamic response consists of increased 
local cerebral blood flow (CBF) as well as 
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Fig. 6 From neural activity to BOLD MRI responses. (a) 
If a cortical region is in baseline mode, neural activity—
including synaptic signal integration and spike genera-
tion—is low (upper part). Cerebral blood flow (CBF) is at 
a basal level. A constant oxygen extraction rate fueling 
neural activity leads to a fixed deoxygenated hemoglobin 
(Hb)-to-oxygenated hemoglobin (HbO2) ratio in the capil-
lary bed and venules. Since Hb is paramagnetic, it distorts 
the magnetic field. The Hb-related magnetic field inhomo-
geneities lead to rapid dephasing of excited spins resulting 

in a low MRI signal level (lower part). (b) If the cortical 
region is in activated state, synaptic signal integration and 
spiking activity increase, leading to an increased oxygen 
extraction rate (upper part). CBF strongly increases deliv-
ering oxygen beyond local need, which essentially flushes 
Hb away from the capillary bed (middle part). Since HbO2 
does not substantially distort the homogeneity of the local 
magnetic field, excited spins dephase slower than in the 
baseline state (lower part) resulting in an enhanced MRI 
signal (BOLD effect)
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increased cerebral blood volume (CBV), proba-
bly as a mechanical consequence of increased 
blood flow. The increased blood flow not only 
compensates quickly for the slightly increased 
oxygen extraction rate of activated neurons, but 
also results in a substantial local oversupply of 
oxygenated hemoglobin (Figs.  6 and 7). Note 
that it is not yet clear why the vascular system 
responds with a much stronger increase in cere-
bral blood flow than appears to be necessary. The 
increased CBV may help to explain the poststim-
ulus undershoot (Fig. 7) observed in typical fMRI 
responses (balloon model, Buxton et  al. 1998). 
While CBF and oxygen extraction rate may 
quickly return to baseline, the elastic properties 
of the dilated venules will require many seconds 
until baseline size is reached. In the expanded 
space of the dilated vessels more deoxygenated 
hemoglobin will accumulate reducing the MRI 
signal below the pre-stimulus baseline level.

2.2  The BOLD Effect

The most common method of functional MRI is 
based on the BOLD effect (Ogawa et al. 1990). 
This exploits the fact that oxygenated hemoglo-
bin has different magnetic properties than deoxy-
genated hemoglobin. More specifically, while 
oxygenated hemoglobin is diamagnetic, deoxy-
genated hemoglobin is paramagnetic altering the 
local magnetic susceptibility, creating magnetic 

field distortions within and around the blood ves-
sels in the capillary bed and venules. During the 
hemodynamic response (oversupply phase), the 
oxygenated-to-deoxygenated hemoglobin ratio 
increases resulting in a more homogeneous local 
magnetic field. As follows from the description in 
Sect. 1, excited spins dephase slower in a more 
homogeneous magnetic field leading to a stron-
ger measured MRI signal in the activated state 
when compared to a resting state (Fig.  6). The 
BOLD effect, thus, measures increased neuronal 
activity indirectly via a change in local magnetic 
field (in)homogeneity, which is caused by an 
oversupply of oxygenated blood (Fig.  6). Note 
that these field inhomogeneities are detectable 
with MRI because of the different magnetic prop-
erties of oxy- and deoxygenated hemoglobin. 
The change in the local HbO2/Hb ratio and its 
associated change in magnetic field homogene-
ity, thus, act as endogenous markers of neural 
activity.

2.3  The Hemodynamic Response

The time course of evoked fMRI signals, reflect-
ing the BOLD hemodynamic response, is well 
studied for primary visual cortex (V1). After 
application of a short visual stimulus of 100 ms, 
the observed (positive) signal response starts to 
rise after 2–3 s (oversupply phase) and reaches a 
maximum level after 5–6 s. About 10 s later, the 
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Fig. 7 Idealized time course of the hemodynamic 
response following a long (about 20 s) stimulation event. 
The theoretically expected initial dip is not reliably mea-
sured in human fMRI studies. For long stimulation events, 

the signal rises initially to a higher value (overshoot) than 
the subsequently reached plateau. When the stimulus is 
turned off, the signal often falls below the baseline signal 
level (undershoot), which is then approached slowly
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signal reaches again the baseline level. As com-
pared to the neuronal response of about 100 ms 
duration, the corresponding fMRI response is 
characterized by a delayed, gradual response pro-
file extending as long as 20 s. Despite this slug-
gish response, the latency of response onset 
appears to reflect quite precisely neuronal onset 
times (see Sect. 2.4).

Assuming a linear time invariant (LTI) sys-
tem, one can predict the expected time course of 
arbitrary long stimulation periods from the 
known response to a short stimulus. The response 
to a very short stimulus is called the impulse 
response function or, in the context of fMRI, the 
BOLD hemodynamic response function (HRF). 
The output (expected fMRI response) of a LTI 
system is the convolution of the input time course 
(e.g., stimulation “box-car” time course) with the 
system’s response to an impulse function (Fig. 9). 
For primary visual cortex (V1), Boynton et  al. 
(1996) showed that the measured responses to 
stimuli with varying amplitudes and durations 
could be indeed predicted well from the response 
profile obtained from a short visual stimulus. A 
well-suited function to model the hemodynamic 
impulse function is the probability density func-

tion (pdf) of the gamma distribution scaled by 
parameter A:
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Parameters τ and σ define the onset and dis-
persion of the response peak, respectively. While 
Boynton et al. (1996) used a single gamma func-
tion to characterize the impulse response func-
tion, the sum of two gamma functions (Friston 
et al. 1998) also captures the undershoot of fMRI 
responses. The first gamma function typically 
peaks 5 s after stimulus onset (τ = 6), while the 
second gamma function peaks 15 s after stimulus 
onset (τ = 16, see Fig. 8). After convolution of a 
stimulus time course with the impulse function 
(Fig. 9), the calculated time course can be directly 
used as a reference function in a general linear 
model for statistical data analysis (see Sect. 3.3).

Note that the linear system assumption is rea-
sonably valid only for stimuli of sufficiently 
long duration separated by long enough baseline 
periods. For a series of short stimuli separated 
by intervals shorter than 2–4 s, nonlinear inter-
action effects have to be expected (e.g., Robson 
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Fig. 8 The two-gamma function allows to model typical 
hemodynamic impulse responses. One gamma function 
models the peak (τ) and dispersion (σ) of the positive 
BOLD response while the second gamma function models 

the peak and dispersion of the undershoot response. 
Parameter A scales the amplitudes of the individual 
gamma functions
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et  al. 1998). Note further that the calculation 
(convolution) of expected time courses requires 
as input the valid specification of the time course 
of assumed neuronal response profiles, which is 
often not simply a copy of stimulus timing. A 
simple box-car time course, for example, 
assumes that neurons in a stimulated cortical 
area are active with constant amplitude in pro-
longed “on” periods. It is, however, well known 
that this assumption is too simplistic for neurons 
in early sensory areas. For higher cortical areas, 
e.g., frontal areas involved in working memory, 
the neuronal response profile might differ sub-
stantially with respect to stimulus timing. 
Assuming that neuronal responses are correctly 
specified, it appears reasonable to use the same 
generic hemodynamic response function for all 
brain regions and participants to predict 
expected BOLD signal time courses. It has 
been, however, shown that the hemodynamic 
response varies substantially enough across sub-
jects to justify creation of empirically derived 
individual HRFs when using event-related 
designs (Handwerker et al. 2004).

While fMRI responses clearly reflect the over-
supply phase of the hemodynamic response, the 
theoretically expected initial dip (Fig. 7) has not 
been reliably detected in standard human fMRI 
measurements (for animal studies, see, e.g., Kim 
et  al. 2000). This component of the idealized 
hemodynamic response is thus not included in 
the standard single- or two-gamma convolution 
kernels (Fig. 8). Data analysis of almost all fMRI 
studies is therefore based on the signals coming 
from the much stronger and sustained positive 
BOLD response.

2.4  Limits of Spatial and Temporal 
Resolution

The ultimate spatial and temporal resolution of 
fMRI is not primarily limited by technical con-
straints but by properties of the vascular system. 
The spatial resolution of the vascular system, and 
hence fMRI, seems to be in the order of 0.5–1 mm 
since relevant blood vessels run vertically through 
cortex in roughly that distance (Duvernoy et al. 

Neural pathway Hemodynamics

Hemodynamic response function
(i.e. two-gamma function)

Temporal resolution
(e.g TR = 2 s)

Stimulus timing = protocol
(box-car for one condition)

Convolution kernel

Predicted fMRI response after
convolution of box-car with HRF

MR scanner

1 21 41 61 1 21 41 61

Fig. 9 Calculation of expected fMRI signal response for 
one condition of a protocol using convolution. The calcu-
lated response depends on the chosen model for the 
BOLD hemodynamic response function (HRF), e.g., two- 
gamma function (middle part). The expected response is 

obtained by convolution of the box-car time course (left) 
with the chosen HRF.  The convolved time course is 
downsampled to the temporal resolution (sampling inter-
vals) of the fMRI measurements given by the volume TR 
value (right)
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1981). An achievable resolution of 0.5–1  mm 
might be just enough to resolve cortical columns. 
A cortical column contains thousands of neurons 
possessing similar response specificity. A con-
ventional brain area, such as the fusiform face 
area, could contain a set of cortical columns, each 
coding a different basic (e.g., face) feature. 
Cortical columns could, thus, form the basic 
building blocks (“alphabet”) of complex repre-
sentations (Fujita et  al. 1992). Since neurons 
within a column code for roughly the same fea-
ture, measuring the brain at the level of cortical 
columns promises to provide a relevant level for 
describing brain functioning. In cat visual cortex, 
for example, orientation columns could be mea-
sured with fMRI at ultrahigh magnetic fields (4 
and 9 T, Kim et al. 2000). The observed pattern of 
active orientation columns systematically 
changed when showing cats gratings of different 
orientations. Using ultrahigh magnetic fields (7 T 
and higher), columnar resolution has also been 
achieved in the human brain (e.g., Cheng et  al. 
2001; Yacoub et  al. 2008; Zimmermann et  al. 
2011; De Martino et al. 2015; Gentile et al. 2017; 
Schneider et al. 2019).

Despite the sluggishness of the fMRI signal, it 
has been shown that the obtained responses may 
reflect timing information with very high tempo-
ral precision. The signal of the left and right 
visual cortex, for example, reliably reflects tem-
poral differences between stimulation of the left 
and right visual field as short as 100 ms (Menon 
and Kim 1999). When properly taking care of 
different hemodynamic delays in different brain 
areas, the analysis of BOLD onset latencies may 
also be very useful in revealing the sequential 
order of activity across brain areas within trials of 
complex cognitive tasks (fMRI mental chronom-
etry, e.g., Formisano and Goebel 2003). In order 
to measure the brain with a temporal resolution in 
the order of milliseconds, other methods such as 
electroencephalography (EEG) and magnetoen-
cephalography (MEG) must be used. If one suc-
ceeds in performing a proper combined analysis 
of EEG/MEG and fMRI data (Scherg et al. 1999; 
Dale and Halgren 2001; Bledowski et al. 2006), it 
becomes possible to describe brain function with 
respect to both its topographic distribution and its 

precise timing. While EEG/MEG data and fMRI 
data are conventionally obtained in different ses-
sions, it is possible to measure EEG data directly 
during fMRI recording sessions (e.g., Mulert 
et al. 2004).

3  fMRI Data Analysis

A major goal of functional MRI measurements is 
the localization of the neural correlates of sen-
sory, motor, and cognitive processes. Another 
major goal of fMRI studies is the detailed charac-
terization of the response profile for known 
regions of interest (ROIs) across experimental 
conditions. In this context, the aim of conducted 
studies is often not to map new functional brain 
regions (whole-brain analysis) but to characterize 
further how known specialized brain areas 
respond to (subtle) differences in experimental 
conditions (ROI-based analysis). Furthermore, it 
is often of interest to estimate the shape of the 
response and how it varies across different condi-
tions and brain areas. Inspection of the shape of 
(averaged) time courses may also help to separate 
signal fluctuations due to measurement artifacts 
from stimulus-related hemodynamic responses. 
In order to obtain fMRI data with relatively high 
temporal resolution, functional time series are 
acquired using fast MR sequences sensitive to 
BOLD contrast. As described above most fMRI 
experiments use the gradient echo EPI sequence, 
which allows acquisition of a 64 × 64 matrix in 
50–100  ms. Using simultaneous multi-slice 
acquisition schemes (Sect. 1.2.6), more slices 
and/or larger matrix sizes can be used in the same 
time. A typical functional scan of the whole brain 
with a voxel size of 2  mm lasts only 1–2  s on 
state-of-the-art MRI scanners. The data obtained 
from scanning all slices once at different posi-
tions is subsequently referred to as a functional 
volume or a functional 3D image. The measure-
ment of an uninterrupted series of functional vol-
umes is referred to as a functional scan or run. A 
run, thus, consists of the repeated measurement 
of a functional volume and, hence, the repeated 
measurement of the individual slices. The sam-
pling interval—the time until the same brain 

R. Goebel



37

region is measured again—is called volume TR. 
The volume TR specifies the temporal resolution 
of the functional measurements since all slices 
comprising one functional volume are obtained 
once during that time. Note, however, that the 
slices of a functional volume are not (all) recorded 
simultaneously, which implies that data from dif-
ferent regions of the brain are recorded at differ-
ent moments in time (see Sect. 3.2.2.3). During a 
functional experiment, a subject performs tasks 
typically involving several experimental condi-
tions. A short experiment can be completed in a 
single run, which typically consists of 100–1000 
functional volumes. Assuming a run with 500 
volumes each consisting of 64 slices of 128 × 128 
pixels and that 2 bytes are needed to store each 
pixel, the amount of raw data acquired per run 
would be 500 × 64 × 128 × 128 × 2 = 1,048,576,000 
bytes or roughly 1 giga byte (GB). In more com-
plex experiments, a subject typically performs 
multiple runs in one scanning session resulting in 
several GB of functional data per subject per 
session.

Given the small amplitude of task-related 
BOLD signal changes of typically 1–5%, and the 
presence of many confounding effects, such as 
signal drifts and head motion, the localization 
and characterization of brain regions responding 
to experimental conditions of the stimulation 
protocol are a nontrivial task. The major analysis 
steps of functional and associated anatomical 
data will be described in the following para-
graphs including spatial and temporal prepro-
cessing, statistical data analysis, coregistration 
of functional and anatomical datasets, and spatial 
normalization. Although these essential data 
analysis steps are performed in a rather standard-
ized way in all major software packages, includ-
ing AFNI (http://afni.nimh.nih.gov/afni/), 
BrainVoyager (http://www.brainvoyager.com/), 
FSL (http://www.fmrib.ox.ac.uk/fsl/), and SPM 
(http://www.fil.ion.ucl.ac.uk/spm/), there is still 
room for improvements as will be discussed 
below. For the visualization of functional data, 
high-resolution anatomical datasets with a reso-
lution of (or close to) 1 mm in all three dimen-
sions are often collected in a recording session. 
In most cases, these anatomical volumes are 

scanned using slow T1-weighted MR sequences 
that are optimized to produce high-quality images 
with very good contrast between grey and white 
matter. In some analysis packages, anatomical 
datasets not only do serve as a structural refer-
ence for the visualization of functional informa-
tion but are often also used to improve the 
functional analysis itself, for example, by restrict-
ing statistical data analysis to grey matter voxels 
or to analyze topological representations on 
extracted cortex meshes. The preprocessing of 
high-resolution anatomical datasets and their role 
in functional data analysis will be described in 
Sect. 3.4. Since some data analysis steps depend 
on the details of the experimental paradigm, the 
next section shortly describes the two most fre-
quently used experimental designs.

3.1  Block and Event-Related 
Designs

In the first years of fMRI measurements, experi-
mental designs were adapted from positron- 
emission tomography (PET) studies. In the 
typical PET design, several trials (individual 
stimuli or, more generally, cognitive events) were 
clustered in blocks, each of which contained tri-
als of the same condition (Fig. 10). As an exam-
ple, one block may consist of a series of different 
pictures showing happy faces and another block 
may consist of pictures showing sad faces. The 
statistical analysis of such block designs com-
pares the mean activity obtained in the different 
experimental blocks. Block designs were neces-
sary in PET studies because of the limited tempo-
ral resolution of this imaging technique requiring 
about a minute to obtain a single whole-brain 
functional image. Since the temporal resolution 
of fMRI is much higher than PET, it has been 
proposed to use event-related designs (Blamire 
et  al. 1992; Buckner et  al. 1996; Dale and 
Buckner 1997). The characteristics of these 
designs (Fig.  10) follow closely those used in 
event-related potential (ERP) studies. In event- 
related designs, individual trials of different con-
ditions are not clustered in blocks but are 
presented in a random sequence with sufficient 
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time between trials to separate successive 
responses. Responses to trials belonging to the 
same condition are selectively averaged and the 
calculated mean responses are statistically com-
pared with each other. While block designs are 
well suited for many experiments, event-related 
designs offer several advantages over block 
designs, especially for cognitive tasks. An impor-
tant advantage of event-related designs is the pos-
sibility to present stimuli in a randomized order 
(Fig. 10) avoiding cognitive adaptation or expec-
tation strategies of the subjects. Such cognitive 
adaptations are likely to occur in block designs 
since a subject knows what type of stimuli to 
expect within a block after having experienced 
the first few trials. Another important advantage 
of event-related designs is that the response pro-
file for different trial types (and even single trials) 
can be estimated by event-related averaging. 
Furthermore, event-related designs allow post 
hoc sorting of individual brain responses. One 
important example of post hoc sorting is the sep-
aration of brain responses for correctly vs. incor-
rectly performed trials.

The possibilities of event-related fMRI 
designs are comparable to standard behavioral 
and ERP analyses. Note, however, that the hemo-
dynamic response extends over about 20–30  s 

(Fig. 8) after presentation of a short stimulus; if 
only the positive BOLD response is considered, 
the signal extends over 10–15 s. The easiest way 
to conduct event-related fMRI designs is to tem-
porally separate individual trials far enough to 
avoid overlapping responses of successive trials. 
Event-related designs with long temporal inter-
vals between individual trials are termed slow 
event-related designs (Fig.  10). For stimuli of 
duration of 1–2 s, the optimal intertrial interval 
(ITI) for statistical analysis is about 12  s 
(Bandettini and Cox 2000; Maus et  al. 2010a). 
Since it has been shown that the fMRI signals of 
closely spaced trials add up approximately lin-
early (Boynton et  al. 1996, Dale and Buckner 
1997, see Sect. 2.3), it is also possible to run 
experiments with intertrial intervals of 2–6  s. 
Designs with short temporal intervals between 
trials are called rapid event-related designs 
(Fig. 10). While the measured response of rapid 
event-related designs will contain a combination 
of overlapping responses from closely spaced tri-
als, condition-specific event-related time courses 
can be isolated using deconvolution analysis. 
Deconvolution analysis works correctly only 
under the assumption of a linear system (see 
Sect. 3.2) and requires randomized intertrial 
intervals (“jitter”), which can be easily obtained 

Block design

ITI

ISI

Time

Slow event-related design, constant ITI

Rapid event-related design, randomized ITI

Volume scans

Fig. 10 In a block design (upper row), trials (events) 
belonging to the same condition are grouped together and 
are separated by a baseline block. In this example, two 
blocks of two main conditions (green—condition 1, vio-
let—condition 2) are depicted. In slow event-related 

designs, trials of different conditions appear in random-
ized order and are spaced sufficiently far apart to avoid 
largely overlapping BOLD responses. Optimal intertrial 
intervals (ITIs) are about 12 s
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by adding “null” (baseline) trials when trial 
sequences are created for an experiment. Note, 
however, that single-trial analyses are only pos-
sible when using a slow event-related design. 
While adding null trials and simple permutations 
of trial types produce already good event 
sequences for rapid event-related designs, statis-
tical power can be maximized by using more 
advanced randomization procedures (Wager and 
Nichols 2003; Maus et  al. 2010b). In general, 
block and event-related designs can be statisti-
cally analyzed using the same mathematical prin-
ciples (see Sect. 3.3.3).

It is important to note that conventional fMRI 
data does not provide an absolute signal of brain 
activity limiting the quantitative interpretation of 
results. The major part of the signal amplitude is 
related to proton density and T2 tissue contrast 
varying across brain regions within and between 
subjects. Small BOLD-related signal fluctua-
tions, thus, do neither have a defined origin nor a 
unit. In light of these considerations, signal 
strengths in main experimental conditions cannot 
be interpreted absolutely but have to be assessed 
relative to the signal strength in other main or 
control conditions within voxels. As a general 
control condition, many fMRI experiments con-
tain a baseline (“rest,” “fixation”) condition with 
“no task” for the subject. Such simple control 
conditions allow analyzing brain activity that is 
common in multiple main conditions that would 
not be detectable when only comparisons 
between main conditions could be performed. 
More complex experimental (control) conditions 
are designed to differ from the main condition(s) 
only in a specific cognitive component allowing 
isolating brain responses specific to that 
component.

Responses to main conditions are often 
expressed as percent signal change relative to the 
mean of a time course or to a baseline condition. 
Furthermore, it is recommended to vary condi-
tions within subjects—and even within runs—
since the lack of an absolute signal level increases 
variability when comparing effects across runs, 
sessions, or subjects. Some experiments require 
a between-subjects design, including compari-
sons of responses between different subject 

groups, e.g., males vs. females or treatment 
group vs. control group. Note that the BOLD 
signal measured with conventional fMRI may be 
affected by medication that modifies the neuro-
vascular coupling, e.g., by increasing or decreas-
ing baseline cerebral blood flow (CBF). To 
obtain more quantitative evaluation of activation 
responses it is, thus, recommended for patient 
studies to combine standard BOLD measure-
ments with CBF measurements using arterial 
spin labeling (ASL) techniques (e.g., Buxton 
et al. 2004).

3.2  Data Preprocessing

3.2.1  Two Views on fMRI Datasets
In order to better understand different fMRI data 
analysis steps, two different views on the recorded 
four-dimensional datasets are helpful. In one 
view (Fig. 11a), the 4D data is conceptualized as 
a sequence of functional volumes (3D images). 
This view is very useful to understand spatial 
analysis steps. During 3D motion correction, for 
example, each functional volume of a run is 
aligned to a selected reference volume by adjust-
ing rotation and translation parameters. The sec-
ond view focuses on time courses of individual 
voxels (“voxel”  =  “volume element” analogous 
to “pixel” = picture element). This second view 
(Fig. 11b) helps to understand those preprocess-
ing and statistical procedures, which process time 
courses of individual voxels. Most standard sta-
tistical analysis procedures including the general 
linear model (GLM) operate in this way. In a 
GLM analysis, for example, the data is processed 
“voxel-wise” (univariate) by fitting a model to 
the time course of each voxel independently.

3.2.2  Preprocessing of Functional 
Data

To reduce artifact and noise-related signal com-
ponents, a series of preprocessing operations are 
typically performed prior to statistical data analy-
sis. The most essential preprocessing steps are 
(1) correction of EPI image distortions, (2) head 
motion detection and correction, (3) slice scan 
timing correction, (4) removal of linear and 
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nonlinear trends in voxel time courses, and (5) 
spatial and temporal smoothing of the data.

3.2.2.1  Distortion Correction 
of Functional Images

The BOLD-sensitive GE-EPI sequence is used 
for most fMRI studies because of its speed and 
relatively high signal-to-noise ratio but it has the 
disadvantage that images suffer from signal drop-
outs and geometric distortions, especially in 
brain regions close to other tissue types such as 
air and liquor (susceptibility artifacts). These 
artifacts can be reduced substantially by using 
optimized EPI sequence parameters (e.g., 
Weiskopf et al. 2006) and parallel imaging tech-
niques (see Sect. 1.2.6). A complete removal of 

dropouts and geometric distortions is, however, 
not possible during scanning requiring further 
postprocessing using additional measurements. 
In one approach distortion correction routines 
use special field map scans measuring magnetic 
field distortions (Jezzard and Balaban 1995). 
Another approach exploits the fact that field 
inhomogeneities caused by susceptibility arti-
facts disrupt mainly the phase encoding dimen-
sion, which can be corrected by acquiring data in 
the opposite phase encoding direction producing 
pixel shifts of the same amount in opposite direc-
tion (Andersson et al. 2003; Breman et al. 2020). 
The distortion-corrected images may improve 
coregistration results between functional and 
anatomical datasets enabling a more precise 
localization of brain function.

3.2.2.2  Detection and Correction of Head 
Motion

The quality of fMRI data is strongly hampered in 
the presence of substantial head movements. 
Datasets are usually rejected for further analysis 
if head motion exceeds 5  mm. Although head 
motion can be corrected in image space, dis-
placements of the head reduce the homogeneity 
of the magnetic field, which is fine-tuned 
(“shimmed”) prior to functional scans for the 
head position at that time. If head movements are 
small, 3D motion correction is an important step 
to improve data quality for subsequent statistical 
data analysis. Motion correction operates by 
selecting a functional volume of a run (or a vol-
ume from another run of the same scanning ses-
sion) as a reference to which all other functional 
volumes are aligned. Most head motion algo-
rithms describe head movements by six parame-
ters assessing translation (displacement) and 
rotation at each time point with respect to the ref-
erence volume. These six parameters are appro-
priate to characterize the motion of rigid bodies, 
since any spatial displacement of rigid bodies can 
be described by translation along the x-, y-, and 
z-axes and rotation around these axes. The values 
of these six parameters are estimated iteratively 
by analyzing how a source volume should be 
translated and rotated in order to better align with 
the reference volume; after applying a first 
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Fig. 11 During functional MRI measurements, a set of 
slices, often covering the whole brain, are scanned repeat-
edly over time. Although the repeated slice measurements 
look almost identical, small task-related signal fluctua-
tions may occur at different brain regions at different 
moments in time (a). To visualize these subtle fluctua-
tions, the time course of any desired brain region (region 
of interest, ROI) may be depicted (b). The smallest sepa-
rate brain region one can select to display a time course in 
a two-dimensional image (slice) is called pixel (picture 
element) while the smallest region in a three-dimensional 
“image” is called voxel (volume element)

R. Goebel



41

estimate of the parameters, the procedure is 
repeated to improve the “fit” between the trans-
formed (motion-corrected) and target (reference) 
volume. A similarity or error measure serves as a 
cost function to quantify how good the trans-
formed volume fits the reference volume. An 
often-used cost function is the sum of squared 
intensity differences at corresponding positions 
in the reference volume and the transformed vol-
ume. The iterative adjustment of the parameter 
estimates stops if no further improvement can be 
achieved, i.e., when the cost function reaches a 
minimum. After the final motion parameters have 
been detected by the iterative procedure, they can 
be applied to the source volume to produce a 
motion-corrected volume replacing the original 
volume in the output (motion corrected) dataset. 
For visual inspection, fMRI software packages 
are usually presenting line plots of the three 
translation and three rotation parameters across 
time showing how the estimated values change 
from volume to volume. The obtained parameter 
time courses may also be integrated in subse-
quent statistical data analysis with the aim to 
remove residual motion artifacts (for details, see 
Sect. 3.3).

Note that the assumption of a rigid body is not 
strictly valid for fMRI data since the slices of a 
functional volume are not scanned all in parallel 
when using 2D GE-EPI sequences. Since abrupt 
head motions may occur at any moment in time, 
the assumption of a rigid body is, thus, violated. 
Imagine, for example, that a subject does not 
move while the first five slices of a functional 
volume are scanned, and then moves 2 mm along 
the y-axis and then lies still until scanning of that 
volume has been completed. The six parameters 
of a rigid body approach are not sufficient to cap-
ture such “within-volume” motion correctly. 
Fortunately, head movements from volume to 
volume are typically small and the assumption of 
a moving rigid body is, thus, largely valid.

To reduce artifacts from head motion it is 
important to start reducing it already during scan-
ning. It has been shown that visual or tactile feed-
back may substantially reduce motion of 
participants. A strip of medical tape applied from 
one side of the magnetic resonance head coil, via 

the participant’s forehead, to the other side, pro-
vides already useful feedback for participants 
resulting in substantially reduced head motion 
(Krause et al. 2019). Another approach to mini-
mize motion artifacts is to detect and correct 
motion online during scanning. This technique is 
referred to as prospective motion correction. 
After detecting motion parameters during acqui-
sition using recorded images (Thesen et al. 2000) 
or external optical tracking (Zaitsev et al. 2006), 
pulse sequence parameters are updated in real 
time in such a way that the imaging volume “fol-
lows” the moving head of the participant. While 
prospective motion correction techniques are 
arguably the best possible solution, errors during 
motion detection may lead to wrong adjustments, 
which in the worst case might even produce non- 
real motion artifacts. Prospective motion correc-
tion techniques need thus to be carefully evaluated 
and used with care.

3.2.2.3 Slice Scan Time Correction
For statistical analysis, a functional volume is 
usually considered as measured at the same time 
point. Individual slices (or a few slices when 
using state-of-the-art “multiband” sequences) of 
a functional volume are, however, scanned 
sequentially in standard 2D functional (EPI) 
measurements, i.e., each slice (or set of slices in 
multiband sequences) is obtained at a different 
time point within a functional volume measure-
ment. For a functional volume of 30 slices, 
ascending scanning order of single slices, and a 
volume TR of 3 s, for example, the data of the last 
slice will be measured almost 3 s later than the 
data of the first slice. Despite the sluggishness of 
the hemodynamic response (Fig. 8), an imprecise 
specification of time in the order of 3 s will lead 
to suboptimal statistical analysis, especially in 
event-related designs. It is, thus, desirable to pre-
process the data in such a way that after process-
ing the data appears as if all slices of a functional 
volume were measured at the same moment in 
time. Only then would it be, for example, possi-
ble to compare and integrate event-related 
responses from different brain regions correctly 
with respect to temporal parameters such as onset 
latency. In order to correct for different slice scan 
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timings, the time series of individual slices are 
temporally “shifted” to match a reference time 
point, e.g., the first or middle slice of a functional 
volume. The appropriate temporal shift of the 
time courses of the other slices is then performed 
by resampling the original data accordingly. 
Since this process involves sampling at time 
points that fall between measurement time points, 
the new values need to be estimated by interpola-
tion of values from past and future time points 
(Fig.  12). The most often used interpolation 
methods are linear, cubic spline, and sinc interpo-
lation. Note that the time points of slice scanning 
depend also on the acquisition order specified at 
the scanner console. Besides an ascending or 
descending order, slices are often scanned in an 
interleaved mode; that is, the odd slice numbers 
are recorded first followed by the even slice num-
bers. After appropriate temporal resampling, all 
slices within a functional volume of the new data-
set represent the same time point (Fig.  12) and 
can, thus, be statistically analyzed with the same 

hemodynamic response function; if slice scan 
time correction is not performed, hemodynamic 
response functions should be adjusted (shifted) 
on a per-slice basis.

3.2.2.4  Removal of Drifts and Temporal 
Smoothing of Voxel Time Series

Due to physical and physiological noise, voxel 
time courses are often nonstationary exhibiting 
signal drifts over time. If the signal rises or falls 
with a constant slope from beginning to end of a 
run, the drift is described as a linear trend. If the 
signal level slowly varies over time with a non-
constant slope, the drift is described a nonlinear 
trend. Since drifts describe slow signal changes 
they can be removed by Fourier analysis using a 
temporal high-pass filter. The original signal in 
the time domain is transformed in frequency 
space using the Fourier transform (FT). In the 
frequency domain drifts can be easily removed 
because low-frequency components, underlying 
drifts, are isolated from higher frequency 
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Fig. 12 During slice scan time correction, slices within 
each functional volume (black rectangles) are “shifted in 
time” resulting in a new time series (violet rectangles) in 
which all slices of a functional volume are virtually mea-
sured at the same moment in time. To calculate intensity 
values at time points falling in between measured time 

points, past and future values have to be integrated typi-
cally using sinc or linear interpolation. For correct inter-
polation, the volume TR, slice TR, and slice scanning 
order must be known. (a) Five slices are scanned in 
ascending order. (b) Five slices are scanned in interleaved 
order
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components reflecting task-related signal changes 
and high-frequency noise. After applying a high-
pass filter in the frequency domain (removing 
low frequencies), the data is transformed back 
into the time domain by the inverse Fourier trans-
form (Fig. 13). As an alternative approach, drifts 
can be modeled and removed in the time domain 
using appropriate basis sets in a general linear 
model analysis. This approach can be performed 

either as a preprocessing step or as part of statisti-
cal data analysis (for details, see Sect. 3.3.3). 
Removal of drifts is recommended as a prepro-
cessing step since it is relevant not only for 
 statistical data analysis but also for the calcula-
tion of event-related time courses.

While less important, another temporal pre-
processing step is temporal smoothing of voxel 
time courses removing high-frequency signal 

“Drift” “Signal” “High-frequency
noise”

Fourier transform

Frequency

Low-pass filter

High-pass filter

Band-pass filter

Inverse
Fourier transform

Inverse
Fourier transform

Inverse
Fourier transform

Fig. 13 Principle of temporal filtering using Fourier 
analysis. The time-domain signal can be converted in an 
equivalent frequency-domain signal using the Fourier 
transform (upper row). In this simplified example, the 
composite signal (upper row, left) consists only of three 
frequencies representing a drift, signal, and high- 
frequency noise component (upper row, right). In the fre-

quency domain, frequencies can be filtered to remove 
unwanted signal components. The filtered signal can then 
be converted back into the time domain using the inverse 
Fourier transform. In the second row, a low-pass filter is 
applied, in the third row a high-pass filter, and in the 
fourth row a band-pass filter
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fluctuations, which are considered as noise. 
While this step increases the signal-to-noise 
ratio, temporal smoothing is not recommended 
when analyzing event-related designs since it 
may distort estimates of temporally relevant 
parameters, such as the onset or width of average 
event-related responses. Temporal smoothing 
also increases serial correlations between values 
of successive time points that need to be cor-
rected (see Sect. 3.3.3.6).

3.2.2.5 Spatial Smoothing
To further enhance the signal-to-noise ratio, the 
data is often spatially smoothed by convolution 
with a 3D Gaussian kernel. In this process, each 
voxel is replaced by a weighted average value 
calculated across neighboring voxels. The shape 
and width of the Gaussian kernel determine the 
weights used to multiply the values of voxels in 
the neighborhood; that is, weights decrease with 
increasing distance from the considered voxel; 
voxels further apart from the center will, thus, 
contribute less to the weighted average than vox-
els close to the center of the considered voxel. 
Note that smoothing reduces the spatial resolu-
tion of the data and should be therefore applied 
with care. Many studies, however, aim to detect 
regions larger than a few voxels, i.e., brain areas 
in the order of 1 cm3 or larger. Under these condi-
tions, spatial smoothing with an appropriate ker-
nel width of 4–8 mm is useful since it suppresses 
noise and enhances task-related signals. Spatial 
smoothing also increases the extent of activated 
brain regions, which is exploited in the context of 
group analyses (see Sect. 3.5) facilitating the 
integration of signals from corresponding but not 
perfectly aligned brain regions. When analyzing 
data using multivoxel pattern analysis (see Sect. 
3.6.5), spatial smoothing is usually avoided or 
used with very small kernels on the order of the 
voxel size since differential effects in neighbor-
ing voxels may contribute to separating patterns 
from each other, which would be reduced when 
performing spatial smoothing.

From the description and discussion of stan-
dard preprocessing steps it should have become 
clear that there are no universally correct criteria 
to choose preprocessing steps and parameters 

because choices depend to some extent on the 
goal of data analysis. Some steps depend also on 
the experimental design of a study. If, for exam-
ple, a high-pass temporal filter is used with a cut-
off point that is too high, interesting task-related 
signal fluctuations could easily be removed acci-
dentally from the data.

Besides the described core preprocessing 
steps, additional procedures may be applied. The 
next sections will describe three additional pre-
processing steps.

3.2.2.6 Mean Intensity Adjustment
Besides drifts in individual voxel time courses, 
the mean intensity level averaged across all vox-
els might exhibit drifts over time. These global 
drifts can be corrected by scaling the intensity 
values of a functional volume in such a way that 
the new mean value is identical to the mean 
intensity value of a reference volume. Mean 
intensity adjustment is not strictly necessary 
since modern scanners keep a rather constant 
mean signal level over time. Under this condi-
tion, mean intensity adjustment may even pro-
duce a negative effect by reducing true activation 
effects. If, for example, large parts of the brain 
activate during a main condition as compared to a 
rest condition, the mean signal level is higher 
during active periods and a mean intensity adjust-
ment step will “correct” this. A plot of the mean 
signal level over time might be, however, helpful 
to identify problems of the scanner quality, espe-
cially when such a plot shows “spikes,” i.e., 
strong signal decreases (or increases) at isolated 
time points.

3.2.2.7  Motion Correction Within 
and Across Runs

A scanning session typically consists of a series 
of runs. In such a situation, head movements may 
occur not only within runs but also between runs. 
A simple approach to align all functional vol-
umes of all runs of a scanning session with each 
other consists of specifying the same reference 
volume for all runs. If a session consists, for 
example, of three runs, all functional volumes 
could be aligned to the middle volume of the sec-
ond run. Since functional data is often aligned 
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with a 3D anatomical dataset recorded in the 
same session, it is recommended to choose a 
functional volume as a reference, which is 
recorded just before (or after) the anatomical 
dataset. Note, however, that across run motion 
correction works only if the slice positions are 
specified identically in all runs. If across-run 
motion correction is not possible, each run can 
also be individually coregistered to a common 
3D anatomical dataset.

3.3  Statistical Analysis 
of Functional Data

Statistical data analysis aims at identifying those 
brain regions exhibiting increased or decreased 
responses in specific experimental conditions as 
compared to other (e.g., control) conditions. Due 
to the presence of physiological and physical 
noise fluctuations, observed differences between 
conditions might occur simply by chance. Note 
that measurements provide only a sample of data 
but we are interested in true effects in the under-
lying population. At the level of individual func-
tional scans, time points are treated as subjects, 
i.e., sample corresponds to the obtained repeated 
measurements at every TR and “population” 
refers to the estimated but unobservable true con-
dition effects within the subject. In multi-subject 
(group) analyses, sample usually refers to esti-
mated effects obtained in each subject and popu-
lation refers to all people from which the sample 
of subjects has been drawn. Statistical data analy-
sis protects from wrongly accepting effects in 
small sample datasets by explicitly assessing the 
effect of measurement variability (noise fluctua-
tions) on estimated condition effects: If it is very 
unlikely that an observed effect is solely the 
result of noise fluctuations, it is assumed that the 
observed effect reflects a true difference between 
conditions in the population. In standard single- 
subject statistical fMRI analyses, this assessment 
is usually performed independently for the time 
course of each voxel (univariate analysis). The 
obtained statistical values, one for each voxel, 
form a three-dimensional statistical map. In more 
complex analyses, each voxel contains one or 

more statistical values reflecting contrasts esti-
mating effects that compare multiple conditions. 
Since independent testing at each voxel increases 
the chance to find some voxels with significant 
differences between conditions simply due to 
noise fluctuations, further adjustments for multi-
ple comparisons need to be made.

3.3.1  From Image Subtraction 
to Statistical Comparison

Figure 14 shows two fMRI time courses obtained 
from two different brain areas of an experiment 
with two conditions, a control condition (“rest”) 
and a main condition (“stim”). Each condition 
has been measured several times.1 How can we 
assess whether the response values are higher in 
the main condition than in the control condition? 
One approach consists of subtracting the mean 
value of the “rest” condition, X1 , from the mean 
value of the “stim” condition, X2 : d X X= −2 1 . 
Note that in this example one would obtain the 
same mean values in both conditions and, thus, 
the same difference in cases (a) and (b). Despite 
the fact that the means are identical in both cases, 
the difference in case (b) seems to be more “trust-
worthy” than the difference in case (a) because 
the measured values exhibit less fluctuations; that 
is, they vary less in case (b) than in case (a).

Statistical data analysis goes beyond simple 
subtraction by taking the amount of variability of 
the measured data points into account. Statistical 
analysis essentially asks how likely it is to obtain 
a certain effect (e.g., difference of condition 
means) in a data sample if there is no effect at the 
population level, i.e., how likely it is that an 
observed sample effect is solely the result of 
noise fluctuations. This is formalized by the null 
hypothesis stating that there is no effect, e.g., no 
true difference between conditions in the popula-
tion. In the case of comparing the two means μ1 
and μ2, the null hypothesis can be formulated as 
H0: μ1 = μ2. Assuming the null hypothesis, it can 

1 Note that in a real experiment, one would not just present 
once the control and main condition as in Fig. 14, but sev-
eral “on-off” cycles; without repetitions, task-related 
response might not be distinguishable from potential low- 
frequency drifts (see Sect. 3.2.2).
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be calculated how likely it is that an observed 
sample effect would have occurred simply by 
chance. This requires knowledge about the 
amount of noise fluctuations (and its distribu-
tion), which can be estimated from the data. By 
incorporating the number of data points and the 
variability of measurements, statistical data anal-
ysis allows to estimate the uncertainty of effects 
(e.g., mean differences) in data samples. If an 
effect is large enough so that it is very unlikely 
that it has occurred simply by chance (e.g., the 
probability is less than p = 0.05), one rejects the 
null hypothesis and accepts the alternative 
hypothesis stating that there exists a true effect in 
the population. Note that the decision to accept or 
reject the null hypothesis is based on a probabil-
ity value which has been accepted by the scien-
tific community (p < 0.05). Since the decision to 
accept or reject the null hypothesis is based on a 
probability value, a statistical analysis does not 
prove the existence of an effect; it only suggests 
to accept in an effect if it is very unlikely that the 
observed effect is the result of noise fluctuations. 
Note that a probability of p = 0.05 means that if 
we would repeat the experiment 100 times we 
would accept the alternative hypothesis in about 
5 cases even if there would be no true effect in the 
population. Since the chosen probability value 
thus reflects the likelihood of wrongly rejecting 

the null hypothesis, it is also called error proba-
bility. The error probability is also referred to as 
the significance level and denoted with the Greek 
letter α. If one would know that there is no effect 
in the population, but one would incorrectly 
reject the null hypothesis in a particular data sam-
ple, a “false-positive” decision would be made 
(type 1 or α error, “false alarm”). Since a false- 
positive error depends on the chosen error prob-
ability, it is also referred to as alpha error. If one 
would know that there is a true effect in the popu-
lation but one would fail to reject the null hypoth-
esis in a sample, a “false-negative” decision 
would be made, i.e., one would miss a true effect 
(type 2 or β error).

3.3.2  T-Test and Correlation Analysis
The uncertainty of an effect is estimated by cal-
culating the variance of the noise fluctuations 
from the data. For the case of comparing two 
mean values, the observed difference of the 
means is related to the variability of that differ-
ence resulting in a t statistic:
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Fig. 14 Principle of statistical data analysis. An experi-
ment with two conditions (“stim” and “rest”) has been 
performed. (a) Time course obtained in area 1. (b) Time 
course obtained in area 2. Calculation and subtraction of 
mean 1 (“rest” condition) from mean 2 (“stim” condition) 
leads to the same result in (a, b). In a statistical analysis, 

the estimated effect (mean difference) is related to its 
uncertainty, which is estimated by the variability of the 
measured values within conditions. Since the variance 
within the two conditions is smaller in (b) than in (a), the 
estimated effect is more likely to correspond to a true dif-
ference in (b) than in (a)
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estimate of the expected variability, the standard 
error of the mean difference. Estimation of the 
standard error σ̂ X X2 1−  involves pooling of the 
variances obtained within both conditions. Since 
we observe a high variability in case (a) of the 
example data (Fig. 14), we will obtain a small t 
value. Due to the lower variability of the data 
points in (b), we will obtain a larger t value in this 
case (Fig.  14). The higher the t value, the less 
likely it is that the observed mean difference is 
just the result of noise fluctuations. It is obvious 
that measurement of many data points allows a 
more robust estimation of this probability than 
the measurement of only a few data points. The 
error probability p can be calculated exactly from 
the obtained t value using the incomplete beta 
function Ix(a, b) and the number of measured data 
points N:
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If the computed error probability falls below 
the standard value (p  <  0.05), the alternative 
hypothesis is accepted stating that the observed 
mean difference exists in the population from 
which the data points have been drawn (i.e., mea-
sured). In that case, one also says that the two 
means differ significantly. Assuming in our 
example that the obtained p value falls below 
0.05 in case (b) but not in case (a), we would only 
infer for brain area 2 that the “stim” condition 
differs significantly from the “rest” condition.

The described mean comparison method is 
not the ideal approach to compare responses 
between different conditions since this approach 
is unable to capture the gradual rise and fall of 
fMRI responses, e.g., when a voxel exhibits a 
strong response to a trial of condition B after hav-
ing not responded strongly to a preceding trial of 
condition A.  As long as the temporal sampling 
resolution is low (volume TR >4 s), the mean of 
different conditions can be calculated easily 
because transitions of expected responses from 
different conditions occur within a single time 
point (Fig. 15). If the temporal resolution is high, 
the expected fMRI responses change gradually 
from one condition to the next due to the slug-

gishness of the hemodynamic response (Fig. 15, 
TR = 1 s). In this case, time points in the “transi-
tional zone” cannot be assigned easily to differ-
ent conditions. Without special treatment (e.g., 
dropping transitional data points), the mean 
response can no longer be easily computed for 
each condition. As a consequence, the statistical 
power to detect mean differences may be sub-
stantially reduced, especially for short blocks and 
events.

This problem does not occur when correlation 
analysis is used since this method allows explic-
itly incorporating the gradual increase and 
decrease of the expected BOLD signal. The 
 predicted ideal (noise-free) time courses in 
Fig. 15 can be used as the reference function in a 
correlation analysis. At each voxel, the time 
course of the reference function is compared with 
the time course of the measured data from a voxel 
by calculating the correlation coefficient r, indi-
cating the strength of covariation:
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Index t runs over time points (t for “time”) 
identifying pairs of temporally corresponding 
values from the reference (Xt) and data (Yt) time 
courses. In the numerator the mean of the refer-
ence and data time course is subtracted from the 
respective value of each data pair and the two dif-
ferences are multiplied. The resulting value is the 
sum of these cross products, which will be high if 
the two time courses covary, i.e., if the values of 
a pair are both often above and below their 
respective mean. The term in the denominator 
normalizes the covariation term in the numerator 
so that the correlation coefficient lies in a range 
of −1 and +1. A value of +1 indicates that the 
reference time course and the data time course go 
up and down in exactly the same way, while a 
value of −1 indicates that the two time courses 
run in opposite direction (anticorrelation). A cor-
relation value of 0 indicates that the two time 
courses do not covary, i.e., the value in one time 
course cannot be used to predict the correspond-
ing value in the other time course.
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While the statistical logic is the same in cor-
relation analysis as described for mean compari-
sons, the null hypothesis now corresponds to the 
statement that the population correlation coeffi-
cient ρ equals zero (H0: ρ = 0). By including the 
number of data points N, the error probability can 
be computed assessing how likely it is that an 
observed correlation coefficient would occur 
solely due to noise fluctuations in the signal time 
course. If this probability falls below 0.05, the 
alternative hypothesis is accepted stating that 
there is indeed significant covariation between 
the reference function and the data time course. 
Since the reference function is the result of a 
model assuming different response strengths in 
the two conditions (e.g., “rest” and “stim”), a sig-
nificant correlation coefficient indicates that the 
two conditions lead indeed to different mean acti-
vation levels in the respective voxel or brain area. 
The statistical assessment can be performed also 

by converting an observed r value into a corre-

sponding t value, t r N r= − −2 1 2/ .

3.3.3  The General Linear Model
The described t-test for assessing the difference 
of two mean values is a special case of an analy-
sis of a qualitative (categorical) independent 
variable. A qualitative variable is defined by dis-
crete levels, e.g., “stimulus on” vs. “stimulus off” 
or “male” vs. “female.” If a design contains more 
than two levels, a more general method such as 
analysis of variance (ANOVA) needs to be used, 
which can be considered as an extension of the 
t-test to more than two levels and to more than 
one experimental factor. The described correla-
tion coefficient on the other hand is suited for the 
analysis of quantitative independent variables. A 
quantitative variable may be defined by any grad-
ual time course. If more than one reference time 
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Fig. 15 Calculation of expected fMRI signals for a block 
and event-related design. The horizontal axis of each plot 
represents time (data points). The vertical axis represents 
the amplitude of the modeled fMRI response. The blue 
vertical segments correspond to intervals of a single main 
stimulation condition; the grey segments correspond to a 
control condition. White curves show predicted BOLD 
responses. The plots in the upper row depict time courses, 
which do not take into account the delayed hemodynamic 
response profile (“box-car”). The white curves in the other 

plots represent the expected time courses after application 
of a standard hemodynamic response function (two- 
gamma function) for a temporal resolution (volume TR) 
of 4 s (middle row) and 1 s (lower row). Correlation analy-
sis is able to capture the gradual increase and decrease of 
expected time courses for short TRs while it is impossible 
to unambiguously categorize time points as belonging to 
stimulation vs. baseline conditions in the context of a 
t-test
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course has to be considered, multiple regression 
analysis can be used, which can be considered as 
an extension of the simple linear correlation anal-
ysis. The general linear model2 (GLM) is math-
ematically identical to a multiple regression 
analysis but stresses its suitability for both mul-
tiple qualitative and multiple quantitative vari-
ables. The GLM is suited to implement any 
parametric statistical test with one dependent 
variable, including any factorial ANOVA design 
as well as designs with a mixture of qualitative 
and quantitative variables (covariance analysis, 
ANCOVA). Because of its flexibility to incorpo-
rate multiple quantitative and qualitative inde-
pendent variables, the GLM has become the core 
tool for fMRI data analysis after its introduction 
into the neuroimaging community by Friston 
et al. (1994, 1995). The following sections briefly 
describe the mathematical background of the 
GLM in the context of fMRI data analysis; a 
comprehensive treatment of the GLM can be 
found in the standard statistical literature, e.g., 
Draper and Smith (1998) and Kutner et al. (2005).

From the perspective of multiple regression 
analysis, the GLM aims to “explain” or “predict” 
the variation of a dependent variable in terms of a 
linear combination (weighted sum) of several 
reference functions. The dependent variable cor-
responds to the observed fMRI time course of a 
voxel and the reference functions correspond to 
time courses of expected (noise-free) fMRI 
responses for different conditions of the experi-
mental paradigm. The reference functions are 
also called predictors, regressors, explanatory 
variables, covariates, or basis functions. A set of 
specified predictors forms the design matrix, also 
called the model. A predictor time course is typi-
cally obtained by convolution of a “box-car” 
(square-wave) time course with a standard hemo-

2 In the fMRI literature, the term “general linear model” 
refers to its univariate version where “univariate” refers to 
the number of dependent variables (one). In its general 
form, the general linear model has been defined for mul-
tiple dependent variables; that is, it encompasses tests as 
general as multivariate covariance analysis (MANCOVA).

dynamic response function (Figs.  8 and 15). A 
box-car time course is usually defined by setting 
values to 1 at time points at which the modeled 
condition is defined (“on”) and 0 at all other time 
points.

Each predictor time course Xi is multiplied by 
an associated coefficient or beta weight bi that 
quantifies the contribution of a predictor in 
explaining variance in the voxel time course y. 
The voxel time course y is modeled as the sum of 
the defined predictors, each multiplied with the 
associated beta weight b. Since this linear combi-
nation will not perfectly explain the data due to 
noise fluctuations in the data, an error value e is 
added to the GLM system of equations with n 
data points and p predictors:

 

y b b X b X e

y b b X b X e

y b b X

p p

p p

n n

1 0 1 11 1 1

2 0 1 21 2 2

0 1 1

= + + + +

= + + + +

= +

�

�

� � �
++ + +� b X ep np n  

The y variable on the left side corresponds to 
the data, i.e., the measured time course of a single 
voxel. Time runs from top to bottom; that is, y1 is 
the measured value at time point 1 and y2 the 
measured value at time point 2. The voxel time 
course (left column) is “explained” by the terms 
on the right side of the equation. The first column 
on the right side corresponds to the first beta 
weight b0. The corresponding predictor time 
course X0 has a value of 1 for each time point and 
is, thus, also called “constant.” Since multiplica-
tion with 1 does not alter the value of b0, this pre-
dictor time course (X0) does not explicitly appear 
in the equation. After estimation (fitting the 
GLM, see below), the value of b0 typically repre-
sents the signal level of the baseline condition 
and is also called intercept. While its absolute 
value is not very informative in the context of 
fMRI data, it is important to include the constant 
predictor in a design matrix since it allows the 
other predictors to model small condition-related 
fluctuations as increases or decreases relative to 
the baseline signal level. The other predictors on 
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the right side model the expected time courses of 
different conditions. For multifactorial designs, 
predictors may be defined coding combinations 
of condition levels in order to estimate main and 
interaction effects. The beta weight of a predictor 
scales the associated predictor time course and 
reflects (if not correlated strongly with other pre-
dictors) the unique contribution of that predictor 
in explaining part of the variance in the voxel 
time course. While the exact interpretation of 
beta values depends on the details of the design 
matrix, a large positive (negative) beta weight 
typically indicates that the voxel exhibits strong 
activation (deactivation) during the modeled 
experimental condition relative to baseline. All 
beta values together characterize a voxel’s “pref-
erence” for one or more experimental conditions. 
The last column in the system of equations con-
tains error values, also called residuals, predic-
tion errors, or noise. These error values quantify 
the deviation of the measured voxel time course 
from the predicted time course.

The GLM system of equations may be 
expressed elegantly using matrix notation. For 
this purpose, the voxel time course, the beta val-
ues, and the residuals are represented as vectors, 
and the set of predictors as a matrix:
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Representing the indicated vectors and matrix 
with single letters, we obtain this simple form of 
the GLM system of equations:

 y Xb e= +  

In this notation, the matrix X represents the 
design matrix containing the predictor time 
courses as column vectors. The beta values now 
appear in a separate vector b. The term Xb indi-
cates matrix-vector multiplication. Figure  16 
shows a graphical representation of the 

Estimate!

0 x 1 x 2 x

T
im

e

fMRI signal
= data

Design matrix
= model

Residuals
= error

= + + +

Fig. 16 Graphical display of a general linear model. 
Time is running from top to bottom. Left side shows 
observed voxel time course (data). The model (design 
matrix) consists of three predictors, the constant and two 
main predictors (middle part). Filled green and red rect-
angles depict stimulation time while the white curves 
depict expected BOLD responses. Expected responses are 

also shown in graphical view using a black-to-white color 
range (right side of each predictor plot). Beta values have 
to be estimated (top) to scale the expected responses (pre-
dictors) in such a way that their weighted sum predicts the 
data values as good as possible (in the least squares sense, 
see text). Unexplained fluctuations (residuals, error) are 
shown on the right side
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GLM. Time courses of the signal, predictors, and 
residuals have been arranged in column form 
with time running from top to bottom as in the 
system of equations.

Given the data y and the design matrix X, the 
GLM fitting procedure must find a set of beta val-
ues explaining the data as good as possible. The 
time course values ŷ  predicted by the model are 
obtained by the linear combination of the 
predictors:

 ŷ Xb=  

A good fit would be achieved with beta values 
leading to predicted values ŷ  that are as close as 
possible to the measured values y. By rearrang-
ing the system of equations, it is evident that a 
good prediction of the data implies small error 
values:

 

e y Xb

y y

= −
= − ˆ  

An intuitive idea would be to find those beta 
values minimizing the sum of error values. Since 
the error values contain both positive and nega-
tive values (and because of additional statistical 
considerations), the GLM procedure does not 
estimate beta values minimizing the sum of error 
values, but finds those beta values minimizing the 
sum of squared error values:

 
′ = −( ) −( ) →′
e e y Xb y Xb min

 

The term e′e is the vector notation for the sum 

of squares ett

N 2

1=∑( ) . The apostrophe symbol 

denotes transposition of a vector (or matrix); that 
is, a row vector version of e is multiplied by a 
column vector version of e resulting in the sum of 
squared error values et. The optimal beta weights 
minimizing the squared error values (the “least 
squares estimates”) are obtained non-iteratively 
by the following equation:

 
b X X X y= ( )′ ′−1

 

The term in brackets contains a matrix-matrix 
multiplication of the transposed design matrix X′ 
and the non-transposed design matrix X. This 
term results in a square matrix with a number of 

rows and columns corresponding to the number 
of predictors. Each cell of the X′X matrix con-
tains the scalar product of two predictor vectors. 
The scalar product is obtained by summing all 
products of corresponding entries of two vectors 
corresponding to the (non-mean normalized) cal-
culation of covariance. This X′X matrix, thus, 
corresponds to the (non-mean normalized) pre-
dictor variance-covariance matrix.

The resulting square matrix is inverted as 
denoted by the “−1” symbol. The resulting 
matrix (X′X)−1 plays an essential role not only for 
the calculation of beta values but also for testing 
the significance of contrasts (see below). The 
remaining term on the right side, X′y, evaluates 
to a vector containing as many elements as pre-
dictors. Each element of this vector is the scalar 
product (non-mean-normalized covariance term) 
of a predictor time course with the observed 
voxel time course.

An important property of the least squares 
estimation method (following from the indepen-
dence assumption of the errors, see below) is that 
the variance of the measured time course can be 
decomposed into the sum of the variance of the 
predicted values (model-related variance) and the 
variance of the residuals:

 
Var Var Vary y e( ) = ( ) + ( )ˆ .

 

Since the variance of the voxel time course is 
fixed, minimizing the error variance by least 
squares corresponds to maximizing the variance 
of the values explained by the model. The square 
of the multiple correlation coefficient R provides 
a measure of the proportion of the variance of the 
data which can be explained by a specified model:

 

R2 =
( )
( )

=
( )

( ) + ( )
Var

Var

Var

Var Var

ˆ ˆ

ˆ

y

y

y

y e
 

The values of the multiple correlation coeffi-
cient vary between 0 (no variance explained) and 
1 (all variance explained by the model). A coef-
ficient of R = 0.7, for example, corresponds to an 
explained variance of 49% (0.7). An alternative 
way to calculate the multiple correlation 
coefficient consists of computing a standard 
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correlation coefficient between the predicted val-
ues and the observed values: R ryy= ˆ . This equa-
tion offers another view on the meaning of the 
multiple correlation coefficient quantifying the 
interrelationship (correlation) of the combined 
set of optimally weighted predictor variables 
with the observed time course.

3.3.3.1 GLM Diagnostics
Note that if the design matrix (model) does not 
contain all relevant predictors, condition-related 
increases or decreases in the voxel time course 
will be explained by the error values instead of 
the model. It is, therefore, important that the 
design matrix is constructed with all expected 
effects, which may also include reference func-
tions not related to experimental conditions, for 
example, estimated motion parameters or drift 
predictors if not removed during preprocessing 
(see Sect. 3.2.2). In case that all expected effects 
are properly modeled, the residuals should reflect 
only “pure” noise fluctuations. If some effects are 
not (correctly) modeled, a plot of the residuals 
may show low-frequency fluctuations instead of 
a stationary noise time course around zero. A 
visualization of the residuals (for selected voxels 
or regions of interest) is, thus, a good diagnostic 
to assess whether the design matrix has been 
defined properly.

3.3.3.2 GLM Significance Tests
The multiple correlation coefficient is an impor-
tant measure of the “goodness of fit” of a GLM. In 
order to test whether a specified model signifi-
cantly explains variance in a voxel time course, a 
F statistic can be calculated for a R value with 
p − 1 degrees of freedom in the numerator and 
n – p degrees of freedom in the denominator:

 

F
R n p

R p
n n p− − =

−( )
−( ) −( )1

2

21 1
,

 

An error probability value p can then be 
obtained for the calculated F statistics. A high F 
value (p value <0.05) indicates that the experi-
mental conditions as a whole have a significant 

modulatory effect on the data time course (omni-
bus effect).

While the overall F statistic answers the ques-
tion whether the specified model significantly 
explains a voxel’s time course, it does not allow 
to assess which individual conditions differ sig-
nificantly from each other. Comparisons between 
conditions can be formulated as contrasts, which 
are linear combinations of beta values corre-
sponding to null hypotheses. To test, for example, 
whether activation in a single condition 1 devi-
ates significantly from baseline, the null hypoth-
esis would be that there is no effect in the 
population, i.e., H0: b1 = 0. To test whether activa-
tion in condition 1 is significantly different from 
activation in condition 2, the null hypothesis 
would state that the beta values of the two condi-
tions would be equal, H0: b1  =  b2 or H0: 
(+1)b1 + (−1)b2 = 0. To test whether the mean of 
condition 1 and condition 2 differs from the beta 
value of condition 3, the following contrast could 
be specified: H0: (b1  +  b2)/2  =  b3 or H0: 
(+1)b1 + (+1)b2 + (−2)b3 = 0. The values used to 
multiply the respective beta values are often writ-
ten as a contrast vector c. In the latter example,3 
the contrast vector would be written as 
c = [+1 +1 –2]. Using matrix notation, the linear 
combination defining a contrast can be written as 
the scalar product of contrast vector c and beta 
vector b. The null hypothesis can then be simply 
described as c′b = 0. For any number of predic-
tors k, such a contrast can be tested with the fol-
lowing t statistic with n − p degrees of freedom:

 

t =
( ) ( )

′

′ ′ −

c b

e c X X cVar
1

 

The numerator of this equation contains the 
described scalar product of the contrast and beta 
vector. The denominator defines the standard 
error of c′b, i.e., the variability of the estimate 

3 Note that the constant term is treated as a confound and it 
is not included in contrast vectors; that is, it is implicitly 
assumed that b0 is multiplied by 0  in all contrasts. To 
include the constant explicitly, each contrast vector must 
be expanded by one entry at the beginning or end.
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due to noise fluctuations. The standard error 
depends on the variance of the residuals Var(e) as 
well as on the design matrix X. With the known 
degrees of freedom, a t value for a specific con-
trast can be converted in an error probability 
value p using the equation shown earlier. Note 
that the null hypotheses above were formulated 
as c′b  =  0 implying a two-sided alternative 
hypothesis, i.e., Ha: c′b ≠ 0. For one-sided alter-
native hypotheses, e.g., Ha: b1 > b2, the obtained p 
value from a two-sided test can be simply divided 
by 2 to get the p value for the one-sided test. If 
this p value is smaller than 0.05 and if the t value 
is positive (since b1 is assumed to be larger than 
b2), the null hypothesis may be rejected.

3.3.3.3 Conjunction Analysis
Experimental research questions often lead to 
specific hypotheses, which can best be tested by 
the conjunction of two or more contrasts. As an 
example, it might be interesting to test with con-
trast c1 whether condition 2 leads to significantly 
higher activity than condition 1 and with contrast 
c2 whether condition 3 leads to significantly 
higher activity than condition 2. This question 
could be tested with the following conjunction 
contrast:

 
c c1 2 1 1 0 0 1 1∧ = − +[ ]∧ − +[ ].  

Note that a logical “and” operation is defined 
for Boolean values (true/false) but that t values 
associated with individual contrasts can assume 
any real value. An appropriate way to implement 
a logical “and” operation for conjunctions of 
contrasts with continuous statistical values is to 
use a minimum operation; that is, the significance 
level of the conjunction contrast is identical to the 
significance level of the contrast with the small-
est t value: t t tc c c c1 2 1 2∧ = ( )min , . For more details 
about conjunction testing, see Nichols et  al. 
(2005).

3.3.3.4 Multicollinear Design Matrices
Multicollinearity exists when predictors of the 
design matrix are highly intercorrelated. To 

assess multicollinearity, pairwise correlations 
between predictors are not sufficient. A better 
way to detect multicollinearity is to regress each 
predictor variable on all the other predictor vari-
ables and examine the resulting R2 values. Perfect 
or total multicollinearity occurs when a predictor 
of the design matrix is a linear function of one or 
more other predictors, i.e., when predictors are 
linearly dependent on each other. While in this 
case solutions for the GLM system of equations 
still exist, there is no unique solution for the beta 
values. From a mathematical perspective of the 
GLM, the square matrix X′X becomes singular, 
i.e., it loses (at least) one dimension, and is no 
longer invertible in case that X exhibits perfect 
multicollinearity. Matrix inversion is required to 
calculate the essential term (X′X)−1 used for 
computing beta values and standard error values 
for contrasts (see above). Fortunately, special 
methods, including singular value decomposition 
(SVD), allow obtaining (pseudo-) inverses for 
singular (rank deficient) matrices. Note, however, 
that in this case the absolute values of beta 
weights may be difficult to interpret and statisti-
cal hypothesis tests must meet special 
restrictions.

In fMRI design matrices, multicollinearity 
occurs if all conditions are modeled as predictors 
in the design matrix including the baseline (rest, 
control) condition. Without the baseline condi-
tion, multicollinearity is avoided, and beta 
weights are obtained which are easily interpreta-
ble. As an example, consider the case of two main 
conditions and a rest condition. If we would not 
include the rest condition (recommended), the 
design matrix would not be multicollinear and 
the two beta weights b1 and b2 would be interpre-
table as increase or decrease of activity relative to 
the baseline signal level modeled by the constant 
term (Fig. 17, right). Contrasts could be specified 
to test single beta weights; for example, the con-
trast c  =  [1 0] would test whether condition 1 
leads to significant (de)activation. Furthermore, 
the two main conditions could be compared with 
the contrast c = [−1 1], which would test whether 
condition 2 leads to significantly more or less 

Revealing Brain Activity and White Matter Structure Using Functional and Diffusion-Weighted Magnetic…



54

activation than condition 1. If the design matrix 
would include a predictor for the rest condition, 
we would obtain perfect multicollinearity and the 
matrix X′X would be singular. Using a pseudo- 
inverse or singular value decomposition (SVD) 
approach, we would obtain now three beta values 
(plus the constant), one for the rest condition, one 
for main condition 1, and one for main condition 
2. While the values of beta weights might not be 
interpretable, correct inferences of contrasts can 
be obtained if an additional restriction is met, 
typically that the sum of the contrast coefficients 
equals 0. To test whether main condition 1 differs 
significantly from the rest condition, the contrast 
c = [−1 +1 0] would now be used. The contrast 
c = [0 –1 +1] would be used to test whether con-
dition 2 leads to more or less activation than con-
dition 1.

3.3.3.5 GLM Assumptions
Given a correct model (design matrix), the stan-
dard estimation procedure of the GLM—ordinary 

least squares (OLS)—operates correctly only 
under the following assumptions. The population 
error values ε must have an expected value of zero 
and constant variance at each time point i:

 
E iε[ ] = 0

 

 
Var ε σi[ ] = 2

 

Furthermore, the error values are assumed to 
be uncorrelated:

 
cov ε εi j i j, for all( ) = ≠0

 

To justify the use of t and F distributions in 
hypothesis tests, errors are further assumed to be 
normally distributed:

 
ε σi N~ 0 2,( )  

In summary, errors are assumed to be normal 
independent and identically distributed (often 

Residuals

Design matrix

Design matrix

Design matrix

Data

Predicted

b0 = 101.9 b0 = 101.6 b0 = 100.2

b1 = 3.4

b2 = 5.5

b1 = 1.8

Fig. 17 Three GLMs fitting the same data with different 
design matrices. Top row shows residuals, and second row 
predicted (green) and observed (blue) voxel time course. 
The design matrix on the left contains only one predictor, 
the constant term. The estimated beta weight (b0) scales 
the constant term to the mean signal level. The design 
matrix in the middle adds a predictor for “green” main 
condition. The estimated beta weights (b0, b1) scale the 

predictors and the weighted sum explains more variance 
than the first model, but residual variance is still high. The 
third model (right) adds a predictor for “red” main condi-
tion. The estimated beta weights (b0, b1, b2) scale the pre-
dictors and weighted sum now explains all task-related 
signal fluctuations. The residuals reflect now only noise. 
The example highlights the importance of modeling all 
known effects in the design matrix
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abbreviated as “normal i.i.d.” or IID). Under 
these assumptions, the solution obtained by the 
least squares method is optimal in the sense that 
it provides the most efficient unbiased estimation 
of the beta values. While the OLS approach is 
robust with respect to small violations, assump-
tions should be checked. In the context of fMRI 
measurements, the assumption of uncorrelated 
error values requires special attention.

3.3.3.6 Correction for Serial Correlations
In fMRI data, one typically observes serial cor-
relations; that is, high values are followed more 
likely by high values than low values and vice 
versa. Assessment of these serial correlations is 
not performed on the original voxel time course 
but on the time course of the residuals since serial 
correlations in the recorded signal are expected to 
some extent from slow task-related fluctuations. 
Task-unrelated serial correlations most likely 
occur because data points are measured in rapid 
succession; that is, they are also observed when 
scanning phantoms. Likely sources of temporal 
correlations are physical and physiological noise 
components such as hardware-related low- 
frequency drifts, oscillatory fluctuations related 
to respiration and cardiac pulsation, and residual 
head motion artifacts. Serial correlations violate 
the assumption of uncorrelated errors (see sec-
tion above). Fortunately, the beta values esti-
mated by the GLM are correct estimates 
(unbiased) even in the presence of serial correla-
tions. The standard errors of the betas are biased, 
however, leading to “inflated” test statistics; that 
is, t or F values are higher than they should be. 
This can be explained by considering that the 
presence of serial correlations (serial depen-
dence) reduces the true number of independent 
observations (effective degrees of freedom) that 
will, thus, be lower than the nominal number of 
observations. Without correction, the degrees of 
freedom are systematically overestimated lead-
ing to an underestimation of the error variance 
resulting in inflated statistical values; that is, t or 
F values are too high. It is, thus, necessary to cor-
rect for serial correlations to obtain valid error 
probabilities. Serial correlations can be corrected 
using several approaches. In pre-whitening 

approaches, autocorrelation is first estimated and 
removed from the data; the pre-whitened data can 
then be analyzed with a standard OLS GLM solu-
tion. In pre-coloring approaches (e.g., Friston 
et al. 1995), a strong autocorrelation structure is 
imposed on the data by temporal smoothing and 
degrees of freedom are adjusted according to the 
imposed (known) autocorrelation. The pre- 
coloring (temporal smoothing) operation acts, 
however, as a low-pass filter, and may weaken 
experimentally induced signals of interest and is 
thus not the preferred method. The pre-whitening 
approach can be expressed in terms of a more 
powerful estimation procedure than OLS called 
generalized least squares (GLS, Searle et  al. 
1992). As opposed to the OLS method, GLS 
works correctly also in case that error values 
exhibit correlations or when error variances are 
not homogeneous. Note, however, that this more 
powerful estimation approach only provides cor-
rect results in case that the true (population) vari-
ances and covariances of the error values are 
known. With the known error covariance matrix 
V, the betas and their (co-)variances can be cal-
culated with GLS as follows:

 

b X V X X V y

b X V X

= ( )
( ) = ( )

′ ′

′

− − −

− −

1 1 1

1 1
cov

 

With the obtained b values and their covari-
ances, any contrast can then be assessed statisti-
cally as described above for the OLS method. 
When comparing the GLS solution with the OLS 
solution it is evident that the inverse of the popu-
lation error covariance matrix V−1 is needed to 
properly treat the effect of covariance of the 
errors on the parameter estimates (betas and their 
covariances). Note also that when setting V as a 
diagonal matrix (entries outside the main diago-
nal are zero, i.e., no covariation of errors) with 
equal variance values (all values of the main 
diagonal are the same, e.g., 1), the GLS equation 
reduces to the OLS solution; that is, the V−1 term 
vanishes.

Since the population covariance matrix of the 
error values V is usually not known, it needs to be 
estimated from the data itself. Since there are too 
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many degrees of freedom (number of time points 
squared: n2), V cannot be estimated for the gen-
eral case of arbitrary covariance matrices. It is, 
however, often possible to estimate V for special 
cases where only some parameters need to be 
estimated. The two most important special cases 
in the context of fMRI data analysis are the treat-
ment of serial correlations (see below) and the 
treatment of unequal variances when integrating 
data from different subjects in the context of 
mixed-effects group analyses.

A simple pre-whitening procedure was 
developed (Cochrane and Orcutt 1949; 
Bullmore et  al. 1996) independently from the 
GLS approach but can be shown to be identical 
to a GLS solution. The procedure assumes that 
the errors follow a first-order autoregressive, or 
AR(1), process. After calculation of a GLM 
using OLS, the amount of serial correlation a1 
is estimated using pairs of successive residual 
values (et, et+1); that is, the residual time course 
is correlated with itself shifted by one time 
point (lag = 1). In the second step, the estimated 
serial correlation is removed from the measured 
voxel time course by calculating the trans-
formed time course y y a yt

n
t t= − ⋅+1 1 . The 

superscript “n” indicates the values of the new, 
adjusted time course. The same calculation is 
also applied to each predictor time course 
resulting in an adjusted design matrix Xn. In the 
third step, the GLM is recomputed using the 
adjusted voxel time course and adjusted design 
matrix resulting in correct standard errors for 
beta estimates and, thus, correct significance 
levels for contrasts (of course under the assump-
tion that the AR(1) model is correct). If auto-
correlation is not sufficiently reduced in the 
new residuals, the procedure can be repeated. If 
performed using the GLS approach, the first 
step is identical to the Cochrane-Orcutt method; 
that is, OLS is used to fit the GLM and the 
obtained residuals are used to estimate the 
value of the AR(1) term. The adjustment of the 
time course yt and the design matrix described 
above need, however, not be performed explic-
itly since these adjustments are handled implic-
itly in the next step by using a V−1 term in the 
GLS equations that contains values in the off-

diagonal elements derived from the estimated 
serial correlation term.

While a AR(1) autocorrelation model substan-
tially reduces serial correlations in fMRI data, 
better results are obtained when using a AR(2) 
model; that is, both first-order and second-order 
autocorrelation terms should be estimated and 
used to construct the error covariance matrix V 
for GLS estimation. Since serial correlations dif-
fer across voxels, serial correlation correction 
should be performed separately for each voxel 
time course as opposed to the (also used) estima-
tion of serial correlation values from multiple 
averaged (neighboring) voxel time courses. An 
AR(2) serial correlation model applied separately 
for each voxel time course has been shown to be 
the most accurate approach to treat serial correla-
tions when compared to other models (Lenoski 
et al. 2008). When using fast sampling with vol-
ume TR values below 1 s, higher order autocor-
relation terms might be needed to remove serial 
correlations.

3.3.4  Creation of Statistical Maps
The statistical analysis steps were described for a 
single voxel’s time course since standard statisti-
cal methods are performed independently for 
each voxel (univariate “voxel-wise” analysis). 
Since a typical fMRI dataset contains several 
hundred thousand voxels, a statistical analysis is 
performed independently hundred thousand 
times. Running a GLM, for example, results in a 
set of estimated beta values attached to each 
voxel. A specified contrast c′bv will be performed 
using the same contrast vector c for each voxel v, 
but it will use a voxel’s vector of beta values bv 
(and the voxel’s error term) to obtain voxel- 
specific t and p values. Statistical test results for 
individual voxels are integrated in a 3D dataset 
called a statistical map. To visualize a statistical 
map, the obtained values, e.g., contrast t values, 
can be shown at the location of each voxel replac-
ing anatomical intensity values shown as default. 
As a further useful condition, the statistical val-
ues are often only shown for those voxels exceed-
ing a specified statistical threshold. This allows 
visualizing anatomical information in large parts 
of the brain while statistical information is shown 
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(overlaid) only in those regions exhibiting supra-
threshold (usually statistically significant) signal 
modulations. While anatomical information is 
normally visualized using a range of grey values, 
suprathreshold statistical test values are typically 
visualized using multiple colors, for example, a 
red-to-yellow range for positive values and a 
green-to-blue range for negative values. With 
these colors, a positive (negative) t value just 
passing a specified threshold would be colored in 
red (green), while a very high positive (negative) 
t value would be colored in yellow (blue) 
(Fig. 18).

3.3.5  The Multiple Comparison 
Problem

An important issue in fMRI data analysis is the 
specification of an appropriate threshold for sta-
tistical maps. If there would be only a single vox-
el’s data, a conventional threshold of p < 0.05 (or 
p < 0.01) could be used to assess significance of 
an observed effect quantified by an R, t, or F sta-
tistic. Running the statistical analysis separately 
for each voxel creates, however, a massive multi-
ple comparison problem. If a single test is per-
formed, the conventional threshold protects from 
wrongly declaring a voxel as significantly modu-
lated (false positive) with a probability of p < 0.05 
when there is no effect in the population (α error). 
Note that in case that the null hypothesis (no 
effect) holds, an adopted error probability of 
p = 0.05 implies that if the same test would be 

repeated 100 times, the alternative hypothesis 
would be accepted wrongly on average in five 
cases; that is, we would expect 5% of false posi-
tives. If we assume that there is no real effect in 
any voxel time course, running a statistical test 
spatially in parallel is statistically identical to 
repeating the test 100,000 times at a single voxel 
(each time with new measured data). It is evident 
that this would lead to about 5000 false positives; 
that is, about 5000 voxels would be labeled “sig-
nificant” although these voxels would reach the 
0.05 threshold purely due to chance.

Several methods have been suggested to con-
trol this massive multiple comparison problem. 
The Bonferroni correction method is a simple 
multiple comparison correction that controls the 
α error across all voxels, and it is therefore called 
a family-wise error (FWE) correction approach. 
The method calculates single-voxel threshold 
values in such a way that an error probability of 
0.05 is obtained at the global level. With N inde-
pendent tests, this is achieved by using a statisti-
cal significance level which is N times smaller 
than usual. The Bonferroni correction can be 
derived mathematically as follows. Under the 
assumption of independent tests, the probability 
that all of N performed tests lead to a subthresh-
old result is (1 − p)N and the probability to obtain 
one or more false-positive results is 1 − (1 − p)N. 
In order to guarantee a family-wise (global) error 
probability of pFWE = 1 − (1 − p)N, the threshold 
for a single test, p, has to be adjusted as 

p < 0.05 p < 0.0003 p < 0.000002

No correction FDR corrected Bonferroni corrected

a b c

Fig. 18 Comparison of two methods used to solve the 
multiple comparisons problem. A statistical map has been 
computed comparing responses to faces and houses. Red/
yellow colors depict regions with larger responses to faces 
than to houses, while blue regions indicate areas with 
larger responses to houses than to faces. (a) No correction 
for multiple comparisons has been performed. (b) 

Thresholding result when using the false discovery rate 
approach (FDR). (c) Thresholding result when using the 
Bonferroni method. The p values shown on top of each 
panel have been used to threshold the map as provided by 
the respective method. The FDR method shows more vox-
els as significant because it is less conservative than the 
Bonferroni method
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follows: p = 1 − (1 − pFWE)1/N. For small pFWE val-
ues (e.g., 0.05), this equation can be approxi-
mated by p = pFWE/N. This means that to obtain a 
global error probability of pFWE < 0.05, the sig-
nificance level for a single test is obtained by 
dividing the family-wise error probability by the 
number of independent tests. Given 100,000 vox-
els, we would obtain an adjusted single-voxel 
threshold of pv = pFWE/N = 0.05/100,000 = 0.000
0005. The Bonferroni correction method ensures 
that we do not declare even a single voxel 
wrongly as significantly activated with an error 
probability of 0.05. For fMRI data, the Bonferroni 
method would be a valid approach to correct the 
α error if the data at neighboring voxels would be 
truly independent from each other. Neighboring 
voxels, however, show similar response patterns 
within functionally defined brain regions, such as 
the fusiform face area (FFA). In the presence of 
such spatial correlations, the Bonferroni correc-
tion method operates too conservative; that is, it 
corrects the error probability more strongly than 
necessary. As a result of a too strict control of the 
α error, the sensitivity (power) to detect truly 
active voxels is reduced: Many voxels will be 
labeled as “not significant” although they likely 
reflect true effects. As described earlier, wrongly 
accepting (rejecting) a null (alternative) hypoth-
esis is called type II error or β error.

Worsley et al. (1992) suggested a less conser-
vative approach to correct for multiple compari-
sons taking explicitly the observation into 
account that neighboring voxels are not activated 
independently from each other but are more 
likely to activate together in clusters. In order to 
incorporate spatial neighborhood relationships in 
the calculation of global error probabilities, the 
method describes a statistical map as a Gaussian 
random field (for details, see Worsley et al. 1992). 
Unfortunately, application of this correction 
method requires that the fMRI data are spatially 
smoothed substantially reducing one of its most 
attractive properties, namely the achievable high 
spatial resolution. This approach may also lead to 
inflated alpha errors in certain cases (Eklund 
et al. 2016).

Another correction method incorporating the 
observation that neighboring voxels often acti-

vate in clusters is based on Monte Carlo simula-
tions that generate many random images (maps) 
using the extracted spatial correlation structure of 
the original map; the generated maps are used to 
calculate the likelihood to obtain different sizes 
of functional clusters by chance for specific (less 
conservative) single-voxel thresholds (Forman 
et al., 1995). The calculated cluster extent thresh-
old combined with a less strict single-voxel 
threshold (recommended: p  =  0.001) is finally 
applied to the statistical map ensuring that a 
global error probability of p < 0.05 for reported 
clusters is met. This approach does not require 
spatial smoothing and appears highly appropriate 
for fMRI data. A disadvantage is that the method 
is quite compute intensive and that small func-
tional clusters might not be discovered.

While the described multiple comparison cor-
rection methods aim to control the family-wise 
error rate, the false discovery rate (FDR) 
approach (Benjamini and Hochberg 1995) uses a 
different statistical logic, and has been proposed 
for fMRI analysis by Genovese et al. (2002). This 
approach does not control the overall number of 
false-positive voxels but the number of false- 
positive voxels among the subset of voxels 
labeled as significant. Given a specific threshold, 
suprathreshold voxels are called “discovered” 
voxels or “voxels declared as active.” With a 
specified false discovery rate of q  <  0.05 one 
would accept that 5% of the discovered (supra-
threshold) voxels would be false positives. Given 
a desired false discovery rate, the FDR algorithm 
calculates a single-voxel threshold, which ensures 
that the voxels above that threshold contain on 
average not more than the specified proportion of 
false positives. With a q value of 0.05 this also 
means that one can “trust” 95% of the supra-
threshold (i.e., color-coded) voxels since the null 
hypothesis has been rejected correctly. Since the 
FDR logic relates the number of false positives to 
the amount of truly active voxels, the FDR 
method adapts to the amount of activity in the 
data: The method is very strict if there is not 
much evoked activity in the data, but assumes 
less conservative thresholds if a larger number of 
voxels show task-related effects. In the extreme 
case that not a single voxel is truly active, the 
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calculated single-voxel threshold is identical to 
the one computed with the Bonferroni method. 
The FDR method appears ideal for fMRI data 
because it does not require spatial smoothing and 
it detects voxels with a high sensitivity (low β 
error) if there are true effects in the data.

Another simple approach to the multiple com-
parisons problem is to reduce the number of tests 
by using anatomical masking. Most correction 
methods, including Bonferroni and FDR, can be 
combined with this approach since a smaller 
number of tests leads to a less strict control of the 
α error and thus a smaller β error is made as com-
pared to inclusion of all voxels. In a simple ver-
sion of an anatomical mask, an intensity threshold 
for the basic signal level can be used to remove 
voxels outside the head. The number of voxels 
can be further reduced by masking the brain, e.g., 
after performing a brain extraction step. These 
simple steps typically reduce the number of vox-
els by more than 50%. In a more advanced ver-

sion, statistical data analysis may be restricted to 
grey matter voxels (Goebel and Singer 1999), 
which may be identified by standard cortex seg-
mentation procedures (e.g., Kriegeskorte and 
Goebel 2001). This approach not only removes 
voxels outside the brain but also excludes voxels 
in white matter and ventricles. Note that anatomi-
cally informed correction methods do not require 
spatial smoothing of the data and reduce not only 
the multiple comparisons problem but also the 
computation time since fewer tests (e.g., GLM 
calculations) have to be performed (Fig. 19).

3.3.6  Event-Related Averaging
Event-related designs can be used to not only 
detect activation effects but also estimate the 
time course of task-related responses. 
Visualization of mean response profiles can be 
achieved by averaging all responses of the same 
condition across corresponding time points with 
respect to stimulus onset (Fig. 19). Averaged (or 
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Fig. 19 Principle of event-related averaging and event- 
related averaging plots from a slow event-related design. 
(a) The thresholded statistical map shows in red/yellow 
color brain regions responding more to faces than to 
houses and in blue color brain regions responding more to 
houses than to faces. The areas demarcated with red and 
green rectangles in the lower panel correspond well to 

fusiform face area (FFA) and parahippocampal place area 
(PPA), respectively (O’Craven and Kanwisher 2000). (b) 
Time course from FFA (upper panel) and event-related 
averaging plot (lower panel) obtained by selectively aver-
aging all responses belonging to the same condition. (c) 
Time course (upper panel) and event-related averaging 
plot (lower panel) from PPA
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even single trial) responses can be used to char-
acterize the temporal dynamics of brain activity 
within and across brain areas by comparing esti-
mated features such as response latency, dura-
tion, and amplitude (e.g., Kruggel and von 
Cramon 1999; Formisano and Goebel 2003). In 
more complex, temporally extended tasks, 
responses to sub-processes may be identified. In 
working memory paradigms, for example, 
encoding, delay, and response phases of a trial 
may be separated. Note that event-related selec-
tive averaging works well only for slow event-
related designs. In rapid event-related designs, 
responses from different conditions lead to sub-
stantial overlap and event-related averages are 
often meaningless. In this case, deconvolution 
analysis is recommended (see below).

To avoid circularity, event-related averages 
should only be used descriptively if they are 
selected from significant clusters identified 
from a whole-brain statistical analysis of the 
same data. Even a merely descriptive analysis 
visualizing averaged condition responses is, 
however, helpful in order to ensure that signifi-
cant effects are caused by “BOLD-like” 
response shapes and not by, e.g., signal drifts or 
measurement artifacts. If ROIs are determined 
using independent (localizer) data, event-
related averages extracted from these regions in 
a subsequent (main) experiment can be statisti-
cally analyzed. For a more general discussion 
of ROI vs. whole-brain analyses, see Friston 
and Henson (2006), Friston et al. (2006), Saxe 
et al. (2006), and Frost and Goebel (2013).

3.3.7  Deconvolution Analysis
While standard design matrix construction (con-
volution of box-car time course with two-gamma 
function) can be used to estimate condition 
amplitudes (beta values) in rapid event-related 
designs, results critically depend on the appropri-
ateness of the assumed standard BOLD response 
shape: Due to variability in different brain areas 
within and across subjects, a static model of the 
response shape might lead to nonoptimal fits. 
Furthermore, the isolated responses to different 
conditions cannot be visualized due to overlap of 
condition responses over time. To model the 

shape of the hemodynamic response more flexi-
bly, multiple basis functions (predictors) may be 
defined for each condition instead of a single pre-
dictor. Two often used additional basis functions 
are derivatives of the two-gamma function with 
respect to two of its parameters, delay and disper-
sion. If added to the design matrix for each condi-
tion, these basis functions allow capturing small 
variations in response latency and width of the 
response. Other sets of basis functions (i.e., 
gamma basis set, Fourier basis set) are much 
more flexible but obtained results are often more 
difficult to interpret. Deconvolution analysis is a 
general approach to estimate condition-related 
response profiles using a flexible and interpreta-
ble set of basis functions. It can be easily imple-
mented as a GLM by defining an appropriate 
design matrix (Fig. 20) that models each bin after 
stimulus onset by a separate condition predictor 
(delta or “stick” functions). This is also called a 
finite impulse response (FIR) model because it 
allows estimating any response shape evoked by 
a short stimulus (impulse). To capture the BOLD 
response for short events, about 20 s is typically 
modeled after stimulus onset. This would require, 
for each condition, 20 predictors in case of a TR 
of 1  s, or 10 predictors in case of a TR of 2  s 
(Fig. 20). Despite overlapping responses, fitting 
such a GLM “recovers” the underlying condition- 
specific response profiles in a series of beta val-
ues, which appear in plots as if event-related 
averages have been computed in a slow event- 
related design (Fig. 20). Since each condition is 
modeled by a series of temporally shifted stick 
predictors, hypothesis tests can be performed that 
compare response amplitudes at different 
moments in time within and between conditions. 
Note, however, that the deconvolution analysis 
assumes a linear time invariant system (see Sect. 
3.1). In order to uniquely estimate the large num-
ber of beta values from overlapping responses, 
variable ITIs must be used in the experimental 
design (see Sect. 3.1). The deconvolution model 
is very flexible allowing to capture any response 
shape. This implies that also non-BOLD-like 
time courses will be detected easily since the trial 
responses are not “filtered” by the ideal BOLD 
response shape as in conventional analysis.
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3.4  Integration of Anatomical 
and Functional Data

The localization of the neural correlates of sen-
sory, motor, and cognitive functions requires a 
precise relationship between voxels in calculated 
statistical maps with voxels in high-resolution 
anatomical datasets. This is especially important 
in single-subject analyses and, thus, for presurgi-
cal mapping. While it is recommended to also 
view statistical maps overlaid on a volume of the 
functional data itself, EPI datasets often do not 
contain sufficient anatomical detail to specify the 

precise location of an active cluster in a subject’s 
brain. 3D renderings of high-resolution anatomi-
cal datasets may greatly aid in visualizing acti-
vated brain regions. Advanced visualization 
requires that a high-resolution 3D dataset is 
recorded for a subject and that the functional data 
is coregistered to the 3D dataset as precisely as 
possible. Anatomical datasets are also important 
for most brain normalization methods, which is a 
prerequisite of the analysis of whole-brain group 
studies. High-resolution anatomical datasets are 
typically recorded with T1-weighted MRI 
sequences. A typical structural scan covering the 
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Fig. 20 Deconvolution analysis of a rapid event-related 
design. Time runs from top to bottom, design matrix 
depicted in graphical view. Beta values are plotted hori-
zontally at positions corresponding to the respective pre-
dictor. (a) Standard analysis with two main predictors 
obtained by convolution of stimulus times with standard 
hemodynamic response model (two-gamma function). 

Beta values can be compared with a standard contrast. (b) 
Deconvolution analysis fitting the same data. Each condi-
tion is modeled with 10 “stick” predictors allowing to esti-
mate the time course of condition-related responses as if 
stimuli were presented in a slow event-related design. 
Beta values may be compared within and across 
conditions
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whole brain with a resolution of 1 mm in all three 
dimensions (e.g., 180 sagittal slices) lasts 
between 5 and 20 min on current 1.5 and 3.0 T 
scanners.

3.4.1  Visualizing Statistical Maps 
on Anatomical Images

Having identified a statistically significant region 
in the functional dataset does not easily allow a 
precise statement about its location in the brain of 
the subject since the functional data itself does 
not often contain enough anatomical details.4 If 
anatomical, coplanar images are available, it is 
already helpful to overlay the functional results 
(thresholded statistical maps) on these “in-plane” 
images. Figure 19a shows, for example, a statisti-
cal map on a high-resolution, coplanar, T2- 
weighted image. While high-resolution, coplanar 
images improve localization within the recording 
plane, the direction along slices is sampled with 
low resolution due to typical distances between 
slices of 2–4  mm (slice distance  =  slice thick-
ness + slice gap). Identification of the anatomical 
substrate of an activated cluster greatly benefits 
from visualizing functional data over isotropic 
high-resolution (1 mm) 3D datasets. Overlaying 
or fusing images from functional data (MRI, 
PET, SPECT) with high-resolution anatomical 
MRI datasets is a common visualization method 
in functional imaging. To correctly fuse func-
tional and anatomical datasets, appropriate 
coregistration transformations have to be 
performed.

3.4.2  Coregistration of Functional 
and Anatomical Datasets

If functional images are superimposed on copla-
nar images, spatial transformations (translations 
and rotations) to align the two datasets are not 
necessary (except maybe the correction of small 

4 While functional sequences are T2* weighted, the first 
functional volume of a run contains the richest anatomical 
detail because it is T1 weighted. Unfortunately, this dataset 
is often thrown away either by the scanner directly (during 
“prep scans”) or by transfer of the data to the researcher. 
We recommend keeping the first functional volume and to 
use it for visualization and coregistration because of its 
relative richness in anatomical details.

head movements and small geometric distor-
tions), since the respective slices are measured at 
the same 3D positions. Since the coplanar ana-
tomical images are usually recorded with a higher 
resolution (typically with a 256 × 256 matrix) 
than the functional images (typically 64 × 64 or 
128 × 128 matrices), only a scaling factor has to 
be applied. To allow high-quality visualization of 
the functional data in arbitrary resliced anatomi-
cal planes, the functional data must be coregis-
tered with high-resolution 3D datasets.

These high-resolution 3D datasets are usually 
recorded with different voxel size, slice orienta-
tion, and position than the functional data and the 
coregistration step and, thus, require an affine 
spatial transformation including translation, rota-
tion, and scaling to coregister the two datasets. 
These three elementary spatial transformations 
can be integrated in a single transformation step 
expressed in a standard 4x4 spatial transforma-
tion matrix. If the high-resolution 3D dataset has 
been recorded in the same scanning session as the 
functional data, the coregistration matrix can be 
constructed simply by using the scanning param-
eters (slice positions, voxel size) from both 
recordings. The alignment based on this informa-
tion would be perfect if there would be no head 
movement between the anatomical and func-
tional images. To further improve coregistration 
results, an additional intensity- or gradient-driven 
alignment step is usually performed after the ini-
tial (mathematical) alignment correcting for head 
displacements (and eventually geometric distor-
tions) between the functional and anatomical 
recordings. While this step operates similar to 
that described for motion correction, it is likely 
not possible to align the two datasets perfectly 
well in all regions of the brain due to signal drop-
outs and distortions in the functional EPI images. 
For neurosurgical purposes, it is important to 
ensure that at least the most relevant regions of 
the brain do not suffer from EPI distortions and 
that they are perfectly coregistered with the ana-
tomical data. EPI distortions and signal dropouts 
can be corrected to some extent with special MRI 
sequence modifications as well as with image 
processing software (see Sect. 3.2.2.1). Using 
appropriate visualization tools, it is also possible 
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to manually align a functional volume with an 
anatomical 3D dataset. The precision of manual 
alignment depends, however, strongly on 
acquired expertise.

3.4.3  Visualizing Statistical Maps 
on Reconstructed Cortex 
Representations

High-resolution anatomical datasets can be used 
to create 3D volume or surface renderings of the 
brain, which allow additional helpful visualiza-
tions of functional data on a subject’s brain 
(Fig. 21c). These visualizations require segmen-
tation of the brain, which can be performed 
automatically with most available software 
packages. For more advanced visualizations, 
segmentation of cortical voxels allows to con-
struct topologically correct mesh representa-
tions of the cortical sheet, one for the left and 
one for the right cortical hemisphere (e.g., 
Fischl et  al. 1999; Kriegeskorte and Goebel 
2001). The obtained meshes (Fig. 21a) may be 
further transformed into inflated (Fig. 21b) and 
flattened (Fig.  21c) cortex representations. 
Functional data can then be superimposed on 
folded, inflated, and flattened representations 

(Fig. 21c), which is particularly useful for topo-
logically organized functional information, for 
example, in the context of retinotopic, tono-
topic, and somatotopic mapping experiments. 
To help in orientation, inflated and flattened cor-
tex representations indicate gyral and sulcal 
regions by color-coding local curvature; con-
cave regions, indicating sulci, may be depicted, 
e.g., with a dark grey color while convex 
regions, indicating gyri, may be depicted, e.g., 
with a light grey color (Fig.  21). A general 
advantage of visualizing functional data on flat 
maps is that all cortical activation foci from dif-
ferent experiments can be visualized at once at 
their correct anatomical location in a canonical 
view. In contrast, visualizing several activated 
regions using a multi-slice  representation 
depends on the chosen slice orientation and 
number of slices. Note that anatomical data is 
not only important to visualize functional data. 
Anatomical information may also be used to 
constrain statistical data analysis as has been 
described in Sect. 3.3.5. Furthermore, the 
explicit segmentation of cortical voxels is also 
the prerequisite for advanced anatomical analy-
ses, including cortical thickness analysis.

a b

c

Fig. 21 Cortex representations used for advanced visual-
ization. (a) Segmentation and surface reconstruction of 
the inner (white/grey matter, yellow) and outer (grey mat-
ter/CSF, magenta) boundary of grey matter. (b) Inflated 

“cortex representation of the left hemisphere obtained by 
iterative morphing process.” (c) “Flat map” of the right 
cortical hemisphere with superimposed functional data
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3.5  Group Analysis of Functional 
Datasets

Presurgical neuroimaging requires detailed 
single- subject analyses, which can be performed 
with the methods described in the previous sec-
tions. A standardized routine for analyzing (clini-
cal) fMRI data in individuals is given in chapter 
“Task-Based Presurgical Functional MRI in 
Patients with Brain Tumors.” If, however, charac-
terization and statistical assessment of general 
brain patterns are desired, multiple subjects have 
to be integrated in groups. Such group studies 
allow generalizing findings from a sample of sub-
jects to the population from which the patients or 
healthy subjects have been drawn. Group analy-
sis of functional datasets is of clinical relevance 
when the effects of various brain pathologies or 
different therapies (e.g., pharmacological effects) 
on brain function are subject to study.

The integration of fMRI data from multiple 
subjects is challenging because of the spatial 
correspondence problem between different 
brains. This problem manifests itself already at a 
purely anatomical level but presents a fundamen-
tal problem of neuroscience when considered as 
a question of the consistency of structure- function 
relationships across individual brains. At the ana-
tomical level, the correspondence problem refers 
to the differences in brain shape, and more spe-
cifically to differences in the gyral and sulcal pat-
tern varying substantially across subjects. At this 
macroanatomical level, the correspondence prob-
lem would be solved, if brains could be matched 
in such a way that for each macroanatomical 
structure in one brain, the corresponding region 
in the other brain would be known. In neuroimag-
ing, the matching of brains is usually performed 
by a process called brain normalization, which 
involves warping each brain into a common space 
allowing averaging over (more or less) 
 corresponding regions in different subjects. After 
brain normalization, a point in the common space 
identified by its x, y, and z coordinates is assumed 
to refer to a similar region in any other normal-
ized brain. The most commonly used target space 
for normalization is the Talairach space (see 
below) and the closely related MNI (Montreal 

Neurological Institute) space. Unfortunately, 
warping brains in a common space does not solve 
the anatomical correspondence problem very 
well; that is, macroanatomical structures such as 
banks of prominent sulci are often still mis-
aligned with deviations in the order of 0.5–1 cm. 
To increase the chance that corresponding regions 
overlap, functional data is therefore often 
smoothed with a large Gaussian kernel with a 
width of about 1 cm. More advanced anatomical 
matching schemes attempt to directly align mac-
roanatomical structures such as gyri and sulci 
(see below) and require less (or no) spatial 
smoothing of functional data.

The deeper version of the correspondence 
problem addresses the fundamental question of 
the existence of an identical relationship between 
certain brain functions and neuroanatomical 
structures across brains such as cytoarchitectonic 
brain regions. While neuroimaging has success-
fully demonstrated that there are common 
structure- function relationships across brains, a 
high level of variability has also been observed, 
especially for higher cognitive functions. A more 
satisfying answer to this fundamental question 
might only emerge after much more careful 
investigations, e.g., by letting the same subjects 
perform a large battery of tasks (Frost and Goebel 
2012). An interesting approach to the functional 
correspondence problem has been proposed that 
aims to only align those brain regions of interest 
(ROIs), which are activated in a given task in all 
(or at least most) subjects.

3.5.1  Talairach Transformation
The most often used standard space for brain nor-
malization is the MNI space, which is closely 
related to Talairach space (Talairach and 
Tournoux 1988). MNI and Talairach transforma-
tion is performed by a data-driven alignment of a 
subject’s brain to a target (average) brain (typi-
cally the MNI template brain) that has been pre-
viously transformed in (near-)Talairach space. 
Talairach transformation can also be performed 
by the original explicit specification of prominent 
landmarks (Talairach and Tournoux 1988). In this 
approach, the midpoint of the anterior commis-
sure (AC) is located first, serving as the origin of 
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Talairach space. The brain is then rotated around 
the new origin (AC) so that the posterior commis-
sure (PC) appears in the same axial plane as the 
anterior commissure (Fig. 22). The connection of 
AC and PC in the middle of the brain forms the 
y-axis of the Talairach coordinate system. The 
x-axis runs from the left to the right hemisphere 
through AC orthogonal to the y-axis. The z-axis 
runs from the inferior part of the brain to the 
superior part through AC orthogonal to both other 
axes. In order to further constrain the x- and 
z-axes, a y–z plane is rotated around the y (AC- 
PC) axis until it separates the left and right hemi-
sphere (midsagittal plane). The obtained AC-PC 
space is attractive for individual clinical applica-
tions, especially presurgical mapping and neuro-
navigation since it keeps the original size of the 
subject’s brain intact while providing a common 
orientation for each brain anchored at important 
landmarks. For a full Talairach transformation, a 
cuboid is defined running parallel to the three 
axes enclosing precisely the cortex. This cuboid 
or bounding box requires specification of addi-
tional landmarks specifying the borders of the 
cerebrum. The bounding box is subdivided by 
several sub-planes. The midsagittal y–z plane 
separates two sub-cuboids containing the left and 
right hemisphere, respectively. An axial (x–y) 

plane through the origin separates two sub- 
cuboids containing the space below and above 
the AC-PC plane. Two coronal (x–z) planes, one 
running through AC and the other running 
through PC, separate three sub-cuboids; the first 
contains the anterior portion of the brain anterior 
to the AC, the second contains the space between 
AC and PC, and the third contains the space pos-
terior to PC.  These planes separate 12 sub- 
cuboids. In a final Talairach transformation step, 
each of the 12 sub-cuboids is expanded or 
shrunken linearly to match the size of the corre-
sponding sub-cuboid of the standard Talairach 
brain. To reference any point in the brain, x, y, 
and z coordinates are specified in millimeters of 
Talairach space. Talairach and Tournoux (1988) 
also defined the “proportional grid,” to reference 
points within the defined cuboids.

In summary, Talairach normalization ensures 
that the anterior and posterior commissures 
obtain the same coordinates in each brain and 
that the sub-cuboids defined by the AC and PC 
points and the borders of the cortex will have the 
same size. Note that the specific distances 
between landmarks in the original postmortem 
brain are not important for establishing the 
described spatial relationship between brains. 
The important aspect of Talairach transformation 

a b

Fig. 22 Definition of Talairach space. (a) View from left. 
(b) View from top. Talairach space is defined by three 
orthogonal axes pointing from left to right (x-axis), poste-
rior to anterior (y-axis), and inferior to superior (z-axis). 
The origin of the coordinate system is defined by the ante-
rior commissure (AC). Coordinates are in millimeters. 
The posterior commissure (PC) is located on the y-axis 

(y = −23 mm). The borders of the Talairach grid (a) cor-
respond to the borders of the cerebrum. The most right 
point of the brain corresponds to x = 68 mm, the most left 
one to x = −68 mm, the most anterior one to y = 70, the 
most posterior one to y  = −102, the most upper one to 
z = 74, and the most lower one to z = −42
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is that correspondence is established across 
brains by linearly interpolating the space between 
important landmarks.

While Talairach transformation provides a 
recipe to normalize brains, regions at the same 
coordinates in different individuals do not neces-
sarily point to corresponding brain areas. This 
holds especially true for cortical regions (e.g., 
Frost and Goebel 2012). For subcortical struc-
tures around the AC and PC landmarks, however, 
the established correspondence is remarkably 
good even when analyzing high-resolution fMRI 
data (e.g., De Martino et al. 2013).

As an alternative to specify crucial landmarks, 
a direct approach of stereotactic normalization 
has been proposed (e.g., Evans et  al., 1993; 
Ashburner and Friston 1999) that automatically 
aligns each individual brain as good as possible to 
an average target brain, called template brain. The 
most often used template brain is provided by the 
Montreal Neurological Institute (MNI) and has 
been created by averaging many (>100) single 
brains after manual Talairach transformation. 
Although automatic alignment to a template brain 
has the potential to result in a better correspon-
dence between brain regions, comparisons have 
shown that the achieved results are not substan-
tially improved as compared to the explicit land-
mark specification approach, even when using 
nonlinear spatial transformation techniques. This 
can be explained by noting that the template brain 
has lost anatomical details due to extensive aver-
aging. In order to bring functional data of a sub-
ject into Talairach space, the obtained spatial 
transformation for the anatomical data may be 
applied to the functional data if it has been coreg-
istered with the unnormalized anatomical dataset. 
Using the intensity-driven matching approach, 
functional datasets may also be directly normal-
ized (without the help of anatomical datasets) 
because versions of the MNI template brain for 
functional (EPI) scans are also available. If pos-
sible, it is, however, recommended to apply the 
transformation obtained for the anatomical data 
also to the functional data because this approach 
guarantees that the precision of functional- 
anatomical alignment achieved during coregistra-
tion is not changed during the normalization step. 

More advanced volume-based normalization 
schemes have been proposed that replace the pre-
sented simple intensity-driven approaches (e.g., 
DARTEL, Ashburner 2007).

3.5.2  Cortex-Based Normalization
In recent years, more advanced brain normaliza-
tion techniques have been proposed going beyond 
simple volume space alignment approaches. A 
particular interesting method attempts to explic-
itly align the cortical folding pattern (macroanat-
omy) across subjects (Fischl et al. 1999; Goebel 
et al. 2004, 2006; Frost and Goebel 2012) starting 
with topologically correct cortex mesh represen-
tations (see Sect. 3.4.3). The folded cortex 
meshes are first morphed to spherical representa-
tions since the restricted space of a sphere allows 
alignment using only two dimensions (longitude 
and latitude) instead of three dimensions as 
needed in volume space. Since the inflation of 
cortex hemispheres to spheres removes (“flat-
tens”) information of the gyral/sulcal folds, the 
respective information is retained by calculating 
curvature maps prior to inflation that are pro-
jected on the spherical representations. Cortex 
meshes from different subjects are then aligned 
on the sphere by increasing the overlap of curva-
ture information. Since the curvature of the cor-
tex reflects the gyral/sulcal folding pattern of the 
brain, this brain matching approach essentially 
aligns corresponding gyri and sulci across brains. 
It has been shown that cortex-based alignment 
substantially increases the statistical power and 
spatial specificity of group analyses by increas-
ing not only the overlap of macroanatomical 
regions but also the overlap of corresponding 
functionally defined specialized brain areas 
(Frost and Goebel 2012).

3.5.3  Correspondence Based 
on Functional Localizer 
Experiments

An interesting approach to establish correspon-
dence between brains is to use functional infor-
mation directly. Using standardized stimuli, a 
specific region of interest (ROI) may be function-
ally identified in each subject. The ROIs identi-
fied in such functional localizer experiments are 
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then used to extract time courses in subsequent 
main experiments avoiding double dipping. The 
extracted time courses of individual subjects are 
then integrated in group analyses (see below). An 
extension of this functionally driven approach is 
hyperalignment (Haxby et  al. 2011). If the 
assumption is correct that functional localizer 
experiments reveal corresponding brain regions 
in different subjects, the approach provides an 
optimal solution to the correspondence problem 
and will allow detection of subtle differences in 
fMRI responses at the group level with high sta-
tistical power. Statistical sensitivity is further 
enhanced by avoiding the massive multiple com-
parison correction problem. Instead of hundreds 
of thousand voxel-wise tests, only a few tests 
must be performed—one for each considered 
ROI. The approach is statistically sound (no cir-
cularity) because the considered regions have 
been determined independently from the main 
data using special localizer runs. It may also be 
acceptable to use the same functional data for 
both localizer and main analysis as long as the 
contrast to localize ROIs is orthogonal to any 
contrast used to statistically test more subtle dif-
ferences. The localizer approach has been applied 
successfully in many experiments, most notably 
in studies of the ventral visual cortex (e.g., 
O’Craven and Kanwisher 2000).

Unfortunately, it is often difficult to define 
experiments localizing the same pattern of acti-
vated brain areas in all subjects, especially in 
studies of higher cognitive functions, such as 
attention, mental imagery, working memory, and 
planning. If at all possible, the selection of cor-
responding functional brain areas in these experi-
ments is very difficult and depends on the 
investigator’s choice of thresholding statistical 
maps and often on additional decisions such as 
grouping sub-clusters to obtain the same number 
of major clusters for each subject. Note that the 
increased variability of activated regions in more 
complex experiments could be explained by at 
least two factors. On the one hand the location of 
functionally corresponding brain regions may 
vary substantially across subjects with respect to 
aligned macroanatomical structures. On the other 
hand, subjects may engage in different cognitive 

strategies to solve the same task leading to a (par-
tially) different set of activated brain areas. Most 
likely, the observed variability is caused by a 
mixture of both sources of variability. Another 
problem of the localizer approach is the tendency 
to focus only on a few brain areas, namely those 
which can be mapped consistently in different 
subjects. This tendency bears the danger to over-
look other important brain regions. This can be 
avoided by functionally informed cortex-based 
alignment (Frost and Goebel 2013) that inte-
grates ROI-based and whole-cortex analysis 
using a modified version of cortex-based align-
ment that uses corresponding pre-mapped ROIs 
as alignment targets in addition to anatomical 
curvature information.

3.5.4  Statistical Analysis of Group 
Data

After brain normalization, the whole-brain data 
from multiple subjects can be statistically ana-
lyzed simply by concatenating time courses at 
corresponding locations. The corresponding 
locations can be voxel coordinates in MNI space, 
vertex coordinates in cortex space, or identified 
ROIs in the localizer approach. Note that the 
power of statistical analysis depends on the qual-
ity of brain normalization. If the achieved align-
ment of corresponding functional brain areas is 
poor, suboptimal group results may be obtained 
since active voxels of some subjects will be aver-
aged with non-active voxels (or active voxels 
from a non-corresponding brain area) from other 
subjects. In order to increase the overlap of acti-
vated brain areas across subjects in volume space, 
the functional data of each subject is often 
smoothed, typically using rather large Gaussian 
kernels with a full width at half maximum 
(FWHM) of 8–12 mm. While such an extensive 
spatial smoothing (“blurring”) increases the 
overlap of active regions, it reduces selectivity of 
neighboring specialized brain areas. Furthermore, 
functional clusters smaller than the smoothing 
kernel will be suppressed reducing detection sen-
sitivity of truly active but small functional clus-
ters. Extensive spatial smoothing may not be 
necessary when using advanced volumetric nor-
malization schemes (e.g., Ashburner 2007), 
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cortex- based alignment (e.g., Frost and Goebel 
2012, 2013), hyperalignment (Haxby et al. 2011), 
or functional localizers.

After concatenating the data, the statistical 
analysis described for single-subject data (see 
Sect. 3.3) can be applied to the integrated time 
courses. In the context of the GLM, the multi- 
subject voxel time courses as well as the multi- 
subject predictors may be obtained by 
concatenation. After estimating the beta values, 
contrasts can be tested in the same way as 
described for single-subject data. While the 
described concatenation approach leads to a high 
statistical power due to the large number of 
blocks or events, the obtained results cannot be 
generalized to the population level since the data 
is analyzed as if it stems from a single subject. 
Significant findings only indicate that the results 
are replicable for the same “subject” (group of 
subjects). In order to test whether the obtained 
results are valid at the population level, the statis-
tical procedure must assess the variability of 
observed effects across subjects (random effects 
analysis) as opposed to the variability across 
individual measurement time points as performed 
in the concatenation approach (fixed effects anal-
ysis). There are many statistical methods to assess 
the variability across subjects for the purpose of 
proper population inferences. A simple and ele-
gant method is provided by multilevel summary 
statistics approach (e.g., Kirby 1993; Holmes 
and Friston 1998; Worsley et al. 2002; Beckmann 
et al. 2003; Friston et al. 2005). In the first analy-
sis stage, parameters (summary statistics) are 
estimated for each subject independently (level 1, 
fixed effects). Instead of the full-time courses, 
only the resulting first-level parameter estimates 
(betas) from each subject are carried forward to 
the second analysis stage where they serve as the 
dependent variables. The second-level analysis 
assesses the consistency of effects within or 
between groups based on the variability of the 
first-level estimates across subjects (level 2, ran-
dom effects). This hierarchical analysis approach 
reduces the data for the second-stage analysis 
enormously since the time course data of each 
subject has been “collapsed” to only one or a few 
condition-related parameter estimates per sub-

ject. Since the summarized data at the second 
level reflects the variability of the estimated 
parameters across subjects, obtained significant 
results can be generalized to the population from 
which the subjects were drawn as a random 
sample.

To summarize the data at the first level, a stan-
dard GLM may be used to estimate effects—beta 
values—separately for each subject. Instead of 
one set of beta values in fixed effects analysis, 
this step will provide a separate set of beta values 
for each subject. The obtained beta values or cal-
culated contrast values can be analyzed at the 
second level using again a GLM or a standard 
ANOVA with one or more within-subjects factors 
for factorial designs. If the data represent multi-
ple groups of subjects, one or more between- 
subjects factors for group comparisons can be 
added.

These short explanations indicate that the sta-
tistical analysis at the second level does not differ 
from the usual statistical approach in medical 
studies. The only major difference to standard 
statistics at the second level is that the analysis is 
performed separately for each voxel (or vertex) 
requiring correction for a massive multiple com-
parison problem as has been described above. 
Note that in addition to the estimated subject- 
specific effects of the fMRI design (beta values or 
contrast values of first-level analysis), additional 
external variables (e.g., an IQ value for each sub-
ject) may be incorporated as covariates at the sec-
ond level.

3.6  Selected Advanced Data 
Analysis Methods

The analysis steps described in previous sections 
for single subjects and for group comparisons 
represent essential components of a standard 
fMRI analysis, which are performed in a similar 
way for most fMRI studies. Such a standard anal-
ysis involves proper preprocessing that includes 
drift removal and 3D motion correction, coregis-
tration of functional and anatomical data, brain 
normalization, and a thorough statistical analysis 
usually based on the general linear model. The 
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standard procedure produces statistical maps that 
localize regions showing differential responses 
with respect to specified experimental hypothe-
ses. Random effects group analyses allow gener-
alization of observed findings from a sample of 
subjects to the population level. Event-related 
averages of active brain regions or pre-specified 
ROIs can be used to compare estimated condition 
time courses within and across brain areas, often 
revealing additional interesting insights. The fol-
lowing sections shortly describe a selected list of 
further analysis methods aiming at improving or 
extending the standard analysis procedure.

3.6.1  Nonparametric Statistical 
Approaches

As stated in Sect. 3.3.3.5, GLM hypothesis test-
ing requires normally distributed residuals with 
equal variance. Fortunately, the GLM is robust 
with respect to minor violations of the normality 
assumption. To avoid, however, wrong inferences 
due to non-normal distributions, nonparametric 
methods may be used, especially when analyzing 
small data samples. Extensive analyses of many 
datasets have shown that permutation-based non-
parametric approaches do indeed not suffer from 
inflated false-positive rates as observed with 
parametric methods (Eklund et al. 2016).

3.6.2  Bayesian Statistics
It has been proposed to use Bayesian statistics 
because it provides an elegant framework for 
multilevel analyses (Friston et  al. 2002). In the 
Bayesian approach, the data of a single experi-
ment (or the data of a single subject) is not 
 considered in isolation, but in light of available a 
priori knowledge. This a priori knowledge is for-
malized with prior probabilities p(Hi) for relevant 
initial hypotheses Hi. Obtained new data D modi-
fies the a priori knowledge resulting in posterior 
conditional probabilities p(Hi|D), which are 
updated probabilities of the initial hypotheses 
given the new data. To calculate these probabili-
ties, the inverse conditional probabilities p(D|Hi) 
must be known describing the probability to 
obtain certain observations given that the hypoth-
eses Hi are true. In the context of the empirical 
Bayes approach, these conditional probabilities 

can be estimated from the data. The empirical 
Bayes approach is appropriate for the analysis of 
fMRI data, since it allows an elegant formulation 
of hierarchical random effects analyses. It is, for 
example, possible to enter estimated parameters 
at a lower level as prior probabilities at the next 
higher level. Furthermore, the approach allows 
integrating correction for multiple comparisons 
resulting in thresholding values similar to the 
ones obtained with the false discovery rate 
approach.

3.6.3  Brain Normalization
As described earlier, brain normalization meth-
ods have an important influence on the quality of 
group analyses, since optimization of the stan-
dard analysis does not lead to substantial 
improvements if voxel time courses are concate-
nated from nonmatching brain regions. The 
described cortex-based normalization technique 
may substantially improve the alignment of cor-
responding brain regions across subjects. For 
more complex tasks, different, nonmatching 
activity patterns might reflect different cognitive 
strategies used by subjects. To cope with this sit-
uation, it would be desirable to use methods 
allowing automatic estimation of the similarity of 
activity patterns across subjects. Such methods 
could suggest splitting a group into subgroups 
with different statistical maps corresponding to 
the neural correlate of (automatically detected) 
different cognitive strategies. Such a clustering 
approach has been recently implemented in the 
context of group-level ICA analyses (Esposito 
et al. 2005).

3.6.4  Data-Driven Analysis Methods
When considering the richness of fMRI data, it 
may be useful to apply data-driven analysis 
methods, which aim at discovering interesting 
spatiotemporal relationships in the data, which 
would be eventually overlooked with a purely 
hypothesis-driven approach. Data-driven meth-
ods, such as independent component analysis 
(ICA, e.g., McKeown et  al. 1998a, 1998b; 
Formisano et al. 2002), do not require a specifica-
tion of expected, stimulus-related responses since 
they are able to extract interesting information 

Revealing Brain Activity and White Matter Structure Using Functional and Diffusion-Weighted Magnetic…



70

automatically (“blindly”) from the data. It is, 
thus, not necessary to specify an explicit statisti-
cal model (design matrix). This is particularly 
interesting with respect to paradigms for which 
the exact specification of event onsets is difficult 
or impossible. Spatial ICA of fMRI data has been 
successfully applied in many tasks including the 
automatic detection of active networks during 
perceptual switches of ambiguous stimuli 
(Castelo-Branco et  al. 2002) and the automatic 
detection of spontaneous hallucinatory episodes 
in schizophrenic patients (van de Ven et al. 2005). 
Data-driven methods are exploratory in nature, 
and should not be viewed as replacements, but as 
complementary tools for hypothesis-driven meth-
ods: If interesting, unexpected events have been 
discovered with a data-driven method, one should 
test these observations in succeeding studies with 
a hypothesis-driven standard statistical analysis. 
More generally, ICA has become an important 
method to reveal functionally connected net-
works, especially in the context of resting-state 
fMRI (see below). Furthermore ICA is often used 
to denoise fMRI data by removing artifacts (e.g., 
Murphy et al. 2013).

3.6.5  Multivariate Analysis 
of Distributed Activity Patterns

Multi-voxel pattern analysis (MVPA) has been 
established in the neuroimaging community as an 
important analysis tool because it allows to detect 
differences between conditions with higher sen-
sitivity than conventional univariate analysis by 
focusing on the analysis and comparison of dis-
tributed patterns of activity (Haxby et al. 2001). 
In such a multivariate approach, data from 
 individual voxels within a region are jointly ana-
lyzed. Furthermore, MVPA is often presented in 
the context of “brain reading” applications 
reporting that specific mental states or represen-
tational content can be decoded from fMRI activ-
ity patterns after performing a “training” or 
“learning” phase. In this context, MVPA tools are 
often referred to as classifiers or, more generally, 
learning machines. The latter names stress that 
many MVPA tools originate from a field called 
machine learning, a branch of artificial intelli-
gence. In fMRI research, the support vector 

machine (SVM, Vapnik 1995) has become a par-
ticular popular machine learning classifier, which 
is used both for analyzing patterns in ROIs and 
for discriminating patterns that are potentially 
spread out across the whole brain.

Another popular MVPA approach is the 
“searchlight” method (Kriegeskorte et al. 2006). 
In this approach, each voxel is visited, as in a 
standard univariate analysis, but instead of using 
only data of the visited voxel for analysis, several 
voxels in the neighborhood are included forming 
a set of features for joined multivariate analysis. 
The neighborhood is usually defined roughly as a 
sphere; that is, voxels within a certain (Euclidean) 
distance from the visited voxel are included. The 
result of the multivariate analysis is then stored at 
the visited voxel (e.g., a t value resulting from a 
multivariate statistical comparison or an accu-
racy value from a support vector machine classi-
fier). By visiting all voxels and analyzing their 
respective (partially overlapping) neighborhoods, 
one obtains a whole-brain map in the same way 
as when running univariate statistics.

Representational similarity analysis (RSA) is 
another important multivariate pattern analysis 
approach used to analyze the pattern similarity 
between fMRI responses evoked by trials from 
different experimental conditions (Kriegeskorte 
et al. 2008). For the responses from a region of 
interest a representational distance (or dissimilar-
ity) matrix (RDM) is computed containing dis-
tance measures (usually “1—correlation”) 
between pairs of distributed activity patterns. The 
calculated dissimilarity matrix can itself be com-
pared to RDMs from other regions producing 
second-level RDMs that characterize the specific 
representational structure of a brain region by 
revealing what distinctions between conditions 
are emphasized and what distinctions are de- 
emphasized in a specific ROI. In a visual study, 
for example, the similarity structure in V1 will be 
based on the topographic overlap of presented 
stimuli while in higher level visual cortex the 
similarity structure will represent more categori-
cal and semantic information (Khaligh-Razavi 
and Kriegeskorte 2014). Since the comparison of 
first-level RDMs does not require correspon-
dence at the level of measurement channels 
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(voxels, electrode recordings, units in computa-
tional models), RSA circumvents the correspon-
dence problem enabling comparison of data 
across subjects, measurement modalities, as well 
as representations in brains and models.

3.6.6  Real-Time Analysis of fMRI Data
The described steps and techniques to analyze 
functional MRI data are very computation inten-
sive and are, thus, performed in most cases hours 
or days after data acquisition has been completed. 
There are many scenarios that would benefit 
greatly from a real-time analysis of fMRI data, 
especially when studying single subjects as in 
presurgical mapping. Using appropriately modi-
fied analysis tools and state-of-the-art computer 
hardware, it is nowadays possible to perform 
real-time fMRI analysis during an ongoing 
experiment, including 3D motion correction and 
incremental GLM statistics of whole-brain 
recordings (Goebel 2012; Weiskopf 2012). It is 
even possible to run multivariate data-driven 
tools in real time, including ICA (Esposito et al. 
2003) and multi-voxel pattern analyses (LaConte 
et al. 2007; Sorger et al. 2010). One obvious ben-
efit of real-time fMRI analysis is quality assur-
ance. If, for example, one observes during an 
ongoing measurement that a patient moves too 
much, or that the (absence of) activity patterns 
indicates that the task was not correctly under-
stood, the running measurement may be stopped 
and repeated after giving the subject further 
instructions. If the ongoing statistical analysis on 
the other hand indicates that expected effects 
have reached a desired significance level earlier 
than expected, one could save scanning time by 
stopping the measurement ahead of schedule. 
Real-time fMRI also offers the possibility to plan 
optimal slice positioning for subsequent runs 
based on the results obtained of an initial run. 
Based on the results of a first run, it would be, for 
example, possible to position a small slab of 
slices at an identified functional region for subse-
quent high-resolution spatial and/or temporal 
scanning. More advanced applications of real- 
time fMRI include neurofeedback (Weiskopf 
et  al. 2003; Goebel 2021) and communication 
BCIs (Sorger et  al. 2012). In fMRI neurofeed-

back studies, subjects learn to voluntarily control 
the level of activity in circumscribed brain areas 
by engaging in mental tasks such as inner speech, 
visual or auditory imagery, spatial navigation, 
mental calculation, or recalling (emotional) 
memories. In recent years, fMRI neurofeedback 
has been successfully employed as a therapeutic 
tool for various psychiatric and neurological dis-
eases (e.g., Linden et al. 2012; Subramanian et al. 
2011; Mehler et al. 2018).

4  Functional Connectivity 
and Resting-State Networks

The last two sections of this chapter provide a 
brief overview of the basic aspects of the impor-
tant topic of connectivity. Generally, three types 
of brain connectivity are distinguished in brain 
research (Sporns 2010). Structural connectivity 
(or anatomical connectivity) refers to the physi-
cal presence of an axonal projection from one 
brain area to another. This type of connectivity 
and how diffusion MRI and computational trac-
tography can be used to identify large axon bun-
dles in the human brain are described in Sect. 5. 
Functional connectivity refers to the correlation 
structure in the data that can be used to reveal 
functional coupling between specific brain 
regions and to reveal functional networks. 
Finally, effective connectivity refers to models 
that go beyond correlation (or more generally sta-
tistical dependency) to more advanced measures 
of directed influence and causality within net-
works (Friston, 1994).

4.1  Functional and Effective 
Connectivity

Functional and effective connectivity methods 
aim to reveal the functional integration of brain 
areas, whereas the classical voxel-wise statistical 
approach (Sect. 3) is suited to reveal the func-
tional segregation (functional specialization) of 
brain regions. Besides data-driven methods such 
as independent component analysis (ICA), many 
approaches have been used to model the 
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interaction between spatially remote brain 
regions more explicitly. In the simplest case, the 
time courses from two regions are correlated 
resulting in a measure (e.g., linear correlation 
coefficient) of functional connectivity. Functional 
connectivity can be calculated separately for dif-
ferent experimental conditions, which allows to 
assess whether two brain areas change their func-
tional coupling in different cognitive contexts 
(Büchel et  al. 1999). In conditions of attention, 
for example, two remote areas might work more 
closely with each other than in conditions of no 
attention.

Models of effective connectivity go beyond 
simple pair-wise correlation analysis and assess 
the validity of models containing directed inter-
actions between brain areas. These directed 
effective connections are often symbolized by 
arrows connecting boxes each representing a dif-
ferent brain area. Structural equation models 
(SEM, e.g., McIntosh and Gonzalez-Lima 1994) 
and the more elaborate dynamic causal modeling 
(DCM, e.g., Penny et al. 2004) can be used to test 
effective connectivity models. An interesting 
data-driven approach to effective connectivity 
modeling is provided by methods based on the 
concept of Granger causality. This approach 
does not require specification of connectivity 
models but enables to automatically detect effec-
tive connections from the data by mapping 
Granger causality for any selected reference 
voxel or region of interest (Goebel et  al. 2003; 
Roebroeck et al. 2005; Roebroeck et al. 2011).

4.2  Resting-State Networks

Functional connectivity studies have gained 
increased interest where the subject is in a relaxed 
resting state, i.e., in the absence of experimental 
tasks and behavioral responses. These resting- 
state fMRI (RS-fMRI) studies allow measuring 
the amount of spontaneous BOLD signal syn-
chronization within and between multiple regions 
across the entire brain (Biswal et al. 1995). The 
measured RS-fMRI activity is characterized by 
low-frequency (0.01–0.1 Hz) BOLD signal fluc-
tuations, which are topologically organized as 

multiple spatially distributed functional connec-
tivity networks called resting-state networks 
(RSNs) (e.g., van de Ven et  al. 2004; De Luca 
et al. 2006). Spatial ICA (see Sect. 3.6.4) at the 
individual and group level is commonly applied 
in resting-state fMRI. ICA provides a set of spa-
tial maps and corresponding time courses. The 
selection of components corresponding to RSNs 
is not trivial and is usually performed by visual 
inspection or correlation with a predefined RSN 
template. This procedure reveals RSNs that are 
consistently found in individuals including the 
default-mode network (often separated in an 
anterior and posterior sub-network), a visual and 
a auditory network, a sensorimotor network, and 
two (lateralized) dorsolateral frontoparietal net-
works (Fig. 23; for further details, see, e.g., Allen 
et al. 2011). The extracted independent compo-
nents are usually scaled to spatial z-scores (i.e., 
the number of standard deviations of their whole- 
brain spatial distribution). These values express 
the relative amount a given voxel is modulated by 
the activation of the component (McKeown et al. 
1998b) and hence reflect the amplitude of the 
correlated fluctuations within the corresponding 
functional connectivity network.

An alternative (less objective, historically 
first) approach to retrieve RSNs is to calculate 
whole-brain correlations from seed regions that 
correspond to core locations of RSNs. In this 
approach the DMN, for example, can be retrieved 
by selecting a region in the posterior cingulate 
cortex as the seed region and then correlating 
each brain voxel’s time course with the reference 
time course from the seed region; the RSN is then 
determined as the subset of voxels with highest 
correlation values with the seed region, eventu-
ally inside a provided RSN-specific mask. For 
both the seed-based correlation and ICA approach 
it is recommended to identify and possibly 
remove BOLD artifacts due to residual motion, 
cardiac pulsation, and respiratory cycle using 
ICA denoising (Birn et  al. 2008; Murphy et  al. 
2013) as well as explicit physiological noise cor-
rection methods such as RETROICOR (Glover 
et al. 2000).

In contrast to early resting-state fMRI analysis 
approaches that are based on the assumption of 

R. Goebel



73

stationarity, dynamic functional connectivity 
(dFC) addresses the temporal component of 
spontaneous BOLD signals. The technique can 
be implemented using, for example, a sliding 
window correlations approach (Hindriks et  al. 
2016). Dynamic FC analysis has the potential to 
clarify the changes in patterns of neural activity 
over time and may be a more appropriate choice 
for the analysis of RS-fMRI studies. For further 
details about the analysis and application of 
resting- state networks, see chapter “Presurgical 
Resting-State fMRI.”

The obtained functional networks during rest 
conditions demonstrate that the brain is never “at 
rest” and the description of RSNs is, thus, a use-
ful approach to explore the brain’s functional 
organization in healthy individuals as well as to 
examine if it is altered in neurological or psychi-

atric diseases. Furthermore, it has been possible 
to relate RSNs to externally modifiable factors, 
such as different pharmacological treatments or 
psychological experiences (Khalili-Mahani et al. 
2012; Esposito et  al. 2014). The default mode 
network (DMN) has gained particular attention; 
the term “default mode” has been introduced by 
Raichle et  al. (2001) to describe resting-state 
brain function. The DMN is a network of brain 
regions that include part of the medial temporal 
lobe (presumed memory functions), part of the 
medial prefrontal cortex (presumed theory of 
mind functions), posterior cingulate cortex along 
with the adjacent ventral precuneus, and medial, 
lateral, and inferior parietal cortex. The DMN is 
active when the individual is not focused on the 
outside world and the brain is at wakeful rest 
corresponding likely to task-independent 

Fig. 23 A subset of major resting-state networks (RSNs) 
obtained by ICA analysis of the resting-state fMRI data of 
a group of healthy individuals (n = 8); the default mode 

network (DMN) is split into an anterior and posterior part 
(upper row)
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introspection, mind-wandering, and self-referen-
tial thought. During goal-oriented activity, the 
DMN is deactivated and other regions are active 
that are sometimes described as the task-positive 
network (TPN). The DMN has been hypothe-
sized to be relevant to disorders including 
Alzheimer’s disease, autism, and schizophrenia 
(Buckner et al. 2008).

5  Diffusion-Weighted MRI 
and Tractography

In recent years, MRI has not only revolutionized 
functional brain imaging targeting grey matter 
neuronal activity but also enabled insights into 
human white matter structure using diffusion- 
weighted magnetic resonance imaging (DW-MRI, 
dMRI, or DWI). Pulse sequences for dMRI mea-
sure the diffusion of water molecules in each 
voxel providing information about the fibers in 
that voxel that can be used to assess the “intact-
ness” of white matter structure. Furthermore, dif-
fusion measurements may serve as the basis for 
computational tractography since the diffusion 
process is hindered by the boundaries of the 
fibers forcing the majority of water molecules to 
diffuse along these fibers.

A diffusion-weighted MR measurement con-
sists of several volumes each measuring the 
reduction of the signal resulting from diffusion 
along a specific axis in space that is selected by 
setting the x, y, and z gradients of the scanner 
accordingly using a pulsed gradient spin echo 
sequence (PGSE) developed by Stejskal and 
Tanner (1965).

5.1  Diffusion Tensor Imaging

It has been proposed to model the diffusion mea-
sured in a voxel as a 3D Gaussian probability 
function from which a diffusion tensor (3 × 3 
matrix) can be calculated (Basser et  al. 1994), 
which has led to the name diffusion tensor imag-
ing (DTI) for the most widely used diffusion- 
weighted MRI acquisition and modeling 
approach. While there are more advanced bio-

physical multi-compartment models to analyze 
diffusion-weighted data (e.g., Panagiotaki et  al. 
2012; Jelescu and Budde 2017), this section 
focuses on the DTI model. To construct the diffu-
sion tensor a minimum of six diffusion-weighted 
volumes and a non-diffusion-weighted image 
need to be measured. From the diffusion tensor, 
the principal diffusion directions (three eigenvec-
tors of the tensor) and associated diffusion coef-
ficients (three eigenvalues λ1, λ2, λ3) can be 
derived. Note that although eigenvectors mathe-
matically represent directions, DTI cannot distin-
guish opposing directions from each other; that 
is, the resulting values estimate diffusion along 
opposing directions, i.e., along principal axes of 
diffusion. The eigenvectors and eigenvalues can 
be visualized as an ellipsoid. If water molecules 
diffuse without restrictions in all directions, the 
resulting “ellipsoid” will have the shape of a 
sphere; that is, all three axes (eigenvectors) have 
the same length (λ1 = λ2 = λ3) and there is no pre-
ferred axis of diffusion. This situation is described 
as isotropic diffusion. In case that water mole-
cules diffuse with low restrictions along one axis 
but diffusion is hindered in other directions, a 
strongly elongated (cigar shaped) ellipsoid will 
be obtained (λ1 ≫ λ2 ≈ λ3). This case of restricted 
diffusion occurs within and around white matter 
fibers and is described as anisotropic diffusion. In 
this case, the main (longest) axis of the resulting 
ellipsoid will likely coincide with the main orien-
tation of fiber bundles running through the mea-
sured voxel. This is the principal assumption of 
DTI. Note, however, that the tensors estimated in 
each voxel do not provide fibers but only local 
discrete measurements; that is, putative fibers 
need to be reconstructed using computational 
tractography; that is, orientation of estimated 
tensors needs to be “concatenated” across neigh-
boring voxels. Since results of specific tractogra-
phy procedures are dependent on many factors 
(see below), visualized fibers need to be inter-
preted with care.

Several interesting quantities can be derived 
from the diffusion tensor in each voxel. The mean 
diffusivity quantifies the overall movement of 
water molecules in a voxel, which depends on tis-
sue type (e.g., CSF vs. white matter) and presence 
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of diffusion restrictions (e.g., axons). Figure 24b 
shows that the mean diffusivity is high in the ven-
tricles (yellow color) while it is low in white and 
grey matter (orange color). The most commonly 
derived scalar quantity is fractional anisotropy 
(FA) that characterizes the overall shape of the 
diffusion; that is, it quantifies the fraction of the 
diffusion tensor that can be ascribed to anisotro-
pic diffusion:
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The FA value varies between 0 (isotropic dif-
fusion, shape of a sphere) and 1 (maximal anisot-
ropy, shape of a line). Figure  24c shows that 
fractional anisotropy is high (yellow color) in 
white matter (e.g., in the corpus callosum) but 
low (orange color) in grey matter and ventricles. 
The FA value disregards the specific diffusion 
axis. A value of 0 indicates no preferred diffusion 

axis (sphere) while a value of 1 indicates diffu-
sion precisely along a single axis. Since white 
matter contains parallel fibers within larger tracts, 
it contains usually high FA values (>0.3) whereas 
FA values are low (0.0–0.2) in grey matter. The 
FA quantity has gained increasing interest in 
recent years since it has been shown that FA val-
ues in specific tracts can be related to specific 
diseases; furthermore, FA values correlate with 
cognitive performance measures such as reading 
capability (see Sect. 5.3).

5.1.1  Tractography: From Tensors 
to Fiber Bundles

Based on the preferred orientation of the tensors 
in neighboring voxels, computational tractogra-
phy or fiber tracking procedures aim to recon-
struct the trajectory of fibers in white matter by 
“concatenating” neighboring tensors. Fiber 
tracking is usually launched (seeded) in all vox-
els (even in sub-voxel coordinate grids) except 
those with low FA values since they do not reflect 

a b

c

Fig. 24 Important voxel-wise measures that can be 
extracted from diffusion-weighted MRI scans. (a) 
Anatomical scan shown as reference. (b) Mean diffusivity 
map coregistered with anatomy shown in (a); note that 
diffusivity is high in CSF (ventricles, yellow color) but 
low in grey matter and white matter fiber bundles such as 

the corpus callosum (orange color). (c) Fractional anisot-
ropy (FA) map coregistered with anatomy shown in (a); 
note that FA is low (orange color) in the presence of low 
diffusion restrictions (ventricles) but high in white matter 
fiber bundles such as the corpus callosum containing 
coherently oriented fibers within voxels
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strong directionality. The tracking process then 
generates a large amount of short and long recon-
structed (“software”) fibers. Specific fiber tracts 
are extracted from the dense fiber field by using 
regional constraints (e.g., Catani and Thiebaut de 
Schotten 2008); that is, fibers belonging to a spe-
cific tract are included if they pass through one or 
more specified volumes of interest (VOIs). Since 
the main axis of the tensor indicates an oriented 
axis and not a direction, fiber tracking is per-
formed in two opposing directions. After both 
“half-fibers” have been reconstructed, they are 
finally integrated into a single fiber. In order to 
reconstruct a (half-) fiber, a small (sub-voxel) 
step is performed in one of the two directions 
provided by the main (longest) axis of the ellip-
soid at a seed position. At the reached position, 
the direction for the next small step will be calcu-
lated using the tensor orientation and the direc-
tion of the previous step. Since the reached 
position usually does not correspond to integral 
coordinates (i.e., it falls between voxels), the cal-

culation of the next direction is based on the ten-
sors surrounding the current 3D position; in this 
interpolation process, tensors influence the calcu-
lation with respect to the distance of the corre-
sponding voxels to the current position. After 
updating the direction, the next step is performed. 
Again a new direction is calculated at the new 
position for the next step and so on producing a 
connected trajectory of short line segments. This 
process continues until certain stop criteria are 
reached such as when an FA value is encountered 
that falls below a specified threshold or in case 
that the reconstructed fiber leaves white matter. 
In order to create smooth reconstructed fibers 
(Fig. 25), the chosen step size needs to be smaller 
than the distance of the voxels.

5.2  Validation and Improvements

While tractography usually creates interesting 
results, it is important to realize that visualized 

Fig. 25 A subset of major fiber tracts revealed by compu-
tational tractography from the diffusion-weighted MRI 
data of a healthy individual. CST corticospinal tract, IFOF 

inferior fronto-occipital fasciculus, ILF inferior longitudi-
nal fasciculus
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fibers are reconstructed from diffusion estimates 
that are measured at discrete 3D positions (vox-
els) and, thus, may not necessarily reflect true 
fiber tracts in the brain. A central concern in cur-
rent tractography research concerns the question 
how much one can trust the beautiful pictures 
generated by fiber tracking procedures. The 
answer depends on many factors including the 
quality of the diffusion-weighted measurement 
which is influenced by scanner parameters (e.g., 
signal-to-noise ratio) as well as by parameters of 
the participant such as head motion and physio-
logical noise. The most important limiting factor 
is related to the voxel size used for in vivo studies 
that is a few orders of magnitudes larger than the 
small scale at which the diffusion of water mole-
cules happens. With a typical spatial resolution of 
about 2 mm only the average diffusion of water 
molecules in a large cube (voxel) is captured, 
which does not allow to resolve fine-grained 
white matter fiber bundles or fiber bundles in 
grey matter. The resolution issue relates also to 
the “kissing or crossing” problem; that is, it often 
cannot be decided in a large voxel whether two 
(or more) incoming fiber bundles cross in that 
voxel or whether they merely touch each other 
and part by changing direction.

Despite its usefulness in many applications, 
the diffusion tensor model has the drawback of 
being a unidirectional model. Its orientation esti-
mation works very well in areas characterized by 
prominent fiber pathways following one direc-
tion, giving rise to a unimodal water diffusivity 
profile. When, however, several different 
 diffusion directions are present in one voxel, the 
estimated diffusion tensor contains directionality 
information which has high uncertainty at best 
(low precision) or is even biased to a wrong aver-
age orientation. In order to obtain more valid 
results from diffusion-weighted measurements, 
several advanced measurement schemes and 
analysis methods have been proposed. The most 
complete approach to estimate the full fiber ori-
entation density function is diffusion spectrum 
imaging (DSI) that requires, however, very long 
measurement times (Wedeen et  al. 2005). 
Somewhat less time-consuming advanced 
approaches are q-ball imaging (Tuch 2004) and 

spherical deconvolution (Tournier et  al. 2004). 
These modeling approaches go beyond the sim-
ple tensor model and fit more complex models to 
the measured diffusion data that do no longer 
assume a single major diffusion axis but explic-
itly allow multiple (crossing) fibers in a voxel. In 
order to provide sufficient constraints for these 
more complex models, many more diffusion 
directions (e.g., 100) need to be measured as for 
conventional DTI scans that require only 6 diffu-
sion directions. Because of the high number of 
direction measurements, these approaches are 
also called “HARDI” (high-angular-resolution 
diffusion imaging) methods. Since HARDI mea-
surements (Tuch 2002) need much longer scan-
ning time than DTI measurements, they are not 
common in clinical MRI measurements. Even 
with more advanced measurement and analysis 
approaches, reconstructed fiber tracts may vary 
substantially depending on the used tractography 
algorithm (Bastiani et al. 2012). To validate fiber 
tracking algorithms, it is important to have 
ground-truth data, i.e., knowledge about the true 
trajectory of fiber bundles. One way to perform 
ground-truth validation is to use “DTI phantoms” 
that contain known, artificially created, fibers, 
including challenging cases with crossing and 
kissing fibers (Pullens et  al. 2010). Another 
important validation approach uses postmortem 
brain tissue that is analyzed both with dMRI and 
with tracers that are released in specific brain 
areas. Since these tracers traverse backwards 
along axons through other regions, they reveal 
true region-to-region connectivity that can be 
used as ground-truth data for DWI-based connec-
tivity analyses of the same tissue (e.g., Seehaus 
et al. 2013).

5.3  Applications

In recent years, diffusion MRI has led to several 
interesting applications. Especially the fractional 
anisotropy measure has become an important 
biomarker of white matter integrity serving as a 
local index to diagnose neurological or psychiat-
ric diseases or to predict (lack of) cognitive per-
formance. It has been, for example, shown that 
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FA values extracted from dMRI measurements 
from good and poor readers differ, and the size of 
the difference is largest within a region within the 
left hemisphere temporoparietal white matter 
(Klingberg et al. 2000; Deutsch et al. 2005). FA 
values could also be related to the level of cre-
ativity in several brain areas including prefrontal 
cortex, basal ganglia, and at the border of the 
temporal and parietal lobe (Takeuchi et al. 2010). 
Note, however, that FA values are not fixed 
(“hardwired”) properties of white matter but can 
change depending on the usage of the underlying 
fibers. It has been, for example, shown that FA 
values in white matter in regions of the posterior 
parietal cortex (containing fibers that presumably 
mediate visuospatial transformation) signifi-
cantly increase when subjects train on an inten-
sive visual motor coordination task such as 
learning to juggle (Scholz et al. 2009). It has also 
been discovered that FA values reflect the devel-
opment of cognitive abilities including system-
atic increases in the corpus callosum and 
prefrontal cortex during childhood (Barnea- 
Goraly et al. 2005); the changes observed in pre-
frontal cortical areas are discussed as related to 
the development of working memory, attention, 
and behavioral control. FA measures are also 
increasingly used for early diagnosis of stroke 
since reduced diffusion in affected brain regions 
is often detected already minutes after the stroke. 
It is important to note that FA measurements are 
quantitative values (as opposed to fMRI mea-
surements) that can be compared across people, 
labs, and scanners.

While computational tractography produces 
less objective results than FA estimates, recon-
structed white matter fiber tracts are especially 
important to guide neurosurgical procedures 
potentially reducing the risk of lesioning impor-
tant fiber tracts, e.g., related to language func-
tions. For this and similar purposes, several tools 
(e.g., Yeatman et al. 2012) are now available that 
allow extracting major long-range fiber tracts 
from dMRI data, including commissural tracts 
(e.g., corpus callosum) connecting both cortical 
hemispheres, association tracts (e.g., arcuate fas-
ciculus) connecting regions within the same 
hemisphere, and projection tracts (e.g., cortico-

spinal tract) connecting cortical regions to sub-
cortical areas, the cerebellum and spinal cord. 
Figure 25 shows selected major fiber tracts that 
have been reconstructed from the dMRI data of a 
healthy individual; further details about the 
depicted (as well as other) fiber tracts are 
described, e.g., by Catani and Thiebaut de 
Schotten (2008) and Yeatman et  al. (2012). For 
more details about the analysis and application of 
diffusion-weighted MRI see chapter “Diffusion 
Imaging with MR Tractography for Brain Tumor 
Surgery.”

5.3.1  The Human Connectome
An important aim of recent brain research is to 
understand how brain areas communicate with 
each other. This aim is pursued by investigating 
anatomical connectivity with dMRI to recon-
struct in vivo the macroscale human connectome 
(Sporns et al. 2005), which is the map of all the 
structural connections in the human brain. This 
is complemented by functional and effective 
connectivity studies using fMRI (see Sect. 4.1) 
and other modalities such as EEG and MEG. In 
integrative multimodal modeling approaches, 
the anatomical connectome may serve as an 
important structural constraint for functional 
connectivity models since only brain areas that 
are connected via fiber bundles may communi-
cate directly with each other. Diffusion MRI 
may even help to estimate the strength of con-
nectivity between brain areas. The Human 
Connectome Project (HCP, see http://www.neu-
roscienceblueprint.nih.gov/connectome/) has 
made substantial progress in deriving a complete 
map of all major macroscale connections 
between brain areas by measuring dMRI as well 
as functional connectivity and genetic data in 
more than 1000 individuals (twin pairs and their 
siblings from 300 families). Besides deriving a 
connectivity map—the human connectome—the 
measured data of structural and functional con-
nectivity has been shared to stimulate research in 
the field of human connectomics. Furthermore, 
the HCP provided the basis for a number of 
large-scale follow-up projects using its paradigm 
to study the brain in health and disease. The 
HCP Lifespan Projects, for example, focus on 
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the healthy brain across the human life span. 
Very early stages of development are being cov-
ered by the Lifespan Baby Connectome project 
and by the Developing Human Connectome 
Project that studies prenatal and neonatal brain 
development. The HCP also stimulated more 
than ten projects focusing on brain disorders 
operating under the general umbrella of the 
Connectomes Related to Human Disease effort. 
These connectome projects will unravel new 
insights into disease-related brain connectivity 
abnormalities contributing to a better under-
standing, diagnosis, and ultimately treatment of 
psychiatric, neurological, and neurodegenerative 
disorders.
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Abstract

We present the surface anatomy of the brain 
describing in detail the typical configuration 
of the sulci and gyri and their most frequent 
variations. After describing the borders of the 
lobes, we give guidance on the methods of 
localizing functionally important atomic 
structures such as the pericentral cortex, 
Heschl’s gyrus, and calcarine sulcus.
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On the basis of the surface anatomy and the 
cytoarchitectonic subdivision of the cortex, 
we describe the function of selected areas 
related to the motor system and to speech.

1  Introduction

Modern neurophysiology and fMRI have refined 
our concepts of cerebral organization. This sec-
tion presents the surface anatomy of the brain and 
begins to address the functional interrelation-
ships among the cortical areas.

2  Surface Anatomy

2.1  Convexity Surface

2.1.1  Sylvian Fissure
The convexity face of the sylvian fissure displays 
five major arms (rami) that help to define the sur-
face anatomy of the convexity (Fig. 1). The long 
nearly horizontal portion of the sylvian fissure is 
the posterior horizontal ramus. At its anterior 
end, the anterior horizontal ramus and the ante-
rior ascending ramus arise together in a “V” or 
“Y” configuration. At its posterior end, the prom-
inent posterior ascending ramus and the small 
posterior descending ramus branch outward in a 
“T” or “fishtail” configuration. The anterior sub-
central sulcus and the posterior subcentral sulcus 
form two minor arms that extend superiorly into 
the frontoparietal operculum to delimit the sub-
central gyrus. One or multiple transverse tempo-
ral sulci extend inferiorly into the temporal lobe 
in relation to the transverse temporal gyrus of 
Heschl.

2.1.2  Frontal Lobe
The convexity surface of the frontal lobe is 
formed by four gyri and three sulci (Fig. 2). The 
superior frontal gyrus (SFG) is a horizontally ori-
ented, roughly rectangular bar of tissue that 

a

b

Fig. 1 (a, b) Surface anatomy of the convexity. (a) 
Sylvian fissure (dark area). The margins of the frontal, 
parietal, and temporal opercula are defined by the config-
uration of the sylvian fissure (S), its five major rami (the 
anterior horizontal ramus (AH), anterior ascending ramus 
(AA), posterior horizontal ramus (PHR), posterior ascend-
ing ramus (PA), and posterior descending ramus (PD)), 
and its minor arms, the anterior subcentral sulcus (single 
arrowhead), posterior subcentral sulcus (double arrow-
heads), and transverse temporal sulci (triple arrowheads). 
(b) Cerebral convexity. The configuration of the sylvian 
fissure then permits identification of the adjoining gyri 
and sulci. GYRI: 1 superior frontal gyrus (SFG), 2 middle 
frontal gyrus (MFG), 3 inferior frontal gyrus (or, pars 
orbitalis; tr, pars triangularis; op, pars opercularis), 4 pre-
central gyrus (pre-CG), 5 postcentral gyrus (post-CG), 6 
supramarginal gyrus (SMG), 7 angular gyrus (AG), 8 
superior temporal gyrus (STG), 9 middle temporal gyrus 
(MTG), 10 superior parietal lobule (SPL), 11 subcentral 
gyrus, 12 temporo-occipital arcus, 13 inferior temporal 
gyrus: * union of the MFG (2) with the pre-CG (4). 
SULCI; a superior frontal sulcus (SFS), b inferior frontal 
sulcus (IFS), c precentral sulcus (pre-CS), d central sulcus 
(CS), e postcentral sulcus (post-CS), f superior temporal 
sulcus (STS), g intraparietal sulcus (IPS), h primary inter-
mediate sulcus, j secondary intermediate sulcus, k acces-
sory intermediate sulcus (not shown in this image), S 
sylvian fissure, single black arrowhead anterior subcen-
tral sulcus, double black arrowheads posterior subcentral 
sulcus, triple black arrowheads transverse temporal sulci. 
Note specifically how the anterior horizontal and anterior 
ascending rami of the sylvian fissure divide the inferior 
frontal gyrus into the three parts orbitalis (or), triangularis 
(tr), and opercularis (op). The lateral orbital sulcus (l) 
separates the pars orbitalis from the lateral orbital gyrus. 
(From Naidich et al. (1995); with permission)
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forms the uppermost margin of the frontal lobe. 
The middle frontal gyrus (MFG) is a horizontally 
oriented, undulant length of tissue that zigzags 
posteriorly to merge with the anterior face of the 
precentral gyrus. The inferior frontal gyrus (IFG) 
is a triangular gyrus that nestles inferiorly against 
the anteriormost portion of the sylvian fissure. 
The precentral gyrus (pre-CG) is a nearly vertical 
gyrus that forms the posterior border of the fron-

tal lobe, behind the SFG, MFG, and IFG.  The 
superior frontal sulcus (SFS) separates the SFG 
from the MFG.  At its posterior end, the SFS 
bifurcates to form the superior precentral sulcus. 
The inferior frontal sulcus (IFS) separates the 
MFG from the IFG. At its posterior end, the IFS 
bifurcates to form the inferior precentral sulcus. 
Together, the superior and inferior portions of the 
pre-CS delimit the anterior face of the precentral 

a

c

b

Fig. 2 (a–c) Normal cerebral convexity. (a) Anatomic 
specimen full surface. (b) Magnified view of the low- 
middle convexity. (c) Magnified oblique view of the pari-
etal lobe. The surface vessels and the pia-arachnoid have 
been removed to expose the gyri and sulci more clearly 
(labels as in Fig. 1). In (a), the single large white arrow-
head = preoccipital notch. In (b), the portions of the syl-
vian fissure (S) are indicated: first white S  =  vallecula 
leading to the anterior horizontal ramus (single white 
arrow) and the anterior ascending ramus (double white 
arrow); second white S = posterior horizontal ramus; third 
white S  =  posterior ascending ramus; short black 
arrow = posterior descending ramus of the sylvian fissure. 
In (c), the anterior border of the occipital lobe extends 

from the lateral end of the parieto-occipital sulcus (large 
white arrow) above to the preoccipital notch (large white 
arrowhead) below. The intraparietal sulcus (multiple 
large black arrows) crosses the theoretical lobar border to 
become the intraoccipital sulcus (multiple large white 
arrows). The inferior parietal lobule is composed of the 
SMG (6), the AG (7), and the temporo-occipital arcus 
(second pli de passage of Gratiolet) (12). The superior 
parietal lobule merges into the superior occipital gyrus 
across the parieto-occipital border through the parieto- 
occipital arcus (first pli de passage of Gratiolet) (14). ((a, 
b) From Naidich et  al. (1997); (c) from Naidich and 
Brightbill (1995); with permission)
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gyrus, except where the MFG merges with the 
pre-CG between the superior and inferior precen-
tral sulci.

The frontal gyri display characteristic config-
urations (Fig. 1) and variations (Albanese et al. 
1989; Naidich et al. 1995, 1997). The IFG has an 
overall triangular configuration (hence, its syn-
onym: triangular gyrus). The IFS courses above 
the IFG, bifurcates into the inferior pre-CS, and 
thereby separates the triangular IFG from the 
MFG above and from the pre-CG behind. The 
anterior horizontal and anterior ascending rami 
of the sylvian fissure extend upward into the tri-
angular IFG, partially subdividing it into three 
portions: the pars orbitalis, which abuts the 
orbital gyri of the frontal lobe; the pars triangu-
laris in the center; and the pars opercularis, 
which forms the anteriormost portion of the fron-
tal operculum. Together, the three parts of the 
IFG resemble an oblique letter “M” (Figs. 1, 2, 3, 
and 4). Because the anterior ascending ramus of 

the sylvian fissure cuts through the full thickness 
of the IFG to reach the insula, the cortex of the 
pars opercularis presents both a superficial cor-
tex visible on the surface and a deep cortex within 
the depths of the fissure (Naidich et al. 2001a).

a b

Fig. 3 (a, b) Normal variations in convexity anatomy. (a) 
Convexity surface of a prepared left hemisphere. (b) 
Sagittal section of a prepared left hemisphere. A vertically 
oriented connecting gyrus (short black arrow) crosses the 
inferior frontal sulcus (IFS) (b) to unite the pars triangula-
ris (tr) with the middle frontal gyrus (MFG) (2). A sulcus 
triangularis (between the t and the r) deeply notches the 
superior surface of the pars triangularis making it appear 
bifid. The precentral gyrus (4) and the postcentral gyrus 
(5) unite beneath the central sulcus to form the subcentral 
gyrus (11), which is delimited by a shallow anterior sub-
central sulcus (single black arrowhead) and a deep poste-
rior subcentral sulcus (double black arrowheads). The 
inferior portion of the postcentral sulcus (e) forms the 
initial upswing of the arcuate intraparietal sulcus (IPS) 
(g). The posterior ascending ramus of the sylvian fissure 

(S) indents the inferior parietal lobule (IPL) to form the 
supramarginal gyrus (SMG) (6). The superior temporal 
sulcus (STS) (ƒ) indents the posterior portion of the IPL to 
form the angular gyrus (AG) (7). The entire STS parallels 
the sylvian fissure, hence its synonym: parallel sulcus. 
The distal end of the STS within the AG may be desig-
nated the angular sulcus. In this specimen, an intercalated 
accessory preangular gyrus (A2) separates the SMG from 
the AG. Note the relationships of the IPS (g), the SMG 
(6), the AG (7), and the accessory preangular gyrus (A2) 
with the primary intermediate sulcus (h), the secondary 
intermediate sulcus (j), and the accessory intermediate 
sulcus (k). In (b), the sagittal section exposes the charac-
teristic appearance of the transverse temporal gyrus of 
Heschl (H) on the superior surface of the temporal lobe. 
(From Naidich et al. (1995); with permission)

Fig. 4 Sagittal T1-weighted MR imaging of the language- 
related areas of the normal cerebral convexity. 
T1-weighted image of a 78-year-old man. Labels as in 
Figs.  1 and 2. (From Naidich et  al. (1997); with 
permission)
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2.1.3  Temporal Lobe
The convexity surface of the temporal lobe is 
formed by three horizontal gyri: the superior 
temporal gyrus (STG), the middle temporal gyrus 
(MTG), and the inferior temporal gyrus (ITG), 
separated by the superior temporal sulcus (STS) 
and the inferior temporal sulcus (ITS) (Fig.  5). 
The superior and middle temporal gyri extend 

posteriorly and then swing upward to join with 
the parietal lobe. The inferior temporal gyrus 
forms the inferior edge of the convexity surface 
of temporal lobe and curves onto the inferior sur-
face of the temporal lobe. It is delimited 
 posteriorly by a small notch, the preoccipital 
notch (synonyms: temporo-occipital notch or 
incisura), which separates the inferior temporal 

Fig. 5 (a, b) The temporal lobe. Prepared anatomic spec-
imen of the right hemisphere from a 1-day-old girl. (a) 
Convexity (reversed to match the other lateral views). The 
simplified gyral and sulcal pattern reflects the young age. 
The inferior temporal gyrus (13) extends posteriorly to the 
preoccipital notch (large white arrowhead). An accessory 
preangular gyrus (A2) is situated superior to the SMG (6) 
and anterior to the AG (7). Labels as in Figs. 1 and 2. (b) 
Inferior surface. The brain stem and the inferior thalamus 
have been removed to reveal the medial surface more 
clearly. The inferior temporal gyrus (13) and the inferior 
occipital gyrus (19) form the inferior margin of the hemi-
sphere, separated by the preoccipital notch (large white 
arrowhead). The lateral occipitotemporal sulcus (o) delin-
eates their medial border and separates them from the lat-
eral occipitotemporal gyrus (LOTG) (20) further medially. 
The medial occipitotemporal sulcus (synonym: collateral 
sulcus) (c) delimits the medial border of the LOTG over 
its full length. Anteriorly, the collateral sulcus approxi-

mates the rhinal sulcus (r), and may run into it, or may 
parallel it. The parahippocampal gyrus (PHG) (21) forms 
the medial surface of the temporal lobe over its full length 
and extends posteriorly to become the isthmus (Is) of the 
cingulate gyrus inferior to the splenium (Sp). In the ante-
rior half of the temporal lobe, the collateral sulcus (c) 
separates the LOTG (20) from the PHG (21). In the poste-
rior half, the medial occipitotemporal gyrus (MOTG) (lin-
gual gyrus) (22) intercalates itself between the LOTG and 
the PHG. The collateral sulcus stays with the medial bor-
der of the LOTG, so the collateral sulcus (c) separates the 
LOTG (20) from the MOTG (22), while the anterior cal-
carine sulcus (acs) separates the MOTG (22) from the 
PHG (21). The anterior and posterior transverse collateral 
sulci (single and double black arrowheads) delimit a mid-
portion of the LOTG (20′) that has been designated by 
Duvernoy (1991) as the fusiform gyrus. (From Daniels 
et al. (1987); with permission)

a b
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gyrus anteriorly from the inferior occipital gyrus 
posteriorly. The STS courses parallel to the pos-
terior horizontal and the posterior ascending rami 
of the sylvian fissure (hence its synonym, parallel 
sulcus). The posterior portion of the STS is 
directed superiorly and is sometimes designated 
the angular sulcus. The ITS courses approxi-
mately parallel to the inferior margin of the con-
vexity and may become continuous posteriorly 
with the inferior occipital sulcus.

2.1.4  Parietal Lobe
The convexity surface of the parietal lobe is 
formed by three portions: the vertically oriented 
postcentral gyrus (post-CG) anteriorly, and the 
two superior parietal (SPL) and inferior parietal 
(IPL) lobules posteriorly (Figs.  1, 2, 3, and 4). 
The post-CG courses vertically just posterior and 
parallel to the pre-CG. The post-CG is separated 
from the pre-CG by the intervening central sulcus 
(CS) over most of its length. However, inferiorly, 
the post-CG merges with the pre-CG inferior to 
the CS along the subcentral gyrus (sub-CG) just 
above the sylvian fissure. Superiorly, the post-CG 
merges with the pre-CG superior to the CS along 
the paracentral lobule (para-CL) on the medial 
surface of the hemisphere. Thus, the precentral 
and postcentral gyri actually form a continuous 
band of tissue that circles around the central sul-
cus from the precentral gyrus through the sub-
central gyrus, into the postcentral gyrus and the 
paracentral lobule, returning into the precentral 
gyrus.

The posterior border of the post-CG is delim-
ited by the superior and inferior postcentral sulci. 
The superior post-CS separates the upper post-
 CG from the superior parietal lobule. The inferior 
post-CS separates the post-CG from the inferior 
parietal lobule. The inferior post-CS may be con-
sidered the upswing of a long, deep, arcuate 
intraparietal sulcus (IPS) that ascends behind the 
lower post-CG and then slashes posteriorly 
across the convexity surface of the parietal lobe, 
dividing it into the SPL situated superomedial to 
the IPS and the IPL situated inferolateral to the 

IPS. The posterior downswing of the arcuate IPS 
then crosses the theoretical border between the 
parietal and occipital lobes and continues into the 
occipital lobe, where it is designated the intraoc-
cipital sulcus (IOS) (synonym: superior occipital 
sulcus, SOS) (Figs.  1, 2, 3, and 4). Posteriorly, 
the SPL becomes continuous with the superior 
occipital gyrus (SOG) behind it through a narrow 
band of tissue designated the arcus parieto- 
occipitalis (first pli de passage of Gratiolet) 
(Fig. 2) (Duvernoy 1991).

Within the inferior parietal lobule, the poste-
rior ascending ramus of the sylvian fissure swings 
upward into the anterior portion of the IPL and is 
capped by a horseshoe-shaped gyrus designated 
the supramarginal gyrus (SMG). In parallel fash-
ion, the distal STS swings upward into the poste-
rior portion of the IPL where it is capped by a 
second horseshoe-shaped gyrus designated the 
angular gyrus (AG). The AG usually lies just pos-
terior to the SMG, but may be displaced from that 
position by variant accessory gyri (Figs. 1, 2, 3, 
and 4) (Naidich et al. 1995, 1997). Together the 
SMG and the AG constitute most of the IPL. An 
additional small horseshoe of tissue, designated 
the second parieto-occipital arcus (second pli de 
passage of Gratiolet), connects the AG with the 
middle OG posterior to it, completing the IPL 
(Fig. 2) (Duvernoy 1991). A small primary inter-
mediate sulcus descends from the IPS to separate 
the SMG from the AG. A small secondary inter-
mediate sulcus descends from the IPS to define 
the posterior border of the AG, separating the AG 
from the rest of the IPL posterior to it (Naidich 
et al. 2001a).

2.1.5  Occipital Lobe
The convexity surface of the occipital lobe has 
also been divided into three horizontal gyri: the 
superior occipital gyrus (SOG), the middle occip-
ital gyrus (MOG), and the inferior occipital gyrus 
(IOG). These are separated by the superior and 
inferior occipital sulci (SOS and inferior OS). 
The SOS (synonym: intraoccipital sulcus) is the 
direct continuation of the IPS (Figs. 1, 2, 3, and 
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4). The inferior OS is usually coextensive with 
the inferior temporal sulcus. Therefore, the MOG 
lies just posterior to the confluence of the tempo-
ral and parietal lobes at the SMG, the AG, the 
STG, and the MTG. The MOG is the largest por-
tion of the occipital lobe on the convexity. It is 
usually subdivided into a superior and an inferior 
portion by a horizontally oriented middle OS 
(synonym: lateral OS).

2.1.6  Insula
Separating the superior and inferior covers (oper-
cula) of the sylvian fissure discloses the Island of 
Reil (insula). The insula is delimited circumfer-
entially by the peri-insular sulcus (synonym: cir-
cular sulcus), composed of the anterior, superior, 
and inferior perisylvian sulci (Ture et al. 1999). 
The central sulcus of the convexity extends over 
the insula as the central sulcus of the insula, 
dividing the insula into a larger anterior and a 
smaller posterior lobule (Fig.  6) (Naidich et  al. 
2004; Nieuwenhuys et al. 1988; Ture et al. 1999). 
The anterior lobule typically has three vertically 
oriented short insular gyri designated the anterior 
short, middle short, and posterior short insular 
gyri. These three converge anteroinferolaterally 
to form the apex of the insula. The posterior lob-
ule of the insula typically displays two oblique 
gyri: the anterior and posterior long insular gyri. 
The anterior insula is connected exclusively to 
the frontal lobe, whereas the posterior insula is 
connected to both the temporal and the parietal 
lobes (Naidich et al. 2004; Ture et al. 1999).

2.2  Inferior Surface

2.2.1  The Frontal Lobe
The inferior (orbital) surface of the frontal lobe is 
formed by the gyrus rectus medially and four 
orbital gyri laterally, separated by the olfactory 
and orbital sulci. The gyrus rectus forms the 
medial margin of the orbital surface of frontal 
lobe for the full length of the frontal lobe. The 
lateral border of the gyrus rectus is delimited by 

the olfactory sulcus (Fig. 7). The orbital gyri are 
arranged around an “H-shaped” orbital sulcus as 
the medial orbital, lateral orbital, anterior orbital, 
and posterior orbital gyri.

2.2.2  The Temporo-Occipital Lobes
The inferior surface of the temporo-occipital lobe 
is formed by the inferior temporal gyrus, the 
 lateral occipitotemporal gyrus (LOTG), the 
medial occipitotemporal gyrus (MOTG) (syn-
onym: lingual gyrus), and the parahippocampal 
gyrus (PHG), separated by the lateral occipito-
temporal sulcus, the collateral sulcus, and the 
anterior calcarine sulcus (Fig.  5). Medially, the 
parahippocampal gyrus forms the medial border 
of the temporal lobe for the full length of the tem-
poral lobe, from just posterior to the temporal 
pole to the level of the splenium. Posterior to the 
splenium, the medial occipitotemporal gyrus 
forms the medial border of the occipital lobe. 
Laterally, along the full length of the temporo-
occipital lobes, the inferior temporal gyrus and 
the inferior occipital gyrus curve medially form 
the inferior cerebral margin, and pass onto the 
inferior surface, where they constitute the lateral-
most portion of the inferior surface of the tem-
poro-occipital lobes. Only the small preoccipital 
notch delimits the inferior temporal gyrus from 
the inferior occipital gyrus. Centrally, the LOTG 
runs the full length of the temporo-occipital lobes 
from the temporal pole to the occipital pole. 
Throughout its length, the LOTG remains just 
medial to the ITG and the IOG and is separated 
from them by the lateral occipitotemporal sulcus. 
Medially, the medial occipitotemporal sulcus 
(synonym: collateral sulcus) runs the full length 
of the LOTG (Fig. 5b). In the anterior half of the 
temporal lobe, the lateral occipitotemporal sulcus 
separates the LOTG from the parahippocampal 
gyrus. In the posterior half of the temporal lobe, 
the medial occipitotemporal gyrus intercalates 
itself between the LOTG and the parahippocam-
pal gyrus. Therefore, in the posterior half of the 
temporal lobe, the lateral occipitotemporal sulcus 
separates the LOTG from the MOTG, while the 
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anterior calcarine sulcus separates the MOTG 
from the PHG.

Two synonyms are commonly used for 
temporo- occipital gyri. The term lingual gyrus 
usually refers to the MOTG (Duvernoy 1991; 
Ono et al. 1990). The term fusiform gyrus is most 

often used to designate either the LOTG (Ono 
et al. 1990) or a large middle portion of the LOTG 
that crosses the arbitrary border of the temporal 
and the occipital lobes between the anterior and 
the posterior transverse collateral sulci (Duvernoy 
1991). However, in another usage, Williams et al. 

a b

c

Fig. 6 (a–c) Insula. (a) Prepared anatomic specimen of 
the convexity surface of the insula, after removal of the 
overhanging opercula. A 71-year-old man. The central 
sulcus (CS) extends across the triangular insula like a 
“hockey stick,” dividing it into a larger anterior lobule and 
a smaller posterior lobule. The anterior lobule typically 
displays three gyri, the anterior short (a), middle short 
(m), and posterior short (p) insular gyri, separated by the 
short insular sulcus (SIS) and the precentral sulcus (pre-
 CS). These three characteristically converge inferiorly to 
form the apex of the insula. The posterior insular lobule 
typically displays two gyri, the anterior long (A) and the 
posterior long (P) insular gyri, separated by the postcen-
tral sulcus (post-CS). These too often merge together, 
anteriorly, just behind the central sulcus. Just inferomedial 
to the apex, the pole of the insula (po) forms the most 
anteroinferomedial portion of the insula. The central sul-
cus courses under the apex and the pole and then abruptly 
swings medially toward the suprasellar cistern. (b, c) 

Normal sagittal T2-weighted MRI.  A 51-year-old man. 
Laterally (b), the convexity gyri form two opercula that 
cover the insula. Superiorly, the inferior frontal gyrus (I), 
the inferior ends of the precentral (4) and postcentral (5) 
gyri, the subcentral gyrus (11), and the supramarginal 
gyrus (6) form the frontoparietal operculum. The superior 
temporal gyrus (8) and Heschl’s gyrus (H) form the tem-
poral operculum. M middle frontal gyrus. Medially (c), 
the insula is delimited by the peri-insular sulcus, com-
posed of three segments: the anterior (APS), superior 
(SPS), and inferior (IPS) peri-insular sulci. The anterior 
(a), middle (m), and posterior (p) short insular gyri consti-
tute the larger anterior lobule, while the anterior (A) and 
posterior (P) long insular gyri form the smaller posterior 
lobule. The central sulcus courses between the two lob-
ules. Heschl’s gyrus (H) snugs up against the posterome-
dial portion of the posterior long insular gyrus. 8 = superior 
temporal gyrus. (From Naidich et  al. (2004); with 
permission)
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(1989) group the MOTG and the LOTG together 
as the fusiform gyrus. In most brains, the fusi-
form gyrus is larger on the left (Kopp et al. 1977; 
Naidich et al. 2001a).

2.3  Superior Surface 
of the Temporal Lobe

Opening the margins of the sylvian fissure, or 
resecting the overlying superior operculum, dis-
plays the superior surface of the temporal lobe, 
designated the superior temporal plane. The 
prominent features of this plane are one or more 
transverse temporal gyri (of Heschl) (Fig.  8). 
Heschl’s gyrus or gyri (HG) arise just posterome-
dial to the insula and course obliquely across the 
superior temporal surface from posteromedial to 
anterolateral and may be visible at the external 
surface of the sylvian fissure. The presence of an 
HG is constant. The number of HG on each side 
and their symmetry are highly variable. Heschl’s 
gyri may be single (66–75%), double (25–33%), 
or triple (1%), both unilaterally and bilaterally 
(Yoshiura et  al. 2000; Yousry et  al. 1997a). 

Heschl’s gyrus is often larger and longer on the 
left side than the right, but there is no constant 
relationship between HG and the side of handed-
ness or cerebral dominance (Carpenter and Sutin 
1983; Yousry et al. 1997a). A shallow longitudi-
nal sulcus (of Beck) may groove the superior sur-
face of HG, especially laterally, giving it a 
partially bifid appearance. A deep transverse tem-
poral sulcus (Heschl’s sulcus [HS]) typically 
defines the posterior border of HG.

The oblique Heschl’s gyrus divides the supe-
rior surface of the temporal lobe into three parts. 
(1) The flat superior surface of the temporal lobe 
anterior to HG is designated the planum polare. 
(2) From HS at the posterior border of HG to the 
posterior end of the sylvian fissure, the flat supe-
rior surface of the temporal lobe is designated the 
planum temporale. (3) The posterosuperior 
extension of the planum temporale along the pos-
terior bank of the posterior ascending ramus of 
the sylvian fissure may be designated the planum 
parietale. The planum temporale is triangular. It 
is typically asymmetric on the two sides and most 
often is larger on the left in humans, chimpan-
zees, and other great apes (Fig. 8) (Gannon et al. 
1998). The size of the planum temporale seems to 
correlate with the side of language dominance 
(and perhaps with right- or left-handedness, gen-
der, or both) (Galaburda and Sanides 1980; 
Galaburda et  al. 1998; Geschwind 1965a, b, 
1970; Geschwind and Levitsky 1968; Pieniadz 
and Naeser 1984; Steinmetz and Seitz 1991; 
Steinmetz et al. 1989b, 1990a, b, 1991). Most of 
the variation in the sizes of the planum temporale 
may be ascribed to differing sizes of a cytoarchi-
tectonic zone designated area Tpt (Galaburda and 
Sanides 1980). Area Tpt has a homologue in non-
human primates that shows significant asymme-
try (left > right) at the cellular level (Gannon 
et al. 1998).

2.4  Medial Surface

The medial surface of the cerebrum is arranged 
as a radial array of gyri and sulci that are oriented 
either co-curvilinear with the corpus callosum or 
perpendicular to it (Fig. 9). The major gyri of the 

Fig. 7 Inferior surface of frontal lobe. Prepared anatomic 
specimen of the inferior surfaces of the anterior brain. The 
inferior surface of the frontal lobes is divided into two 
portions. The paired paramedian linear gyri recti (G) flank 
the interhemispheric fissure and are delimited laterally by 
the olfactory sulci, largely obscured here by the olfactory 
bulbs (o) and tracts (t). Lateral to the olfactory sulci, the 
orbital gyri of the frontal lobe are arranged around 
approximately H-shaped orbital sulci as the paired medial 
(M), lateral (L), anterior (A), and posterior (P) orbital gyri. 
In true base view, the anterior temporal lobes (T) overlap 
the posterior orbital gyri. Note the paired unci (U)
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medial surface are the cingulate gyrus (cing-G), 
the superior frontal gyrus (SFG) (whose medial 
surface may also be designated the medial frontal 
gyrus), the paracentral lobule (para-CL), the pre-
cuneus (pre-Cu), the cuneus (Cu), and the medial 
occipitotemporal gyrus (MOTG) (synonym: lin-
gual gyrus). The major sulci are the callosal sul-
cus (cal-S), the cingulate sulcus (cing-S), the 
paracentral sulcus (para-CS), the subparietal sul-
cus (sub-PS), the parieto-occipital sulcus (POS), 
the calcarine sulcus (CaS), and the anterior calca-
rine sulcus (ant-CaS). The cingulate gyrus encir-
cles the corpus callosum. It is delimited from the 
corpus callosum centrally by the callosal sulcus 
and from the superior frontal gyrus and paracen-
tral lobule superficially by the cingulate sulcus.

The gyri that form the medial surface of the 
brain peripheral to the cingulate gyrus and sulcus 
are nothing more than the medial aspects of the 
gyri that constitute the high convexity of the 
brain. The superior frontal gyrus of the convexity 

curves over the cerebral margin onto the medial 
surface to form a broad arc of tissue designated 
the SFG or medial frontal gyrus. The precentral 
gyrus and the postcentral gyrus curve over the 
cerebral margin from the convexity onto the 
medial surface and join together to form the para-
central lobule. The superior parietal lobule curves 
over the cerebral margin onto the medial surface 
to form the precuneus. The superior occipital 
gyrus curves over the cerebral margin onto the 
medial surface to form the cuneus. The SFG is 
separated from the paracentral lobule posterior to 
it by the paracentral sulcus. The posterior end of 
the cingulate sulcus sweeps upward to reach the 
cerebral margin. This radially oriented distal por-
tion of the cingulate sulcus is the pars marginalis 
(pM). The pars marginalis separates the paracen-
tral lobule anteriorly from the precuneus posteri-
orly. The upper end of the central sulcus typically 
curves over the margin onto the medial surface of 
the hemisphere just anterior to the pars margina-

a b

Fig. 8 (a, b) The superior surface of the temporal lobe 
from prepared anatomic specimens. (a) Anatomy of 
Heschl’s gyrus in relation to the insula. Resection of the 
frontal and parietal opercula exposes the middle frontal 
gyrus (2); the pars orbitalis (or), triangularis (tr), and the 
residual portion of the opercularis (op) of the inferior 
frontal gyrus (3); the oblique long gyri (black I) of the 
posterior insula; the length of a single Heschl’s gyrus (H) 
which courses obliquely across the superior surface of the 
temporal lobe from just posterior to the insula (postero-
medially) toward the convexity surface of the superior 
temporal gyrus (anterolaterally); Heschl’s sulcus (white 
arrows) immediately posterior to Heschl’s gyrus; the pla-
num polare (PP) anterior to the HG; and the planum tem-
porale (PT) posterior to HG (from Naidich and Matthews 

(2000) with permission). (b) Exposure of the superior 
surfaces of both temporal lobes by resection of the overly-
ing frontal and parietal opercula. Right is to the reader’s 
right. The single right and the dual left Heschl’s gyri (H) 
course obliquely across the upper surface of the temporal 
lobe from just posterior to the insulae (I) (posteromedi-
ally) to the convexity surface (anterolaterally). A shallow 
Beck’s sulcus (small black arrowhead) grooves the left 
HG laterally. Heschl’s sulcus delimits the posterior border 
of HG. The planum polare extends from the temporal pole 
to the anterior aspect of HG.  The planum temporale 
extends between Heschl’s sulcus and the posterior limit of 
the sylvian fissure (white arrows) and is substantially 
larger on the left
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lis. This medial portion of the CS courses poste-
riorly nearly perpendicular to the pars marginalis. 
The “H”-shaped subparietal sulcus lies posterior 
to the pars marginalis and separates the inferior 
end of the precuneus from the cingulate gyrus 

deep to it. The parieto-occipital sulcus courses 
parallel to the pars marginalis, joins with the 
anterior end of the calcarine sulcus, and contin-
ues anteriorly as the anterior calcarine sulcus. 
The POS separates the precuneus anteriorly from 

a b

Fig. 9 (a–c) Medial and superior surfaces of both hemi-
spheres. Prepared anatomic specimens. (a, b) Medial sur-
faces. The major sulci subdivide the medial surface of 
each cerebral hemisphere into the cingulate gyrus (CG), 
medial surface of the superior frontal gyrus (SFG), para-
central lobule (PL), precuneus (PCu), and cuneus (Cu). 
The posterior end of the cingulate sulcus sweeps sharply 
upward toward the superior cerebral margin as the mar-
ginal portion of the cingulate sulcus (pars marginalis, 
white arrowhead), which separates the paracentral lobule 
anteriorly from the precuneus posteriorly. Anterior to the 
pars marginalis, the paracentral sulcus (PS) arises from 
the cingulate sulcus and/or from the cerebral margin to 
separate the superior frontal gyrus from the paracentral 
lobule. The vertical and horizontal arms of the “H-shaped” 
subparietal sulcus (s) groove the medial surface of the pre-
cuneus and delimit it from the cingulate gyrus inferior to 
it. The superior ends of the vertical arms of the subparietal 
sulcus may reach to and notch the superior margin. The 
superior medial end of the central sulcus (d) usually 
crosses over the cerebral margin onto the medial surface 
and then recurves sharply posteriorly to course nearly per-
pendicular to the pars marginalis, just millimeters in front 
of the pars marginalis. As a consequence, the most supe-
rior medial portion of the precentral gyrus (4) merges with 
the most superior medial portion of the postcentral gyrus 
(5) around the uppermost end of the central sulcus to form 
the paracentral lobule anterior to the pars marginalis. A 
posterior portion of the postcentral gyrus passes posterior 
to the pars marginalis to merge with the precuneus. The 
prominent parieto-occipital sulcus (POS) courses approx-
imately parallel to the pars marginalis, but posterior to the 
splenium, and delimits the parietal lobe plus cingulate 
gyrus anterosuperiorly from the occipital plus temporal 
lobes postero-inferiorly. (c) Superior surface of the two 

hemispheres. The two cerebral hemispheres border the 
interhemispheric fissure (IHF). Multiple sulci oriented at 
right angles to the IHF form a series of transverse grooves 
or “crossbars” across the IHF. The paired pars marginalis 
(white arrowheads) is often the most prominent of these 
grooves and extends laterally into the hemispheres for a 
substantial distance. At the vertex, the lateral edges of the 
two pars marginalis often curve anteriorly to form a 
bracket, open anteriorly. The paired central sulci (d) undu-
late across the cerebral convexity between the precentral 
gyri (4) and the postcentral gyri (5). They typically hook 
sharply posteriorly as they circumscribe the hand motor 
region of the precentral gyrus, and then reverse curvature, 
become concave posteriorly, and converge toward the IHF 
just anterior to the pars marginalis. The two central sulci 
(d) characteristically (but not invariably) pass anterior to 
and medial to the lateral edges of the pars marginalis 
(“enter the bracket”) and reach to or cross the superior 
margins of the hemispheres. The postcentral gyri course 
superiorly, behind the precentral gyri, toward or to the 
cerebral margins. The medial ends of the postcentral sulci 
(e) usually bifurcate around the pars marginalis to form a 
prominent “parenthesis” configuration (e, e in the right 
hemisphere). The interlocking curves of the precentral 
gyri (d), postcentral gyri (e), and pars marginalis (white 
arrowheads) form a characteristic set of interlocking 
curves that usually identifies these sulci and the adjacent 
gyri. Other labels: (1) superior frontal gyrus, (2) middle 
frontal gyrus, (4) precentral gyrus, (5) postcentral gyrus, 
(16) precuneus, (a) superior frontal sulcus, (c) precentral 
sulcus, (d) central sulcus, (e) postcentral sulcus, (g) intra-
parietal sulcus, (r) cingulate sulcus, (s) subparietal sulcus, 
(t) superior parietal sulcus, and (w) parieto-occipital sul-
cus. (From Naidich and Brightbill (1996b); with 
permission)
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the cuneus posteriorly. The calcarine sulcus sepa-
rates the cuneus superiorly from the MOTG (lin-
gual gyrus) inferiorly. The anterior calcarine 
sulcus separates the cingulate gyrus anteriorly 
from the MOTG posteriorly. The calcarine sulcus 
may remain entirely on the medial surface of the 
hemisphere, extend posteriorly to reach the 
occipital pole, or extend beyond medial surface 
onto either the convexity or the inferior surfaces 
of the occipital lobe.

3  Lobar Borders

The precise borders of the temporal, parietal, and 
occipital lobes on the convexity are highly arbi-
trary. Published diagrams from different authors 
indicate substantially different criteria for parti-
tioning the TPO lobes along the convexity 
(Yousry 1998). The very definitions of these bor-
ders and their lobes have evolved substantially 
over the years (Yousry 1998). In one common 
system of nomenclature, one identifies the lobes 
by first finding the lateral end of the deep parieto- 
occipital sulcus near the superior margin of the 

hemisphere. Then one identifies the inconstant 
preoccipital notch (Gusmão et  al. 2002) in the 
inferior margin of the hemisphere (Fig. 10). The 
arbitrary anterior border of the occipital lobe is 
then defined by drawing the “lateral parietotem-
poral line” along the convexity from the lateral 
end of the parieto-occipital sulcus above to the 
preoccipital notch inferiorly.

Next one demarcates the borders of the tem-
poral and parietal lobes that abut onto the occipi-
tal lobe. To do this, one draws the 
“temporo-occipital line,” defined variably as (1) 
an arc from the distal end of the posterior 
descending ramus of the sylvian fissure to the 
midpoint of the anterior border of the occipital 
lobe (Ono et al. 1990); (2) an arc from the poste-
rior descending ramus of the sylvian fissure to the 
anterior border of the occipital lobe, taking care 
to make sure that the arc is co-curvilinear with 
the IPS above (Duvernoy 1991; Schwalbe 1881; 
Yousry 1998); (3) an arc from the posterior 
descending ramus of the sylvian fissure to the 
anterior border of the occipital lobe at the preoc-
cipital notch (Jensen 1871; Yousry 1998); or (4) a 
straight linear extension from the distal end of the 
posterior horizontal ramus of the sylvian fissure 
to the anterior border of the occipital lobe 
(Dejerine 1895; Talairach and Tournoux 1988; 
Yousry 1998).

On the medial surface, the deep parieto- 
occipital sulcus clearly divides the parietal lobe 
from the occipital lobe and is the landmark 
used to define the anterior border of the medial 
occipital lobe in all systems of nomenclature. 
On the inferior surface, the demarcation of the 
lobes again becomes arbitrary. On the infero-
medial surface, one may delineate the temporal 
lobe from the occipital lobe by drawing a basal 
parietotemporal line from the preoccipital 
notch to, variably, (1) the inferior end of the 
parieto- occipital sulcus where it joins the calca-
rine sulcus (Fig. 10) (Ono et al. 1990), (2) the 
anterior calcarine sulcus beneath the splenium 
(Fig. 11) (Duvernoy 1991), or (3) the anterior 
end of the anterior calcarine sulcus (Jensen 
1871; Yousry 1998).

c

Fig. 9 (continued)
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Because the patterns of sulcal branching, the 
gyral configurations, and the very definitions of 
the lobes used for anatomic description are so 
highly variable in this region, it may ultimately 
prove more accurate to designate the entire region 
as the TPO confluence. One could then choose to 
divide the convexity surface of the TPO conflu-
ence along the line of the multimodal association 
cortex from the lateral end of the parieto- occipital 
sulcus downward to, and then along, the superior 
temporal sulcus to define three functional com-
partments, a temporoparietal lobe rostral to the 
multimodal area (for somatosensory and auditory 
processing), a temporo-occipital lobe caudal to 
the multimodal area (for visual processing), and a 
TPO multimodal association lobe (for integrating 
the diverse modalities). On the medial surface, 
one could similarly use the multimodal associa-
tion cortex that extends along the parieto- occipital 
sulcus and the anterior calcarine sulcus to divide 
the medial surface of the hemisphere into a 
medial parietal region rostral to the multimodal 
cortex (for somatosensory processing), a caudal 

temporo-occipital lobe (for visual processing), 
and the interposed multimodal lobe (for integra-
tion) (Naidich et al. 2001a).

The term limbic lobe signifies a broad band of 
tissue on the medial surfaces of the two hemi-
spheres that, considered together, encircle the 
brain stem, creating a limbus about the stem. 
Specifically, the limbic lobe includes the subcal-
losal area, the cingulate gyrus, the isthmus of the 
cingulate gyrus, the parahippocampal gyrus, and 
the piriform lobe, which according to Duvernoy 
corresponds to the anterior parahippocampal 
gyrus (Duvernoy 1991).

Recently, Yasargil emphasized the arbitrary 
and uncertain borders between the lobes and pro-
posed a new lobar classification in which the con-
tinuous circle of tissue formed by the precentral 
gyrus, subcentral gyrus, postcentral gyrus, and 
paracentral gyrus was considered to be a sepa-
rate, distinct central lobe. Thus, the Yasargil clas-
sification would include seven lobes, the frontal, 
central, parietal, occipital, temporal, insular, and 
limbic lobes (Yasargil 1994).
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Fig. 10 (a, b) Lobar borders according to Ono, Kubik, 
and Abernathy. (a) Convexity. (b) Medial surface. The 
anterior border of the occipital lobe is delimited by the 
lateral parietotemporal line (6) drawn between the parieto- 
occipital sulcus and the preoccipital notch. On the convex-
ity, the temporal lobe is separated from the parietal lobe 
by the temporo-occipital line (5) drawn from the sylvian 
fissure to the middle of the anterior border of the occipital 
lobe. On the basal surface, the temporal lobe is separated 
from the occipital lobe by the basal parietotemporal line 

(8) drawn from the preoccipital notch to the union of the 
parieto-occipital sulcus with the calcarine sulcus (unla-
beled). F frontal lobe, O occipital lobe, P parietal lobe, T 
temporal lobe, 1 central sulcus, 2 parieto-occipital sulcus, 
3 sylvian fissure, 4 preoccipital notch, 5 temporo-occipital 
line, 6 lateral parietotemporal line, 7 orbital surface, 8 
basal parietotemporal line, 9 cingulate sulcus, 10 subpari-
etal sulcus, 11 collateral sulcus. (From Ono et al. (1990), 
p. 9; with permission)

Functional Neuroanatomy



98

4  Localizing Anatomic Sites 
Independent of Lobar 
Anatomy

Several attempts have been made to identify 
functionally relevant anatomic sites, independent 
of the variable lobar and sulcal borders. These 
systems depend on first establishing reference 
planes that are based upon a very limited number 
of deep anatomic structures, then designating all 
locations in space in terms of coordinates based 
upon those limited reference planes, and finally 
identifying all other anatomic features in terms of 
these coordinates. These attempts may be 
extended to “correct for” differences in overall 
head and brain shape by “morphing” the anatomy 
of any individual brain to superimpose its gross 

contours on those of a single standard anatomic 
reference brain. Applied to groups of patients, 
such systems may detect commonalities other-
wise obscured by individual variation, but at the 
costs of (1) information specific to each individ-
ual and (2) understanding of the range of normal 
variation.

4.1  Talairach-Tournoux 
Coordinate System 
and “Talairach Space”

Talairach and Tournoux took a horizontal plane 
that extended through the brain along a line 
drawn from the top of the anterior commissure 
(AC) to the bottom of the posterior commissure 

a b

Fig. 11 (a, b) Lobar borders according to Duvernoy. (a) 
Convexity. (b) Inferomedial surface. The anterior border 
of the occipital lobe is delimited by the same lateral pari-
etotemporal line drawn between the parieto-occipital sul-
cus and the preoccipital notch. On the convexity, the 
temporal lobe is separated from the parietal lobe by a 
temporo-occipital line drawn co-curvilinear with the 
intraparietal sulcus from the posterior descending ramus 
of the sylvian fissure to the anterior border of the occipital 
lobe. On the basal surface, the temporal lobe is separated 
from the occipital lobe by a basal parietotemporal line 
drawn from the preoccipital notch to the anterior calcarine 
sulcus inferior to the splenium. The posterior end of the 
superior temporal sulcus bifurcates as it extends into the 
inferior parietal lobule, making a large angular gyrus (a 
common variation). The fusiform gyrus is formed from 
portions of the temporal lobe (T4) and the occipital lobe 
(O4) that occupy the midportion of the lateral occipito-
temporal gyrus between the anterior (5′) and posterior (5″) 
transverse collateral sulci. Convexity surface (a) LFa, 
LFm, and LFp = lateral fissure (anterior, middle, and pos-

terior segments); CS central sulcus; PO parieto-occipital 
fissure; TO temporo-occipital incisure; F1, F2, and 
F3 = superior, middle, and inferior frontal gyri; PrG pre-
central gyrus; T1, T2, and T3 = superior, middle, and infe-
rior temporal gyri; P1 = superior parietal gyrus (lobule); 
P2  =  inferior parietal gyrus (lobule); PoG postcentral 
gyrus; O1, O2, and O3 = superior, middle (synonym: lat-
eral), and inferior occipital gyri; 21, 21′, and 21″ = intra-
parietal sulcus; 33 = sulcus lunatus. Inferomedial surface 
(b) P1 precuneus, T3 inferior temporal gyrus, T4 temporal 
portion of the fusiform gyrus, T5 parahippocampal gyrus, 
TO temporo-occipital incisure, O3 inferior occipital 
gyrus, O4 occipital portion of the fusiform gyrus, O5 lin-
gual gyrus, O6 cuneus, 2 cingulate sulcus, 2′ marginal 
segment of the cingulate sulcus (pars marginalis), 3 sub-
parietal sulcus, 4 anterior calcarine sulcus, 22 lateral 
occipitotemporal sulcus, 24 calcarine sulcus. The caudal 
portions of O3, O4, and O5 merge together at the inferior 
aspect of the occipital lobe. (From Duvernoy (1991), 
pp. 5–9; with permission)

T. P. Naidich and T. A. Yousry



99

(PC). The line is the AC-PC line. The horizontal 
plane through the anterior and posterior commis-
sures is the Talairach-Tournoux baseline. From 
this baseline, a vertical plane is raised perpen-
dicular to the baseline at the top of the anterior 
commissure. This is the VAC (vertical at the ante-
rior commissure). A second similar vertical plane 
is raised perpendicular to the baseline at the bot-
tom of the posterior commissure. This is the VPC 
(vertical at the posterior commissure). These 
planes define the coronal position. The third 
orthogonal plane is taken as the midline vertical 
plane through the AC-PC line. All anatomic posi-
tions are then defined by their coordinates in the 
vertical direction (designated from superior to 
inferior as 1–12), anteroposterior direction (A to 
I), and transverse direction (designated from the 
midline to lateral as a–d). Thus, the central sulcus 
is found in “a, 1–2, F” of the left or right hemi-
sphere. These coordinates are considered to exist 
in “Talairach space” independent of any sulcal or 
lobar borders.

5  Identification of Specific 
Anatomic Structures

5.1  The Pericentral Cortex

The pericentral region consists of two parallel 
gyri, the precentral and postcentral gyri, sepa-
rated by the CS. Superiorly, the CS nearly always 
reaches the cerebral margin and may extend onto 
the medial interhemispheric surface of the brain. 
In this location, the precentral and postcentral 
gyri fuse to each other to form the paracentral 
lobule around the upper end of the CS. Inferiorly, 
the CS rarely reaches the sylvian fissure. Instead, 
the pre-CG and post-CG fuse together to form the 
subcentral gyrus between the inferior end of the 
CS and the sylvian fissure. This is partially delim-
ited anteriorly and posteriorly by the anterior and 
posterior subcentral sulci (Fig. 9). Functional and 
anatomical MRI have both been used to define 
significant regions along the pre-CG (primary 
motor cortex) and the post-CG (primary sensory 
cortex).

5.1.1  Functional Methods
Functional MRI (fMRI) shows that the motor 
hand area is located at the middle genu of the CS 
in a portion of the pre-CG that displays a charac-
teristic omega or epsilon-shaped “knob” or 
“knuckle” (Naidich and Brightbill 1996b; Yousry 
et al. 1997b). Using MEG (magnetoencephalog-
raphy), it is possible to identify the post-CG reli-
ably (Sobel et al. 1993). Using positron-emission 
tomography (PET), it can be shown that the corti-
cal representation of the sensory hand area is 
located along the anterior bank of the post-CG at 
a characteristic curve of the CS immediately pos-
terior to the motor hand area (Rumeau et  al. 
1994). On fMRI, detection of an “activated” vein 
can assist in the identification of the CS, espe-
cially in patients with tumors distorting the corti-
cal anatomy (Yousry et al. 1996). Currently fMRI 
is increasingly used to define the central region 
preoperatively.

5.1.2  Anatomical Methods
CT has shown that the marked normal variability 
of the cortical anatomy can limit the use of stan-
dard systems for localizing anatomy, such as the 
Talairach space (Steinmetz et  al. 1989a). 
Therefore, specific signs have been developed to 
help to identify the individual portions of the 
pericentral region more directly (Iwasaki et  al. 
1991; Naidich and Brightbill 1995, 1996a, b; 
Naidich et al. 1995; Yousry et al. 1995, 1997b). 
The sensitivity and specificity of these signs have 
been evaluated and the multiple signs combined 
into a system for localizing the CS and related 
gyri (Naidich and Brightbill 1996b). Three axial 
and three sagittal signs are most important. These 
signs should always be used together, systemati-
cally, so that the failure of any one sign is cor-
rected by the concordance of localization given 
by the other signs (Naidich and Brightbill 1996b).

• Axial plane images
The precentral knob: a focal, posteriorly 
directed protrusion of the posterior surface 
of the pre-CG, designated the precentral 
knob, has been shown by fMRI to be the 
site of the hand motor area. This focal 
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motor region is seen on axial CT and MRI 
images as an inverted omega (90%) or as a 
horizontal epsilon (10%) in all cases 
(Fig.  12). This sign has a high inter-rater 
reproducibility (Yousry et  al. 1997b) as 
well as high “applicability” (Naidich and 
Brightbill 1996b).
The pars bracket sign: in axial plane CT 
and MRI, the pars marginalis of the cingu-
late sulcus of the left and the right cerebral 
hemispheres appears together as a horizon-
tal bracket. The medial end of the CS enters 
the pars bracket immediately anterior to the 
pars marginalis in 94–96% of cases 
(Fig.  12), whereas the postcentral sulcus 
enters the pars bracket in only 3%. Thus, 
the relationship of a sulcus to the pars 
bracket permits accurate identification of 
the CS (the “bracket sign”). This sign is 
also characterized by a high applicability 
(Naidich and Brightbill 1996a, b).
Thickness of the pre- and postcentral gyri: 
the full sagittal dimension of the pre-CG is 
thicker than that of the post-CG (Fig. 12) 
(Naidich and Brightbill 1996b; Naidich 
et al. 1995). Further, the posterior cortex of 
the pre-CG is also thicker than the anterior 
cortex of the post-CG at the corresponding 
site on the other side of the central sulcus 
(Meyer et  al. 1996). Using T1-weighted 
turbo inversion recovery sequences, the 
mean cortical thicknesses of the anterior 
(pre-CG) and posterior (post-CG) banks of 
the CS were found to be 2.70 and 1.76 mm 
for both hemispheres with a mean cortical 
thickness ratio of 1.54 (Fig.  12) (Meyer 
et  al. 1996). The difference in cortical 
thickness is based on and explained by 
cytoarchitectonic studies (Brodmann 1909; 
Naidich and Brightbill 1996b; von 
Economo and Koskinas 1925). These three 
signs are the most important and most reli-
able for attempting to localize the CS in the 
axial plane (Naidich and Brightbill 1996b).

• Sagittal plane images
Lateral sagittal plane. The “M” shape of 
the inferior frontal gyrus. The anterior hori-
zontal and anterior ascending rami of the 

sylvian fissure extend upward into the IFG, 
giving it the shape of a letter “M.” The first 
vertical line of the “M” represents the pars 
orbitalis. The middle “v” of the “M” repre-
sents the pars triangularis. The posterior 
vertical line of the “M” represents the pars 
opercularis of the IFG. Identification of the 
“M” provides the starting point for subse-
quent, sequential identification of the pre-
 CS, pre-CG, CS, and post-CG (Fig.  13) 
(Naidich et al. 1995, 1997; Steinmetz et al. 
1990a).
Middle sagittal plane: the precentral knob. 
The posteriorly directed expansion of the 
pre-CG at the hand motor area may be 
identified at the level of the insula as a pos-
teriorly directed hook, which fits neatly 
into the concavity of the hand sensory 

Fig. 12 Pericentral region. Axial landmarks. In the axial 
plane (T1-weighted MPRAGE sequence), the Ω-shaped 
knob of the precentral gyrus is easily identified (arrows). 
The pars marginalis of the cingulate sulcus of both hemi-
spheres appears as a horizontal bracket (open arrows). 
The medial end of the central sulcus enters the pars 
bracket immediately anterior to the pars. The full sagittal 
dimension of the precentral gyrus is thicker than that of 
the postcentral gyrus. The cortex of the precentral gyrus is 
thicker than the cortex of the postcentral gyrus

T. P. Naidich and T. A. Yousry



101

region of the postcentral gyrus. This con-
figuration defines the position of the pre-
 CG, the CS, and the post-CG in 92% of 
cases (Fig. 13) (Yousry et al. 1997b).
Medial sagittal plane: the pars marginalis. 
The posterior portion of the cingulate sul-
cus, which sweeps upward to reach the 

cerebral margin, is the pars marginalis. The 
CS lies millimeters anterior to the pars 
marginalis. Characteristically the portion 
of the CS that lies on the medial surface of 
the brain curves posteriorly to course 
nearly perpendicular to the pars marginalis 
(Fig. 13) (Naidich and Brightbill 1996b).

a b

c

Fig. 13 (a–c) Pericentral region. Sagittal landmarks 
(T1-weighted MPRAGE sequence). (a) In the sagittal 
plane, the anterior horizontal ramus (unlabeled anteriorly) 
and anterior ascending ramus (short thin arrow more pos-
teriorly) of the sylvian fissure are first identified on the 
lateral sections and used to identify the M shape of the 
inferior frontal gyrus. Posterior to this gyrus, in order, lie 
the precentral gyrus (long thin arrow), the subcallosal 

gurus, the central sulcus (short thick arrow), and the post-
central gyrus. (b) At the level of the insula, the posteriorly 
directed hook (arrow) of the motor hand area defines the 
precentral gyrus. (c) The cingulate sulcus and its ramus 
marginalis (arrows) are first identified. The central sulcus 
(thin arrow) lies immediately anterior to the pars margina-
lis and is oriented such that it curves posteriorly, to course 
nearly perpendicular to the ramus marginalis
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5.2  The Superior Temporal Plane

The transverse temporal gyrus of Heschl courses 
anterolaterally over the superior surface of the 
temporal lobe from the posterior border of the 
insula medially to the convexity surface of the 
temporal lobe laterally. HG corresponds to 
Brodmann’s area 41 (Brodmann 1909), the pri-
mary auditory cortex (A1). Usually, only a 
restricted posteromedial portion of HG can be 
considered the true site of A1 (Liegeois-Chauvel 
et al. 1991). A second HG may be present poste-
rior and parallel to the first and may occasionally 
be functionally included in A1 (Liegeois-Chauvel 
et al. 1995).

Using MRI, HG may be identified accurately 
in the axial, sagittal, and coronal planes. In the 
sagittal plane, HG has a characteristic shape eas-
ily identified on the supratemporal surface just 
lateral to the insula. Depending on the number of 
HG present, HG may assume the form of a single 
“omega,” a “mushroom,” a “heart,” or a double Ω 
(Fig.  14) (Yousry et  al. 1997a). In the coronal 
plane perpendicular to the Talairach-Tournoux 
baseline, HG is found best in the section that dis-
plays the (tentlike) convergence of the two forni-
ces and the eighth cranial nerves (Fig. 14) (Yousry 
et  al. 1997a). In the axial plane, HG is found 
most easily in the section which displays the 
massa intermedia of the thalamus (Fig.  14) 
(Yousry et al. 1997a).

5.3  The Occipital Lobe

The occipital lobe is important for the visual 
areas (V1–V3, Brodmann’s areas 17–19) it con-
tains. The primary visual area (V1, Brodmann’s 
area 17) is located in the striate cortex. Most of 
the striate cortex extends along the calcarine sul-
cus (Korogi et  al. 1996). However, the precise 
site of the striate cortex is variable. The striate 
cortex may be exposed on the medial surface of 
the occipital lobe, lie hidden within the depths of 
the calcarine sulcus, extend into the parieto- 
occipital or anterior calcarine sulci, and/or lie on 
the tentorial surface of the occipital lobe (Korogi 
et al. 1996). The precise configuration of the cal-

carine sulcus also varies (Fig. 15). Korogi et al. 
found that the sulcus could be a single continuous 
sulcus without major branches (50%), could give 
off major branches (26%), and could even show 
significant disruptions (24%) (Korogi et  al. 
1996). In the coronal plane, the calcarine sulci 
and parieto-occipital sulci were symmetric in 
only 60% of cases. One calcarine sulcus was sig-
nificantly lower than the other in 24% (by more 
than 10 mm in 12% of cases) (Korogi et al. 1996). 
The calcarine and the parieto-occipital sulci 
formed a “V” in 16% (Korogi et al. 1996). The 
exact positions and (a) symmetries of the 
 calcarine and parieto-occipital sulci are also 
influenced by the magnitude of any occipital pet-
alia. These variations complicate the identifica-
tion of the calcarine sulcus (Yousry et al. 2001).

6  Cortical Architecture

6.1  Cytoarchitectonics

The neocortex exhibits six cell layers 
 characterized by differing proportions of cell 
types, cell densities, and myelination of fibers. 
From superficial to deep, the six neocortical lay-
ers are designated by Roman numerals: (I) 
molecular layer, (II) external granule cell layer, 
(III) external pyramidal cell layer, (IV) internal 
granule cell layer, (V) internal pyramidal cell 
layer, and (VI) multiform layer. Further varia-
tions within each layer may lead to subdivisions 
such as layers IVA and IVB. In general, afferent 
fibers to the cortex synapse in layers I–
IV.  Afferents from specific thalamic nuclei end 
predominantly in layer IV.  Efferents from the 
cortex arise in layers V and VI. Those efferents 
directed to the brain stem and spinal cord arise 
mainly in layer V (Carpenter and Sutin 1983; 
Gilman and Newman 1996).

Granule cells are small polymorphic (stellate, 
tufted, or bipolar) cells that form the major com-
ponent of the external and internal granule cell 
layers (II and IV). These are mainly 
γ-aminobutyric acid-(GABA)-ergic inhibitory 
neurons. Pyramidal cells are pyramid-shaped 
cells with their apical dendrites directed superfi-
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cially to layer I. The basal dendrites span outward 
laterally. The major axon arises from the base of 
each pyramidal cell to pass to its target. Small 
pyramidal cells found in layers II, III, and IV 
project to intracortical regions (Gilman and 

Newman 1996). Large pyramidal cells in layer V 
project to the brain stem and the spinal cord 
(Gilman and Newman 1996). Giant pyramidal 
cells with direct corticomotoneuronal connec-
tions to the (alpha) motoneurons of the brain 

a

c

b

Fig. 14 (a–c) Heschl’s gyrus. Landmarks in three planes 
(T1-weighted MPRAGE sequence). (a) In the sagittal 
plane just lateral to the insula, the shape of HG (arrow) is 
so characteristic that it can easily be identified directly on 
the supratemporal surface without the need for additional 
landmarks. Depending on the presence and extent of any 
intermediate sulcus, HG may appear Ω-shaped, on medial 
sections of the temporal lobe and insula. (b) In a coronal 
plane perpendicular to the bicommissural plane, the sec-

tion on which HG (arrows) is identified best is character-
ized by (1) a tentlike shape formed as the two fornices 
converge to join with each other and (2) the presence of 
the eighth cranial nerves. (c) In the axial plane, HG 
(arrows) is identified by its temporal location and its char-
acteristic anterolateral course on the section in which the 
interthalamic adhesion (massa intermedia) can be 
identified
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stem and the spinal cord are designated Betz 
cells. In humans, Betz cells are found exclusively 
in the primary motor cortex (M1).

Throughout the cortex, the cell layers differ 
in their total thickness, the thickness of each 
layer, the concentrations of cells within each 
layer, the conspicuity of each layer, the degree 
of myelination of the fibers within the layer, 
and the presence or absence of special cells, 
like the Betz cells. These variations give each 
region a specific cytoarchitecture that subserves 
the function of that region. The cytoarchitec-
tonic variations in the cortex lead to classifica-
tions of cortical regions by their cytoarchitecture. 
If the six- layered neocortical organization is 
readily discernable, the cortex is designated 
homotypical. If focal specialization of the cyto-
architecture partly obscures these layers, the 
cortex is designated heterotypical (von 
Economo and Koskinas 1925). von Economo 
and Koskinas (1925) grouped the cortical 
regions into five types (Fig.  16). Three types 
were considered homotypical: frontal cortex, 
parietal cortex, and polar cortex. Two were con-
sidered heterotypical cortices: the agranular 
cortex (specialized for motor function) and the 

koniocortex (specialized for sensory function). 
Brodmann (1909) recognized additional varia-
tions in cortical architecture, subdivided the 
cortex into approximately 40 distinct cytoarchi-
tectonic areas, and tried to relate the cortical 
architecture to function. These regions are now 
designated the Brodmann’s areas (BA) 
(Fig. 17).

In humans, the motor cortex is formed of three 
major cortical types:

• The heterotypical agranular isocortex is char-
acterized by increased overall thickness, sig-
nificantly reduced to absent granule cells in 
layer IV, and thick well-developed layers of 
large pyramidal cells in layers III and V (Zilles 
et al. 1996). In this agranular cortex, even the 
small cells in layers II (and the region of IV) 
are predominantly pyramidal in shape. Type 
(a) corresponds predominantly to BA 4, 6, 8, 
24, 44, and 45 and is found in the posterior 
half of the precentral gyrus, the anterior half 
of the cingulate gyrus, and the anterior portion 
of the insula, and in a narrow strip which 
extends from the retrosplenial portion of the 
cingulate gyrus into the parahippocampal 
gyrus (Figs.  16 and 17). Within these areas, 
the primary motor cortex, designated M1 
(Brodmann’s area 4), is characterized by the 
presence of giant Betz cells in lower layer V 
(Zilles et al. 1996). The motor speech areas, 
BA 44 and BA 45, are found in the inferior 
frontal gyrus.

• The homotypical frontal cortex is character-
ized by narrow granule cell layers composed 
of loosely arrayed small granule cells and by 
prominent small- and medium-sized pyrami-
dal cells in layers III and V (Carpenter and 
Sutin 1983). Giant Betz cells are absent. This 
frontal cortex corresponds to BA 9, 10, 11, 46, 
and 47 and is found along the convexity and 
the anteriormost medial surfaces of the supe-
rior and middle frontal gyri.

• The homotypical polar cortex is characterized 
by overall cortical thinness, well-developed 
granule cell layers, and a comparative wealth 
of cells (Carpenter and Sutin 1983; Naidich 
et al. 2001b). It corresponds to BA 10.

Fig. 15 Occipital lobe (T1-weighted MPRAGE 
sequence). The calcarine sulcus (arrows) runs obliquely 
in an anterosuperior direction from the occipital pole to its 
junction with the parieto-occipital sulcus (thin arrow) to 
form the anterior calcarine sulcus. The calcarine sulci 
show a gradual posterior declination
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6.2  Somatotopy

The term somatotopy refers to the topographic 
organization of function along the cortex. It is a 
map of the sites at which smaller or larger regions 
of cortex form functional units that correspond to 
body parts or to motions across a joint. In specific 
regions like the primary auditory cortex, the 
somatotopy may be described by a more specific 
word such as tonotopy. For white matter, the pre-
ferred term is myelotopy. The presence of somato-
topy signifies that the functional activity of the 
cortex is organized topographically along the cor-
tex. Absence of somatotopy signifies that medi-

cine has failed, thus far, to appreciate any 
topographic organization of that cortex. 
Somatotopy may be fine, as in the primary motor 
cortex (BA 4), where relatively restricted zones of 
cortex correspond to defined manipulation units 
(Fig. 18). It may be very fine, as in the hand motor 
area along the precentral gyrus, where there may 
be representation for the motion of each individ-
ual digit. Alternatively, somatotopy may be very 
crude, as in the SMA, the pre-SMA, and the cin-
gulate motor cortex (CMC), where cortical zones 
seem to correspond to broad regions, such as 
head, trunk, and upper and lower extremities, 
rather than to individual motion units (Fig.  19). 

a b

Fig. 16 (a, b) The five types of cerebral isocortex are dis-
tributed over the convexity (a) and medial surface (b) of 
the cerebral hemisphere. Cortex type 1 agranular (motor) 
heterotypical, 2 frontal homotypical, 3 parietal homotypi-
cal, 4 polar homotypical, 5 granulous (sensory) hetero-

typical (koniocortex). Note that the words frontal and 
parietal used in this way signify types of isocortex and not 
anatomic locations or lobes. (From von Economo and 
Koskinas (1925); with permission)

a b

Fig. 17 (a, b) Cytoarchitecture of the human cortex. 
Convexity (a) and medial (b) surface views of Brodmann’s 
areas. Symbols indicate Brodmann’s parcellation of the 
cortex into the cytoarchitectonic areas that are designated 

by the Brodmann’s area (BA) numbers assigned. Compare 
with Fig. 1. (Parts a, b from Carpenter and Sutin (1983); 
with permission)
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Using PET to measure regional cerebral blood 
flow (rCBF), Grafton et  al. (1993) have shown 
within-arm somatotopy of the primary motor cor-
tex, the SMA, and the CMA. Kleinschmidt et al. 
(1997) used fMRI to show somatotopy for digits 
in the human hand motor area and concluded that 
“… somatotopy within the hand area of the pri-
mary motor cortex does not present as qualitative 
functional segregation but as quantitative predom-
inance of certain movement or digit representa-
tion embedded in an overall joint hand area” 
(Naidich et al. 2001b).

6.3  Selected Areas Involved 
in Motor and Speech Function

6.3.1  Primary Motor Cortex (M1)
The primary motor cortex is designated M1 and 
corresponds to BA 4. M1 extends from the 
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Fig. 18 Somatotopy of the primary motor cortex (M1): 
the motor homunculus, as described by Penfield and 
Jasper. (From Williams et al. (1989); with permission)
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Fig. 19 (a) Somatotopy of the supplementary motor 
areas (SMA) as represented by Penfield and Jasper. (b) 
Somatotopy of the pre-SMA (the supplementary negative 
motor area [SNMA]) and the relation of the pre-SMA to 
the SMA, simplified from Penfield and Jasper. M1 pri-

mary motor cortex, PNMA primary negative motor cortex, 
S1 primary sensory cortex, SSMA supplementary somato-
sensory cortex. ((a) From Luders (1996); (b) from Freund 
(1996b); with permission)
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anterior part of the paracentral lobule on the 
medial surface, over the cerebral margin, and 
down the convexity along the crown and poste-
rior face of the precentral gyrus (Figs. 3 and 17). 
Its anteroposterior extent is broader superiorly 
and on the medial surface. From there, BA 4 
tapers progressively downward toward the syl-
vian fissure. Just above the sylvian fissure and 
behind the inferior frontal gyrus, BA 4 becomes 
restricted to a narrow strip along the posterior 
face of the precentral gyrus, within the central 
sulcus (Fig. 17).

M1 is heterotypical agranular isocortex 
characterized by significant overall cortical 
thickness, reduced to absent granule cells in 
layer IV, prominent pyramidal cells in layers III 
and V, and prominent giant Betz cells in lower 
layer V (Zilles et al. 1996). The individual Betz 
cells are largest in size superomedially at the 
paracentral lobule and smallest inferolaterally 
at the operculum (Carpenter and Sutin 1983). 
Classically, the somatotopy of M1 is given by 
the motor homunculus (Fig.  18). Each func-
tional zone was considered to be responsible 
for directing the action of a group of muscles 
that effects motion across a joint. Individual 
neurons within this group innervate different 
muscles, so that individual muscles are inner-
vated repeatedly in different combinations by 
multiple different cell clusters to effect action 
across different joints. In the classic concept, 
therefore, the motor map represents motion of 
the joint, rather than any single body part. More 
recently, Graziano et al. (2002) have shown that 
the motor homunculus may better be consid-
ered a map of final body postures.

M1 activates anterior horn cells within the spi-
nal cord to generate specific patterns of move-
ment (Marsden et al. 1996). It serves to execute 
voluntary activity of the limbs, head, face, and 
larynx, both contralaterally and ipsilaterally. 
Contralaterally, M1 excites all muscle groups of 
the extremity. Ipsilaterally, M1 excites the proxi-
mal musculature most strongly, especially the 
shoulder. By direct stimulation of neurons in 
monkeys, Tanji et  al. (1987, 1988) found that 
77.2% of movement-related M1 neurons are con-
tralateral motor neurons, affecting the action of 

the contralateral side; 8.2% are ipsilateral motor 
neurons, responsible for the action on the ipsilat-
eral side; and 4.5% are bilateral motor neurons. 
Stimulation of M1 produces simple motions, 
such as flexion and extension at one or more 
joints, and not skilled movements. Regions of 
M1 exhibit different thresholds for inciting 
action. These thresholds are lowest for the thumb 
and highest for the face.

Activation studies confirm activation of the 
ipsilateral hemisphere by sensorimotor tasks (Li 
et al. 1996). The ipsilateral activation is greater 
for motor than for sensory tasks and is greater for 
the nondominant hand than for the dominant 
hand (Li et al. 1996). The left and the right pri-
mary motor cortices show reciprocal actions. 
Transcranial magnetic stimulation of the motor 
cortex may inhibit the contralateral cortex 
(Allison et al. 2000). Direct focal stimulation of 
M1 causes excitation of a homologous area in the 
contralateral M1, surrounded by a zone of inhibi-
tion (Allison et  al. 2000; Asanuma and Okuda 
1962). In fMRI studies, unilateral finger move-
ments activate M1 ipsilaterally. The same move-
ments may also deactivate portions of M1 
ipsilaterally (Allison et al. 2000).

6.3.2  Supplementary Motor Area 
(SMA)

The SMA (Figs. 18 and 19) (Penfield and Welch 
1951) is also known by a large number of syn-
onyms, including the SMA proper, caudal SMA, 
posterior SMA, supplementary sensorimotor area 
M2, and BA 6a α (medial) (Olivier 1996; 
Rizzolatti et al. 1996; Seitz et al. 1996). In this 
chapter, the term SMA refers to the SMA proper, 
distinct from the more anteriorly situated pre- 
SMA.  Anatomically, the SMA proper corre-
sponds to BA 6a α (medial) situated along the 
medial cerebral cortex in the paracentral lobule 
and posterior portion of the superior (medial) 
frontal gyrus. Its specific site varies among indi-
viduals, but it is typically found in relation to the 
medial precentral sulcus (Zilles et  al. 1996). 
Zilles et al. (1996) report that the SMA is located 
between the VAC and the VPC (Fig. 20).

The SMA is bordered anteriorly by the pre- 
SMA, posteriorly by the primary motor cortex, 

Functional Neuroanatomy



108

laterally by the premotor cortex on the convexity, 
and ventrally (inferiorly) by the posterior CMA 
(Fried 1996; Zilles et al. 1996).

The SMA is a heterotypical agranular isocor-
tex characterized by reduced to absent granule 
cell layers and by absence of Betz cells in 
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Fig. 20 (a–c) Mesial motor areas: SMA, pre-SMA, and 
CMA. (a) Gross anatomy of the medial surface of the 
hemisphere. Prepared specimen, oriented anterior to the 
reader’s left. This hemisphere displays the co- 
curvilinearity of the fornix (F), genu (G), and splenium 
(Sp) of the corpus callosum; the callosal sulcus (not 
labeled), the cingulate gyrus (CG); the single cingulate 
sulcus (arrowheads); the superior frontal gyrus (SFG); 
and the paracentral lobule (PL). The pars marginalis 
(arrow, z) of the cingulate sulcus sweeps upward to the 
cerebral margin to define the posterior aspect of the para-
central lobule. The central sulcus (d) cuts the cerebral 
margin just anterior to the pars marginalis and then 
courses a short (and variable) distance down the medial 
face of the paracentral lobule, almost perpendicular to the 
pars marginalis. To illustrate the anatomic relationships, 
the AC-PC line has been drawn from the superior surface 
of the anterior commissure (AC, here labeled A) to the 
inferior surface of the posterior commissure (PC, here 
labeled P) and the perpendiculars are erected to this line at 
the AC and the PC. The AC-PC line is the baseline for the 
Talairach-Tournoux coordinate system (Talairach and 
Tournoux 1988). (b) The medial parasagittal plane, ori-
ented anterior to the readers’ left. CC corpus callosum, AC 

anterior commissure, PC posterior commissure. The VAC 
and VPC are the vertical lines erected perpendicular to the 
AC-PC line at AC (VAC) and PC (VPC). The cytoarchitec-
tonic areas are numbered after Brodmann and Vogt. Black 
areas show the position of the SMA on the medial surface 
of the hemisphere. Solid gray shows the position of the 
pre-SMA. Cross hatching indicates the rostral portion of 
the cingulate motor area (cmr), whereas the horizontal 
lines show the caudal portion of the cingulate motor area 
(cmc), itself divided into parts one and two. Scing cingu-
late sulcus, sc central sulcus. V1–V3 are the visual cortical 
areas. (c) Flat map of the cytoarchitectonic areas of the 
human cingulate cortex and the locations of adjacent 
areas. The cingulate sulcus is shown with two separate 
segments (CS1, CS2). Thick lines outline the cingulate 
areas, thin lines divide each major cingulate area, stip-
pling borders of each sulcus, dotted lines show the subdi-
visions of each area, dot-dash line shows the fundus of the 
callosal sulcus; the fundi of the other sulci are not marked 
for simplicity. PCS paracentral sulcus. ((a) From Naidich 
et al. (2001b); (b) from Zilles et al. (1996) and Vogt et al. 
(1997); (c) adapted from Vogt et  al. (1995); with 
permission)
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pyramidal cell layer V. The SMA (BA 6a α on the 
medial surface) can be distinguished from the 
laterally adjacent premotor area (BA 6a α on the 
convexity), because the SMA has increased cell 
density in the lower part of layer III and in layer 
Va (Zilles et al. 1996). The SMA can be distin-
guished from the pre-SMA, because the SMA 
shows poorer delineation of the laminae and 
poorer distinction of layer III from layer V (Zilles 
et al. 1996).

The SMA exhibits crude somatotopy. From 
anterior to posterior, one finds representations of 
the head, trunk, and upper and lower extremities 
(Fried et  al. 1991). In humans, one stimulation 
study with subdural electrode grids placed along 
the mesial cortex elicited a finer somatotopy 
(Fried et al. 1991). In order from anterior to pos-
terior, these authors found the face, neck, distal 
upper extremity, proximal upper extremity, prox-
imal lower extremity, and distal lower extremity. 
The SMA clearly shows greater representation of 
the contralateral side than the ipsilateral side. The 
dominant SMA exerts more control than the non-
dominant SMA, both contralaterally and ipsilat-
erally. The supplementary eye fields lie in relation 
to the head portion of the SMA but are distinct 
from the SMA (Lim et al. 1996; Tanji 1994).

The SMA appears to act in several different 
ways:

• Connections to the cervical motor neurons. 
The SMA has tight, probably monosynaptic, 
connections to the cervical motoneurons (94% 
contralateral, 6% ipsilateral). SMA activity in 
one hemisphere is associated with movement 
of either arm, especially whole-arm prehen-
sion involving the shoulder and trunk muscles. 
Stimulation of the SMA causes a characteris-
tic posture with raising of the opposite arm 
(abduction and external rotation at the shoul-
der with flexion at the elbow) and turning of 
the head and eyes to gaze at the elevated hand 
(Carpenter and Sutin 1983; Chauvel et  al. 
1996; Freund 1996a, b). The trunk and lower 
extremities show bilateral synergic contrac-
tions (Carpenter and Sutin 1983). Distal hand 
muscles are weakly represented in the 
SMA. Isolated finger movements, easily elic-

ited by stimulation of MI, are rarely elicited 
by stimulating SMA. The SMA appears less 
involved with distal grasping.

• Posture. The SMA plays a role in posture, 
especially in anticipating and correcting pos-
ture during motor tasks, so that the final posi-
tion or task is performed successfully. In 
normal subjects, when a heavy object is lifted 
from one hand by the other, there is anticipa-
tory adjustment of the posture of the forearm 
flexors, so position is maintained despite the 
unloading (Brust 1996; Viallet et al. 1992).

• Action. Stimulation of the SMA leads to an 
urge to act and an anticipation of action (Fried 
et  al. 1991). In monkeys, Tanji et  al. (1987, 
1988) used intracellular recording to demon-
strate that 38% of SMA cells fire before any 
action is performed. At least some SMA neu-
rons fire before M1 neurons.

• Laterality. The SMA is involved with select-
ing the laterality of the task. In monkeys, 27% 
of motor-related SMA neurons only fire before 
deciding on which side to perform an action 
(Tanji et  al. 1987, 1988). Considering SMA 
neurons and premotor neurons together as one 
group of non-M1 neurons, Tanji et al. (1987, 
1988) showed that when choosing the upper 
extremity to use for a job, 16% of non-M1 
cells fire before deciding right, not both; 20% 
fire before deciding left, not both; 20% fire 
before deciding either, not both; and 40% fire 
before deciding both, not either.

• Coordination and cooperation. The SMA 
serves to assist bimanual coordination and 
cooperation between the paired upper and the 
paired lower extremities, especially for self- 
initiated action. The SMA appears to be 
required for independent control of the contra-
lateral hand.

• Sequences of action. The SMA is heavily 
involved in learning and generating sequences 
of actions and with executing multiple actions 
involving both sides of the body (Gilman and 
Newman 1996; Passingham 1996; Shibasaki 
et al. 1993). It may serve in selecting a specific 
action from among a group of remembered 
tasks. In monkeys, Tanji and Shima (1994) 
found one group of SMA cells that were pref-
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erentially activated in relation to a particular 
order of forthcoming movements, guided by 
memory. A second group of SMA cells 
became active after the performance of one 
particular movement and then remained active 
during the waiting period before performing a 
second specific movement. These cells were 
not active if the preceding or subsequent 
movement was different. Thus, these cells 
seem to signal a temporal linkage combining 
two specific movements (Tanji and Shima 
1994). Single unit discharges were also 
observed in the SMA before the performance 
of the remembered sequence of movements 
(preparatory sequencing of neurons) and in 
the midst of the sequence of movements (tonic 
sequencing of neurons) (Tanji 1994; Tanji 
et  al. 1987, 1988; Tanji and Shima 1994). 
Similarly, rCBF in the SMA increases with 
ideation about sequential motor tasks (e.g., 
when subjects plan but do not execute fast, 
isolated finger movements) (Roland 1999). 
When these tasks are actually executed, 
increased rCBF can be seen contralaterally in 
M1 and bilaterally in the SMA.  From these 
data, the SMA seems to be crucial for learned, 
internally generated (i.e., self-initiated) volun-
tary motor behavior (Burton et  al. 1996; 
Freund 1996a, b; Freund and Hummelsheim 
1985; Rao et al. 1993), especially in the prepa-
ration and initiation of such voluntary motor 
behavior (Freund 1996b; Luders 1996). The 
SMA seems to be less related to performance 
of the movements themselves. Simple repeti-
tion of fast finger motion does not stimulate 
SMA (Freund 1996b).
Stimulation studies also show a relation 
between the complexity of a task and the 
speed with which the action itself is per-
formed. Simple tasks, like flexion of one joint, 
are commonly performed rapidly. More com-
plex tasks involving multiple joints, multiple 
body regions, or both evolve more slowly. In 
some stimulations, the responses elicited were 
repeated several times until stimulation 
stopped (Fried 1996).

• Attention-intention network. The SMA may 
form part of an attention-intention network. 
Fried (1996) found that most ipsilateral and 

bilateral sequences can be elicited from the 
right, nondominant SMA.  The right hemi-
sphere has an attention mechanism that spans 
both hemispheres, whereas the left hemi-
sphere seems to mediate only contralateral 
attention (Fried et  al. 1991). Therefore, the 
lateralization of attention to the right hemi-
sphere and the lateralization of motor inten-
tion to the right SMA may signify a right 
cerebral dominance for attention and motor 
intention directed at the external milieu in 
which the motor action takes place (Fried 
1996; Fried et al. 1991; Naidich et al. 2001b).

6.3.3  Pre-supplementary Motor Area 
(Pre-SMA)

The term pre-SMA signifies a motor area that has 
also been called rostral SMA, anterior SMA, BA 
6a β (medial), and supplementary negative motor 
area (Figs. 19 and 20). It corresponds to BA 6a β 
(medial) (Seitz et  al. 1996). The pre-SMA lies 
along the medial face of the superior (medial) 
frontal gyrus just anterior to the SMA. It shows 
individual variability. According to Zilles et  al. 
(1996), the pre-SMA lies predominantly anterior 
to VAC (Fig.  20). It borders posteriorly on the 
SMA, laterally on the anterior portion of the pre-
motor cortex on the convexity, and ventrally 
(inferiorly) on the anterior cingulate motor area 
(Zilles et al. 1996).

The pre-SMA is a heterotypical agranular iso-
cortex with no Betz cells. It can be distinguished 
from the SMA posterior to it because the pre- 
SMA has more pronounced lamination and 
clearer demarcation of layer III from layer V 
(Zilles et  al. 1996). The pre-SMA exhibits a 
somatotopy similar in form to the SMA, but even 
cruder in detail. From anterior to posterior, there 
are areas for the head and upper and lower 
extremities.

The pre-SMA seems to serve in sequencing 
and preparing complex tasks, especially inter-
nally generated, visually guided tasks. 
Stimulation of the pre-SMA may elicit negative 
motor activity for diverse tasks. Fried (1996) 
found that pre-SMA stimulation causes slowing 
or arrest of the entire spectrum of motor activity 
tested, including speech. When a patient executes 
a repetitive task, such as rapid alternating move-
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ments of the hand, stimulation of the pre-SMA 
causes the movements to gradually slow down 
and come to a halt. Activation studies suggest 
that the pre-SMA is involved in the decision 
whether to act, whereas the SMA proper plays a 
similar role in directing motor action once the 
decision to act is made (Humberstone et al. 1997; 
Naidich et al. 2001b).

6.3.4  Cingulate Motor Area (CMA)
The CMA is composed of two portions (Fig. 20), 
which appear to correspond to the functionally 
defined anterior cingulate motor area (CMA ros-
tral; cmr) and a posterior cingulate motor area 
(CMA caudal; cmc). The CMA corresponds to 
BA 24c and BA 24d (and perhaps the posterior 
portion of BA 32, BA 32′ of Vogt) (Vogt and Vogt 
1919, 1926). It lies in the superior (dorsal) and 
inferior (ventral) banks of the cingulate sulcus 
and, in macaques, does not extend onto the 
medial surface of the cingulate gyrus (Shima 
et al. 1991). From the callosal sulcus (inferiorly) 
to the superior frontal gyrus (superiorly), the 
cerebral cortex undergoes transition from true 
allocortex (BA 33), through intermediate stages 
(lower and upper BA 24), to true isocortex (BA 
32) (Zilles et al. 1996). Intermediate area BA 24, 
therefore, is subdivided into three bands coexten-
sive with the cingulate gyrus and sulcus. These 
three bands are designated BA 24a (ventral band), 
24b (intermediate band), and 24c and 24d (dorsal 
bands). BA 32 lies superior to BA 24c and BA 
24d. Dorsal bands BA 24c and 24d are then sub-
divided further into a rostral zone (cmr), con-
forming approximately to BA 24c, and a caudal 
zone (cmc) conforming approximately to BA 24d 
(Vogt et al. 1995, 1997; Zilles et al. 1996). The 
cmr lies entirely rostral to VAC. The cmc flanks 
VAC but lies entirely anterior to the VPC 
(Fig. 20).

BA 24c and 24d (cmr and cmc) are heterotypi-
cal agranular motor cortices (Zilles et al. 1996). 
In fine detail, both cmr and cmc appear heteroge-
neous, leading to further subdivisions of their 
cytoarchitecture and nomenclature (Zilles et  al. 
1996). Compared with BA 24c, BA 24d shows a 
thinner overall width of layer V, clearer borders 
between layers III and V, larger cells in layers III 
and VI, and larger cells in layer V.

The CMA exhibits crude somatotopy with 
multiple representations of the body (Freund 
1996b). BA 24c includes representations of the 
head and the forelimbs (Freund 1996b). Posterior 
to BA 24c, BA 24d has representations for the 
forelimbs and the hindlimbs, but with the fore-
limbs situated caudal to the hindlimbs (Luppino 
et  al. 1991). Thus, the CMA (cmr and cmc) 
exhibits mixed somatotopy that is partially 
reversed from that seen in the SMA and in the 
pre-SMA (Freund 1996b; Luppino et  al. 1991; 
Zilles et al. 1996).

The CMA projects directly to M1 with 
somatotopic organization (Shima et  al. 1991). 
CMA fibers also project directly to the spinal 
cord (Shima et al. 1991). Stimulation of the CMA 
causes contralateral or bilateral movements of the 
lower and the upper extremities (Freund 1996b). 
Single-cell studies in macaques show that more 
than 60% of CMA motoneurons fire before 
movement-related activity (Shima et  al. 1991). 
Most are involved in simple movements of the 
distal forelimb. These cells may show either a 
short lead time or a long lead time between firing 
and action. Long lead time cells (500 ms to 2 s) 
are more common in the anterior than the poste-
rior cingulate area and show this long lead time in 
response to self-paced tasks, not stimulus- 
triggered tasks. Few CMA cells respond to visual, 
auditory, or tactile stimuli. Overall, the anterior 
CMA appears to be significant for self-paced 
internally guided tasks. According to Paus et al. 
(1993), the anterior CMA participates in motor 
control by facilitating the execution of appropri-
ate responses or by suppressing the execution of 
inappropriate responses.

The zone designated rostral CMA (cmr) is 
involved with autonomic function. Cells project 
to the hypothalamus and periaqueductal gray 
matter. Stimulation of cmr causes nonvolitional 
vocalization and fear reactions involving the 
heart, gut, bladder, and genitalia (Jurgens 1983; 
Nimchinsky et  al. 1995, 1997; Naidich et  al. 
2001b; Vogt et al. 1995, 1997).

6.3.5  Premotor Area
The premotor area (pre-MA) may be designated 
M2. It extends along the frontal convexity to 
occupy contiguous portions of the superior fron-
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tal gyrus, the middle frontal gyrus, and the pre-
central gyrus (Figs.  19 and 20). The dorsal 
pre-MA lies within the posterior portions of the 
superior and middle frontal gyri. The ventral pre-
 MA occupies the anterior face and part of the 
crown of the precentral gyrus anterior to the pri-
mary motor area (M1). Like M1, the ventral por-
tion of pre-MA progressively tapers inferiorly. 
An additional small area, BA 6b, lies further infe-
riorly, superior to the sylvian fissure and anterior 
to the motor face area. The pre-MA corresponds 
to BA 6a α (convexity), BA 6a β (convexity), and 
BA 6b (Carpenter and Sutin 1983).

The pre-MA is a heterotypical agranular iso-
cortex with large, well-formed pyramidal cells in 
layers III and V. Betz cells are absent. Large pyra-
midal cells that resemble Betz cells are present in 
the border zone abutting onto BA 4 posteriorly, 
but these cannot be designated Betz cells, by defi-
nition. Granule cell layer IV is thin and difficult 
to discern. The pre-MA exhibits somatotopy that 
is similar to, but cruder than, the motor homuncu-
lus of the primary motor cortex (M1; BA 4).

Stimulation of BA 6a α (convexity) causes 
responses similar to those elicited by stimulation 
of the primary motor cortex M1 (BA 4) but 
requires higher current to elicit the response. 
Stimulation of BA 6a β (convexity) elicits more 
general movement patterns, characterized by 
abduction and elevation of the arm (frequently 
associated with rotation of the head, eyes, and 
trunk to the opposite side). Stimulation of the leg 
region causes synergic patterns of flexion and 
extension of the contralateral extremity 
(Carpenter and Sutin 1983; Freund 1996a). These 
movements resemble the effect of stimulating the 
SMA (Freund 1996a). Stimulation of BA 6b pro-
duces rhythmic, coordinated, complex move-
ments of the face, masticatory, and laryngeal and 
pharyngeal musculature (Carpenter and Sutin 
1983). Like the pre-SMA, the pre-MA contains 
cells that fire before a motion is initiated and that 
appear to determine the usage of the extremities: 
right, left, or both (Tanji et  al. 1987, 1988). 
Intracellular recordings in monkeys indicate that 
48% of motor-related pre-MA neurons fire before 
all types of motion. Of motor-related pre-MA 
neurons, 18% fire exclusively before decisions as 
to the laterality of subsequent activity, not in rela-

tion to the performance of the movement (Tanji 
et al. 1987, 1988). The pre-MA responds more to 
visual signals and is active in visually guided 
sequential movements. The pre-MA appears 
active (1) during mental preparation for a motor 
task directed by verbal instructions; (2) when 
voluntary movements are performed under 
somatosensory, auditory, or visual guidance; and 
(3) when sensory input is necessary to execute 
the task. The pre-MA appears especially active 
when a new motor program is established or an 
old motor program is modified on the basis of 
new sensory input (Roland et  al. 1980a, b). In 
monkeys, some of the neurons seem to be stimu-
lated both in performing a task and in observing 
a similar task being performed by the experi-
menter (especially when the monkey uses manual 
or oral “observation”). These neurons are desig-
nated mirror neurons (Gallese et al. 1996; Naidich 
et al. 2001b).

6.3.6  Prefrontal Cortex (Pre-FC)
The term prefrontal cortex designates the cortex 
that is situated anterior to the pre-MA, corre-
sponding to BA 9, BA 10, and BA 46. It lies 
along the frontal convexity in the superior and 
middle frontal gyri and extends onto the medial 
surface of the frontal lobe along the superior 
(medial) frontal gyrus (Figs. 3, 16, and 17). The 
pre-FC is a homolateral frontal type of isocortex 
characterized by a more or less clearly recogniz-
able granule cell layer IV and an absence of Betz 
cells (Zilles et  al. 1996). No somatotopy is 
known.

The pre-FC is involved with executive func-
tions, behavior, and memory. Brodmann’s area 
46 on the dorsolateral pre-FC appears to be 
involved with the selection of items, whether 
selecting different items from an internal mem-
ory of possible tasks or selecting freely between 
movements needed to perform a voluntary action 
(Rowe et  al. 2000). Right dorsolateral pre-FC 
(BA 9 and BA 46) is involved in decisions of 
what to do and when to do it (Marsden et  al. 
1996; Passingham 1996). Neurons of the pre-FC 
are involved with inhibitory responses to stimuli 
that require a delay in the motor responses 
(Gilman and Newman 1996). They are thought to 
integrate motivational elements with complex 
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sensorimotor stimuli (Gilman and Newman 
1996). Hasegawa et al. (2000) have detected pre-
 FC neurons that appear to track long periods of 
time (as long as 30 s). Activity of these cells cor-
relates with success of past or future performance 
of complex tasks, not the immediate activity. 
These cells may set the tone for general behavior, 
in a fashion similar to that accomplished by stim-
ulants, enthusiasm, arousal, or fatigue (Hasegawa 
et  al. 2000). Using PET measurement of rCBF 
during a simple motor task of sequential opposi-
tion of the thumb to each finger, Kawashima et al. 
(1993) showed activation of the contralateral pre-
 FC for both right- and left-handed tasks. Tasks 
performed with the nondominant hand, however, 
additionally activated the ipsilateral primary 
motor area and ipsilateral pre-FC. Thus, the pre-
 FC exhibits asymmetric activity with dominant 
or nondominant simple motor tasks (Naidich 
et al. 2001b).

6.3.7  Broca’s Area
Broca’s area is the motor speech area. It con-
forms to BA 44 and to the posterior portion of BA 
45. Broca’s area occupies the inferior frontal 
gyrus (pars opercularis and a small posterior 
portion of pars triangularis) in the dominant 
hemisphere. Some data indicate that many 
women, but not men, have motor speech areas in 
the inferior frontal gyri bilaterally (Pugh et  al. 
1996; Shaywitz et  al. 1995). The motor speech 
area traditionally assigned to the inferior frontal 
gyrus has recently been suggested to lie instead 
in the anterior insula (Price 2000). Broca’s area is 
a heterotypical agranular isocortex, characterized 
by reduced thickness of the granule cell layer IV 
and by the presence of large pyramidal cells in 
layers III and V. Betz cells are absent. No somato-
topy is known.

Broca’s area is believed to generate the signals 
for the musculature to produce meaningful sound. 
It may also be involved in the initiation of speech 
(Alexander et al. 1989; Demonet et al. 1992), the 
organization of articulatory sequences (Demonet 
et al. 1992), and the covert formation of speech 
(inner speech). Lesions of Broca’s area are asso-
ciated with a form of aphasia termed, variably, 
motor aphasia, anterior aphasia, non-fluent apha-
sia, executive aphasia, and Broca’s aphasia. 

Patients who have this form of aphasia exhibit 
difficulty with the production of speech and, 
therefore, produce little speech. The speech pro-
duced is emitted slowly, with great effort and 
with poor articulation (Geschwind 1970). There 
are phonemic deficits. Small grammatical words 
and word endings are omitted (Geschwind 1970). 
There is a characteristic, comparable disorder in 
their written output. Surprisingly, these patients 
may retain musical ability and, despite severe 
motor aphasia, may sing melodies correctly and 
even elegantly (Geschwind 1970). Patients who 
have Broca’s aphasia maintain good comprehen-
sion of the spoken and written language. Patients 
who have lesions restricted to the traditional 
Broca’s area in the inferior frontal gyrus do not 
exhibit persisting speech apraxia (Dronkers 
1996). Recovery after Broca’s aphasia appears to 
involve a transient shift of function to the right 
hemisphere, followed by a return to normal later-
ality (Neville and Bavelier 1998). A new capabil-
ity for speech production has been observed to 
arise within the right hemisphere of an adult sev-
eral years after corpus callosotomy (Neville and 
Bavelier 1998).

Broca’s area and its right hemispheric homo-
logue are also involved with auditory hallucina-
tions (Cleghorn et al. 1990; Lennox et al. 2000; 
Mcguire et al. 1993). Schizophrenics experienc-
ing auditory hallucinations show increased 
metabolism and activation in Broca’s area, left 
anterior cingulate region, and left and right supe-
rior temporal regions, among other sites 
(Cleghorn et  al. 1990; Lennox et  al. 2000; 
Mcguire et al. 1993).

6.3.8  Dronkers’ Area
Dronkers’ area (Dronkers 1996) has no other spe-
cific designation. Brodmann did neither parcel-
late nor number the insular cortex in his final 
work. Dronkers’ area occupies the precentral 
gyrus of the anterior lobule of the insula. The cor-
tex is a heterotypical agranular isocortex, charac-
terized by a poorly defined layer IV and 
medium-sized pyramids in layers III and V. No 
somatotopy has yet been established.

Electrocortical stimulation of the insula dur-
ing epilepsy surgery has been reported to cause 
word-finding difficulties, but the specific site on 
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the insula was not specified (Ojemann and 
Whitaker 1978). The anterior insula has been 
suggested to be the true site of the function that 
Broca ascribed to the inferior frontal gyrus (Price 
2000). Lesions of the precentral gyrus of the 
insula are associated with speech apraxia 
(Fig. 21). This is a disorder of the motor planning 
of speech, i.e., a disorder in programming the 
speech musculature to produce correct sounds in 
the correct order with the correct timing 
(Dronkers 1996). Such patients exhibit inconsis-
tent articulatory errors that approximate the tar-
get word. They grope toward the desired word 
with disruption of prosody and rate (Dronkers 
1996). These patients maintain good perception 
of language and can perceive and recognize 
speech sounds, including their own articulatory 
errors.

An alternate conception of speech apraxia is 
that it represents a disorder in temporal coordina-
tion that disrupts the timing or the integration of 
movements between two independent articula-
tors. Speech apraxia is distinct from oral apraxia. 
Oral apraxia is a defect in planning and 
 performing voluntary oral movements with the 
muscles of the larynx, pharynx, lips, and cheeks, 
although automatic movements of the same mus-
cles are preserved (Tognola and Vignolo 1980). 
Oral apraxia often coexists with speech apraxia 
and has been related to lesions in the left frontal 
and central opercula, in the anterior insula, and in 
a small area of the STG (Dronkers 1996; Tognola 
and Vignolo 1980). The insula has also been 
reported to be involved in conductive aphasia and 
Broca’s aphasia, where articulatory errors are 
prominent (Dronkers 1996).

6.3.9  Sensory Appreciation of Speech
The sensory speech area may be designated 
Wernicke’s area (WA). The site(s) of Wernicke’s 
area are very poorly defined (Roland 1999). 
Most of WA appears to lie along the most caudal 
part of BA 22 in the STG and the planum tem-
porale (area Tpt of Galaburda and Sanides 1980) 
or TA 1 of Von Economo and Koskinas (1925). 
Wernicke’s area also includes part of the multi-
modal belt in the STS (Nieuwenhuys 1994; 
Nieuwenhuys et al. 1988). Thus, one may also 
include in WA BA 40, BA 39, BA 22, and BA 

37. Anatomically, WA is the least well-defined 
area, largely due to the significant variation in 
gyral and sulcal anatomy of this region of the 
brain (von Economo and Koskinas 1925). In 
most individuals, WA involves parts of the dom-
inant hemisphere around the posterior sylvian 
fissure, i.e., the SMG, the angular gyrus, the 
bases of the STG and the MTG, and the planum 
temporale. Price reports that the role ascribed 
by Wernicke to WA is actually found along the 
posterior superior TS (Price 2000). 
Cytoarchitectonically, Wernicke’s area is a 
homotypical granular cortex.

Wernicke’s area serves to recognize speech 
relayed to it from the left HG.  Direct cortical 
stimulation of WA intraoperatively causes 
impairment of language (Ojemann 1983; 
Ojemann and Whitaker 1978; Ojemann et  al. 
1989). Patients who have lesions in WA exhibit a 
form of aphasia designated, variably, sensory 
aphasia, fluent aphasia, posterior aphasia, and 
Wernicke’s aphasia. These patients produce 

Fig. 21 Speech apraxia. Complete double dissociation in 
Dronkers’ area. Pooled data from 25 patients with speech 
apraxia show that the only region of involvement common 
to all cases is the precentral gyrus (white arrow) of the 
insula. Pooled data from 19 other patients with similar 
infarctions but no speech apraxia showed no involvement 
in this same area. (From Dronkers (1996); with 
permission)
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speech fluently, effortlessly, and rapidly, often 
too rapidly. The output has the rhythm and mel-
ody of normal speech but is remarkably empty of 
content. These patients show poor comprehen-
sion of language and poor ability to repeat lan-
guage. They use poor grammar and exhibit many 
errors in word usage (termed paraphasias), 
including well-articulated replacements of sim-
ple sounds, such as spoot for spoon (Geschwind 
1970). Patients who have Wernicke’s aphasia 
show the same errors in written output. Recovery 
of function after Wernicke’s aphasia appears to 

involve a long-lasting shift of function to the 
right hemisphere (Naidich et al. 2001a).

6.3.10  Interconnection of Speech 
Areas: Arcuate Fasciculus

The term arcuate fasciculus signifies a broad 
bundle of fibers that interconnect WA with 
Broca’s area. The arcuate fasciculus may also be 
designated the anterior limb of the superior lon-
gitudinal fasciculus (Nieuwenhuys et al. 1988). It 
extends between BA 22 and BA 44. The arcuate 
fasciculus courses from the posterior temporal 
lobe around the posterior edge of the sylvian fis-
sure to the inferior parietal lobule deep to the 
SMG and then forward deep to the insula to reach 
the inferior frontal gyrus. More rostral parts of 
the STG are also connected with successively 
more rostral parts of the prefrontal cortex 
(Nieuwenhuys et al. 1988). The temporal pole is 
connected with the medial frontal and orbitofron-
tal cortices through the uncinate fasciculus 
(Nieuwenhuys et al. 1988). The auditory associa-
tion areas, particularly the rostral areas, establish 
connections with the paralimbic cortex of the cin-
gulate gyrus and the PHG (Nieuwenhuys et  al. 
1988). No myelotopy has yet been determined.

Lesions of the arcuate fasciculus disconnect 
Wernicke’s area from Broca’s area, causing a 
conduction aphasia (Figs.  22 and 23). Patients 
who have conduction aphasia exhibit good com-
prehension of the spoken language (WA intact) 
and fluency of speech (Broca’s area intact) but 
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Fig. 22 (a, b) Lesions of the posterior language area. (a) 
Large depressed area representing an old infarction of the 
temporoparietal language area in the dominant left hemi-
sphere. (b) Site of pure semantic deficit for single-word 

comprehension. Area of broken line indicates the cortical 
projection of an extensive subcortical hematoma cavity. 
(From Hart and Gordon (1990); with permission)

Fig. 23 The arcuate fasciculus interconnects the lan-
guage areas. Immediately deep to the gyri and sulci of the 
language areas lie interconnecting fiber tracts, specifically 
the arcuate fasciculus (1), extreme capsule (2), inferior 
longitudinal fasciculus (5), short association fibers (6), 
superior longitudinal fasciculus (7), and uncinate fascicu-
lus (9); (8) = temporal pole. (From England and Wakely 
(1991), p. 95, with permission)
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have phonetic errors and poor ability to repeat 
language. The patient has fluent paraphasic 
speech and writing with good comprehension of 
spoken and written language (Geschwind 1970). 
The inability to repeat speech indicates disrup-
tion of the arcuate fasciculus. The disorder in 
 repetition is greatest for the small grammatical 
words (the, if, is). Repetition of numbers is rela-
tively preserved (Naidich et al. 2001a).

7  Conclusion

Understanding of the structure and function of 
the brain depends, in part, on an understanding of 
the basic anatomic structure of the parts, the cyto-
architecture of the cortex, the functional somato-
topy, and the interconnections and dominances 
among the diverse regions. This chapter has tried 
to present some of the relevant data and to pro-
vide a guide to our current, necessarily limited, 
understanding of brain function. It is hoped that it 
may serve as one foundation for advances in 
understanding the brain.
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Abstract

Neurosurgery in functionally important brain 
areas carries a high risk for postoperative neu-
rological deficits. In patients with brain 
tumors, functional magnetic resonance imag-
ing (fMRI) facilitates presurgical planning 
and evaluation of surgical outcome for the 
estimation of an as good as possible balance 
between maximal tumor resection and mini-
mal loss of function. To this end fMRI is also 
applied intraoperatively for functional neuro-
navigation preferably in combination with 
DTI-tractography. However, fMRI has not 
reached the status of a standard diagnostic 
neuroimaging procedure, yet. Preoperative 
task-based fMRI represents the best estab-
lished and validated clinical application of 
fMRI, is increasingly performed in larger 
medical neurocenters, and in this context can 
only be performed exclusively in individual 
patients. Therefore, it differs fundamentally 
from research application in neuroscience.

This chapter provides a review of the cur-
rent literature and presents optimized task- 
based presurgical fMRI protocols for motor, 
somatosensory, and language function, along 
with a standardized data evaluation protocol 
using a dynamic statistical threshold. 
Examples of physiological brain activation are 
given, criteria for the selection of candidates 
for presurgical fMRI are provided, and illus-
trative cases with typical and atypical presur-
gical fMRI findings are presented. 
Complementary applications with diffusion 
tensor imaging (DTI) and DTI-tractography 
(DTT) are highlighted. Finally, important 
diagnostic capabilities and limitations of pre-
surgical fMRI are discussed. In this context 
some novel options are indicated by using 
resting-state fMRI.

In conclusion, fMRI is feasible for 
advanced multimodal MR neuroimaging in 
the clinical setting and provides important 
diagnostic information noninvasively, which 
is otherwise unavailable. Task-based preoper-
ative fMRI is valid, reasonably sensitive, and 
accurate to localize the different representa-

tions of the human body in the primary motor 
and somatosensory cortex prior to brain tumor 
surgery, which in general also applies to lan-
guage localization and lateralization. Although 
there is a substantial body of studies on pre-
surgical language fMRI available, the results 
are still heterogeneous. Here, fMRI has at 
least the potential to help to reduce the num-
ber of invasive diagnostic measures needed 
and to guide their targeted application. It may 
substitute Wada testing in many patients. If, 
and to what extent, intraoperative electrocorti-
cography (ECoG) can be replaced is still not 
decided, yet. The integration of fMRI with 
DTI and DTT is complementary and increas-
ingly used, providing important pretherapeu-
tic and intraoperative information on essential 
cortical and subcortical functional structures 
in relation to the surgical target. For the in-
depth information on presurgical resting- state 
fMRI we refer the reader to chapter 
“Presurgical Resting-State fMRI.”

1  Brain Tumors and Brain 
Tumor Surgery

The age-adjusted incidence of brain tumors 
(benign and malignant) has been estimated at 
approximately 19 per 100,000 person years 
(Parkin and Muir 1992; Ohgaki 2009; Ostrom 
and Barnholtz-Sloan 2011). Mortality rates from 
all tumors of the CNS range between 4 and 7 per 
100,000 persons/year in men and between 3 and 
5 per 100,000 persons/year in women (McKinney 
2004; Ohgaki 2009). With the exception of pilo-
cytic astrocytoma, the survival rate of brain neo-
plasms is poor (Landis et al. 1999) and correlates 
with the grade of malignancy. Most gliomas are 
infiltrative and have ill-defined margins making 
complete surgical removal often impossible. 
Patients with low-grade gliomas have a median 
survival of 6–10 years, but these tumors tend to 
have a malignant transformation. For instance, 
the mean 5-year survival rate for anaplastic astro-
cytoma is 11% and for glioblastoma 1.2% 
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(Ohgaki 2009), comparable to primary CNS 
 lymphoma or metastatic disease where prolonged 
survival is rather exceptional.

Histologically, brain tumors can be classified as 
“primary,” that is, arising from the brain or its lin-
ings, or as “secondary” or “metastatic” affecting 
the CNS predominantly from lung, breast, kidney, 
gastrointestinal, and skin cancer. In adults, pri-
mary and secondary brain tumors can be approxi-
mated equiprevalent, whereas in children 
metastatic disease is rare (Stefanowicz et al. 2011).

Extra-axial tumors are typically noninvasive 
and affect the brain by displacement or compres-
sion. Clinical symptoms may also be related to 
occlusive hydrocephalus caused by impaired cir-
culation of cerebrospinal fluid (CSF) due to com-
pression of the ventricles or connecting foramina. 
The primary goal of treatment is complete removal. 
Intra-axial tumors grow inside the brain paren-
chyma. The spectrum of appearance is wide rang-
ing from focal and well-defined masses to diffusely 
infiltrating processes. Clinical signs and symp-
toms depend mainly on the location and mass 
effect. According to protocols of the World Health 
Organization (WHO), brain tumors are classified 
in four grades based on a malignancy scale, that is, 
on pleomorphism, mitotic activity, endothelial 
proliferation, and necrosis. Based on cell origin, 
12 groups have been defined (Louis et al. 2007).

Of note, the WHO 2016 revision on brain 
tumor classification marks an important update 
and change. The revised 2016 WHO classifica-
tion accounts for various molecular and genetic 
patterns of brain malignancies in addition to the 
abovementioned “classical” microscopic histol-
ogy. This has led to some important corrections 
such as addition of newly recognized tumor enti-
ties, variants, and patterns; eliminations of oth-
ers; or reclassifications, e.g., in former 
astrocytoma, oligoastrocytoma, and oligodendro-
glioma by using IDH mutations and 1p/19q code-
letion, but also of numerous other CNS neoplasms 
(Louis et al. 2016). This impacts not only treat-
ment (Banan and Hartmann 2017), but also brain 
tumor imaging (Johnson et al. 2017). Meanwhile, 
there are numerous publications available on 
imaging and molecular genetic findings in brain 
tumors (Delfanti et al. 2017; Lewis et al. 2019; Iv 

and Bisdas 2021). The field is very dynamic and 
molecular diagnostic criteria are considered 
highly relevant for brain tumor diagnosis and 
treatment.

The treatment of brain tumors and metastases 
is traditionally based on surgery, radiation, or 
chemotherapy or a combination of these treat-
ments, tailored to the target location and pathol-
ogy (Kaye and Laws 2011; DeMonte et al. 2007; 
Jovčevska et  al. 2013). Also here, cellular and 
molecular biology has opened up new diagnos-
tic and novel targeted therapeutic options. 
Advanced neuroimaging—based on morpho-
logical, metabolic, and functional assessment—
provides very detailed diagnostic information 
on intracranial pathologies, has helped to guide 
and refine treatment strategies in individual 
patients and to estimate procedural risks and 
prognosis (Jacobs et  al. 2005). Reduction of 
morbidity associated with treatment is of utmost 
importance, which especially applies to patients 
in whom complete removal of the pathology is 
impossible and complete cure cannot be 
achieved. Here, the goal of neurosurgery is to 
eliminate as much of the tumor as safely as pos-
sible while preserving the eloquent areas of the 
brain. To achieve this, cutting-edge technology 
is applied for image-guided neurosurgery and 
functional neuronavigation (Nimsky et al. 2006; 
Nimsky 2011; Archip et  al. 2007; Kuhnt et  al. 
2012; Kumar et  al. 2014; Sang et  al. 2018). 
Recent research indicates that presurgical func-
tional neuroimaging helps to achieve benefit 
regarding postoperative morbidity, better func-
tional outcome, and longer term survival (Kundu 
et  al. 2013; Bailey et  al. 2015; Vysotski et  al. 
2018; Liouta et al. 2019).

2  Presurgical Functional 
Neuroimaging: Rationale 
and Diagnostic Aims

Neurosurgical procedures in or next to function-
ally relevant brain tissue invariably carry the risk 
of surgery-induced postoperative neurological 
deficits. Although all brain areas are to a certain 
extent of functional importance, in clinical prac-
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tice the term “functionally relevant” or “elo-
quent” is limited to those brain structures where 
damage can result in severe neurological 
 compromise and consequently in a significant 
reduction of the patient’s quality of life. Resection 
of the so-called Rolandic or synonymously “cen-
tral” brain tumors, for example, can lead to injury 
of the primary motor and somatosensory cortices 
and therefore cause permanent movement and 
sensibility impairment. Patients with frontal or 
temporal lesions of the left hemisphere are par-
ticularly prone to suffer from postoperative motor 
or sensory language deficits, while mesiotempo-
ral interventions can affect memory function. 
Therefore, the indication for neurosurgery in 
such patients has to be set rigorously, and other, 
less invasive, therapeutic options like radiother-
apy or neuroradiological interventions—as in the 
case of vascular malformations—should be con-
sidered. This applies especially to patients where 
curative treatment is not possible. Here, preserva-
tion of brain function and reduction of treatment- 
associated morbidity are crucial. Prudent 
preoperative consideration of the optimal surgi-
cal access and resection borders for each patient 
can be of utmost importance to avoid damage to 
functionally relevant brain structures (Duffau 
2006; Voss et al. 2013; Kundu et al. 2013; Håberg 
et al. 2004; Kumar et al. 2014; Jia et al. 2013). 
Similar to brain tumor surgery, epilepsy surgery 
aims at complete removal of the epileptogenic 
zone with minimal damage to eloquent brain 
areas. To this end latest technologies are 
employed (Dorfer et  al. 2020) (see chapter 
“Presurgical EEG-fMRI in Epilepsy”). Thus, 
depending on the location of the pathology, the 
determination of the hemispheric dominance and 
the precise spatial relationship between the brain 
tumor or epileptogenic zone and the functionally 
relevant brain area can be mandatory for the 
selection of the appropriate therapeutic option 
and its approach. Ideally, this information should 
be available before initiation of any therapy in 
order to minimize postoperative neurosurgical 
morbidity and duration of postoperative hospital-
ization. In this view, functional neuroimaging not 
only offers a variety of novel options for clinical 
diagnostics and research but also opens up a new 

diagnostic field of neuroradiology, with a shift 
from a strictly morphological imaging to the 
measurement and visualization of brain function 
(Stippich et al. 2002a).

The standard and probably most accurate pro-
cedure for the mapping of human brain function 
is intraoperative electrocorticography (ECoG) 
(Penfield 1937, 1950; Woolsey et  al. 1979; 
Ojemann et  al. 1989; Ojemann 1991; Cedzich 
et  al. 1996; Duffau et  al. 1999; Cordella and 
Acerbi 2013; Robertson et  al. 2019; Roessler 
et  al. 2019), consisting of electrophysiological 
recordings from the cerebral cortex with surface 
electrodes, which is a demanding technique 
offered only by highly specialized medical cen-
ters. Application of ECoG considerably increases 
surgery duration and involves distressing awake 
craniotomy, since mapping of language and 
memory-related brain structures requires active 
collaboration of the patient. A particular disad-
vantage of ECoG is the fact that it is applied dur-
ing surgery so that the obtained results cannot be 
incorporated in the preoperative process of treat-
ment selection and planning. Presurgical deter-
mination of hemispheric dominance is 
traditionally achieved by the invasive Wada test 
(Wada and Rasmussen 1960; Rausch et al. 1993; 
Sharan et  al. 2011; Cunningham et  al. 2008; 
Wagner et  al. 2012; Kundu et  al. 2019), where 
language and memory functions are assessed 
neuropsychologically during intra-arterial injec-
tion of barbiturates (amobarbital). This method 
bears all the risks of cerebral angiography with 
complication rates in up to 11% of cases (Sharan 
et al. 2011), is discomforting for the patient, and 
requires several days of hospitalization (see also 
Handbook of Neuro-Oncology Neuroimaging, 
2nd edition, 2016). Correspondence to fMRI lat-
eralization is not always congruent (Janecek 
et al. 2013). Other methods for the identification 
of functionally important brain structures are 
positron-emission tomography (PET) (Csaba 
2003; La Fougère et al. 2009) and single-photon 
emission computed tomography (SPECT) (La 
Fougère et  al. 2009), which detect changes of 
cerebral blood flow and glucose metabolism. 
These techniques, however, are also invasive, 
utilize ionizing radiation, and thus carry a cer-
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tain risk of morbidity. In addition, their temporal 
resolution is low (Müller et al. 1998), and discor-
dance of the results for presurgical diagnostics is 
recognized. Today, the use of PET or SPECT for 
presurgical localization of eloquent brain areas 
has decreased inversely to the application of 
fMRI and represents an alternative functional 
imaging modality when less invasive measures 
cannot be employed. However, nuclear medicine 
plays a very important role in the characteriza-
tion of brain tumors, posttreatment effects, and 
recurrence (Fink et  al. 2015; Humbert et  al. 
2019; Drake et  al. 2020; Sharma and Kumar 
2020) as well as in epilepsy (Sidhu et al. 2018). 
Besides fMRI, other frequently used noninvasive 
techniques for the assessment of human brain 
function are electrophysiological methods which 
measure neuronal activity directly via the detec-
tion of electromagnetic fields with an excellent 
temporal resolution (ms range)—these include 
electroencephalography (EEG) (Berger 1929; 
Gevins 1995; Gevins et al. 1995) and magneto-
encephalography (MEG) (Hari and Ilmoniemi 
1986; Findley et al. 2012; Choudhri et al. 2013; 
Zimmermann et al. 2019, 2020). Spatial resolu-
tion, however, is lower than that obtained from 
fMRI, and localization of electromagnetic 
sources requires complicated mathematical 
modeling and calculations (based on single- or 
multidipole models and various spherical head 
models) and is therefore limited in precision and 
accuracy (Hämäläinen et al. 1993; Schmid et al. 
2018; Ellis et al. 2020; Liu et al. 2021).

The diagnostic potential of presurgical mor-
phological imaging in the clinical routine with 
magnetic resonance imaging (MRI) is limited 
regarding the localization of functionally relevant 
brain structures (Villanueva-Meyer et al. 2017). 
For instance, structural MRI provides detailed 
information of the brain parenchyma and intra-
cranial pathologies (Osborn et al. 2010), but can-
not assess brain function. Anatomically 
identifiable landmarks for specific functions 
could be described solely for the central region 
(see chapter “Functional Neuroanatomy”), where 
reliability reaches a maximum of approximately 
95% in healthy volunteers (Fig. 1). In the pres-
ence of anatomical variants, malformations of the 

brain, or patients with large or vastly infiltrating 
tumors, these morphological landmarks are not 
consistently identifiable. Pathological signal 
changes involving the pre- or postcentral gyrus 
further challenge presurgical morphological 
imaging diagnostics. A trustworthy attribution of 
a functional representation to a defined anatomi-
cal landmark is—even with an intact Rolandic 
anatomy—only feasible for the hand motor area, 
identified as a characteristically dorsally oriented 
convexity in the precentral gyrus, the so-called 
hand knob (Yousry et al. 1997). However, motor 
activity can also be detected outside of typical 
landmarks and the pattern of motor cortex activa-
tion is modulated by different physiological fac-
tors (Yousry et al. 2001). Other representations of 
the human body in the pre- or postcentral gyrus 
lack any reliable morphological correlate (Fesl 
et al. 2003). Their localization can be merely esti-
mated knowing the somatotopic organization of 
the Rolandic cortex in the motor and somatosen-
sory homunculi (Penfield 1937, 1950). Moreover, 
the localization and extent of activated brain sites 
can vary under pathological conditions as well as 
the pattern of brain activation. Besides local mass 
effects and hemodynamic alterations, brain 
tumors and arteriovenous malformations (AVMs) 
may also induce neuroplastic changes, that is, an 
altered pattern of activation as compared to the 
normal brain, known as lesion-induced reorgani-
zation or plasticity (Baciu et al. 2003; Bogomolny 
et al. 2004; Deng et al. (2016); Peck and Holodny 
2007; Holodny et al. 2002, 2011; Tuntiyatorn 
et  al. 2011; Briganti et  al. 2012; Rösler et  al. 
2014; Kong et al. 2020) which is also observed in 
patients with epilepsy (Wunderlich et  al. 1998; 
Fandino et al. 1999; Holodny et al. 1999, 2000; 
Alkadhi et  al. 2000; Bittar et  al. 2000; Duffau 
et  al. 2000; Lehericy et  al. 2002; Roux et  al. 
2000; Carpentier et  al. 2001b; Duffau 2001; 
Krings et  al. 2002a; Rutten et  al. 2002b; Baciu 
et  al. 2003; Bogomolny et  al. 2004; Peck and 
Holodny 2007; Wellmer et  al. 2009; Kasprian 
and Seidel 2010; Niu et al. 2014), which is more-
over a consequence of surgical intervention 
(Shinoura et al. 2006, 2009). This also applies to 
language-associated brain structures (Duffau 
et  al. 2001; Lazar et  al. 1997; Springer et  al. 
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1999; Spreer et al. 2001; Duffau et al. 2002a, b; 
Hertz-Pannier et al. 2002; Lehericy et al. 2002; 
Petrovich et  al. 2004; Stippich et  al. 2007a, b; 
Partovi et al. 2012a; Briganti et al. 2012; Rösler 
et al. 2014; Balter et al. 2019; Cirillo et al. 2019; 
Deverdun et al. 2020; Zimmermann et al. 2020) 
which, other than motor cortex representations, 
display a marked anatomical variability even in 
healthy subjects (Bogen 1976; Price 2000; 
Naidich et  al. 2001). Additionally, many cogni-
tive brain functions are under the influence of 
individual factors, such as multilinguality (Bello 
et  al. 2006; Hasegawa et  al. 2002; Hernandez 
et  al. 2001; Illes et  al. 1999; Kim et  al. 1997; 
Klein et  al. 1995; Roux and Tremoulet 2002; 
Andrews et al. 2013; Centeno et al. 2014; Leung 
et al. 2020), handedness (Szaflarski et al. 2002; 
Wiberg et al. 2019), age (Gaillard et al. 2000a, b, 
2001a, b; Schlaggar et  al. 2002), or gender 
(Shaywitz et al. 1995; Frost et al. 1999; Nenert 

et al. 2017), as published with partly incongruent 
or conflicting results (Allendorfer et  al. 2016). 
This variability suggests the need for the assess-
ment of functional localization in each patient 
individually.

The use of functional neuroimaging methods 
is especially valuable prior to neurosurgery 
(Stopa et al. 2020) in Rolandic (Jack et al. 1994; 
Baumann et al. 1995; Yousry et al. 1995, 1996; 
Atlas et al. 1996; Mueller et al. 1996; Pujol et al. 
1996, 1998; Krings et al. 1997, 1998; Roux et al. 
1997, 1999a, b; Schlosser et al. 1997; Stapleton 
et  al. 1997; Yetkin et  al. 1997; Dymarkowski 
et al. 1998; Lee et al. 1998b, 1999; Nitschke et al. 
1998; Schulder et  al. 1998; Achten et  al. 1999; 
Hirsch et al. 2000; Lehericy et al. 2000b; Kober 
et  al. 2001; Krings et  al. 2001; Ozdoba et  al. 
2002; Liu et  al. 2003; Schiffbauer et  al. 2003; 
Stippich et al. 2003a; Towle et al. 2003; Krishnan 
et  al. 2004; Parmar et  al. 2004; Reinges et  al. 

Fig. 1 Anatomical landmarks on morphological MRI 
according to Naidich and Yousry in transverse (upper row) 
and sagittal (lower row) views. White arrows indicate the 
relevant anatomical structures. The “hand knob” and 

“hook” are synonyms for the “precentral knob” (see chap-
ter “Functional Neuroanatomy”). (Modified from Stippich 
et al. 2003a, with permission)
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2004; Majos et al. 2005; Roessler et al. 2005; Van 
Westen et al. 2005; Nimsky et al. 2006; Holodny 
et al. 2011; Fisicaro et al. 2015), frontal or tem-
poroparietal (Desmond et al. 1995; Binder et al. 
1996; Bahn et  al. 1997; FitzGerald et  al. 1997; 
Herholz et  al. 1997; Hertz-Pannier et  al. 1997; 
Worthington et  al. 1997; van der Kallen et  al. 
1998; Yetkin et  al. 1998; Benson et  al. 1999; 
Bittar et al. 1999a, b; Killgore et al. 1999; Ruge 
et  al. 1999; Rutten et  al. 1999; Springer et  al. 
1999; Bazin et al. 2000; Grabowski 2000; Hirsch 
et  al. 2000; Lehericy et  al. 2000a; Lurito et  al. 
2000; Gaillard et al. 2002; Pouratian et al. 2002; 
Rutten et  al. 2002c; Roux et  al. 2003; Stippich 
et  al. 2003b, 2010; Van Westen et  al. 2005; 
Grummich et al. 2006; Voss et al. 2013; Benjamin 
et al. 2017), and mesiotemporal (Deblaere et al. 
2002; Avila et al. 2006; Stippich 2010; Spritzer 
et al. 2012; Fakhri et al. 2013; Voss et al. 2013) 
brain areas for the individual functional localiza-
tion of motor, somatosensory, and language- and 
memory-related brain activation, as well as for 
the determination of the hemispheric dominance 
and epileptogenic zone (Tyndall et al. 2017). At 
present, functional magnetic resonance imaging 
(fMRI) is the most widely used method for func-
tional neuroimaging. This modern imaging tech-
nique measures brain function indirectly (Kwong 
et  al. 1992) with a higher spatial accuracy, but 
lower temporal resolution than other noninvasive 
techniques such as EEG (Gevins et al. 1995) or 
MEG (Hämäläinen et  al. 1993; Tarapore and 
Matthew 2012). Advantages of fMRI over PET 
(Fox et al. 1986) (Mazziotta et al. 1982; Raichle 
1983), SPECT (Holman and Devous 1992), 
ECoG, and the Wada test are its noninvasiveness, 
lack of need for radiation, and broad availability 
of MR scanners.

FMRI assesses brain activity indirectly via 
detection of local hemodynamic changes in cap-
illaries (Menon et  al. 1995) and draining veins 
(Frahm et al. 1994) of functional areas. The blood 
oxygen level-dependent (BOLD) technique 
makes use of blood as an intrinsic contrast agent 
(Ogawa et  al. 1990a, b, 1992). BOLD signals 
have been shown to reflect actual neuronal activ-
ity with high spatial accuracy (Logothetis et al. 
2001; Logothetis 2002, 2003; Logothetis and 

Pfeuffer 2004; Logothetis and Wandell 2004). 
For details, please refer to chapter “Revealing 
Brain Activity and White Matter Structure Using 
Functional and Diffusion-Weighted Magnetic 
Resonance Imaging” giving information about 
the physiological basics and methodological- 
technical aspects of fMRI also in the context of 
clinical applications. Although fMRI has been 
quickly established in the research field of basic 
neuroscience—and high-performance gradient 
systems with higher field scanners and develop-
ment of ultrafast MR sequences have allowed 
examination of the entire brain in clinically fea-
sible scanning times—this technique is still 
rarely used for clinical diagnostics and research 
mostly due to its higher technical and method-
ological requirements as compared to clinical 
morphological MRI. Again, it should be kept in 
mind that presurgical fMRI has to be performed 
in individual patients with the goal of a neurora-
diological “functional” diagnosis and therefore 
fundamentally differs from research experiments 
in basic neuroscience, where the general under-
standing of brain function in groups of healthy 
subjects or patients is in the center of interest.

The vast majority of clinical task-based fMRI 
measurements are performed at 1.5  T systems 
due to their more widespread distribution, but 
increasingly at 3  T, which is ideal for clinical 
fMRI studies (Scarabino et  al. 2007; Tyndall 
et  al. 2017). During the last years the first 
ultrahigh- field clinical MR imagers with a main 
magnetic field strength of 7 T have been installed 
in leading neurocenters around the globe for 
basic and clinical research (Beisteiner et al. 2011; 
Batson et  al. 2015; Springer et  al. 2016; Lima 
Cardoso et al. 2017; Trattnig et al. 2018; Beckett 
et al. 2020). Human 9.4 T units are used in exper-
imental setup (Huber et  al. 2018). fMRI profits 
from higher main magnetic fields mainly through 
higher signal-to-noise ratio (SNR), higher BOLD 
signal, and better spatial resolution (Garin et al. 
2021). This is further supported by high- 
performance gradients and the multichannel head 
coil technique. An increased sensitivity (deter-
mined as the increase in percentage of voxels 
activated) for motor and somatosensory stimula-
tion and more specific localization in the gray 
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matter have been shown for 3 T fMRI compared 
to 1.5 T fMRI (Krasnow et al. 2003;  García- Eulate 
et al. 2011). A further study has demonstrated an 
earlier onset of the hemodynamic response at 7 T 
in comparison to 1.5  T, hereby reducing the 
undesired venous contribution to the BOLD 
response (Van der Zwaag et al. 2009).

Real-time fMRI with immediate data analysis 
was developed and pushed forward for fMRI 
neurofeedback and brain-computer interfacing 
(Esposito et al. 2003; Weiskopf et al. 2003, 2004, 
2007; Lührs et al. 2017; Sorger and Goebel 2020) 
and requires ultrafast computing capabilities. 
Online processing also facilitates the use under 
clinical conditions (Fernandez et al. 2001; Moller 
et al. 2005; Schwindack et al. 2005; Feigl et al. 
2008; Vakamudi et  al. 2020) (see Sect. 4.1). 
Hence, most new-generation MR imagers come 
along with software packages that have some 
functionality for processing fMRI data already at 
the scanner console. These products are designed 
to be user friendly and are easy to apply. However, 
the options to monitor the different steps of the 
underlying data processing are limited as well as 
the options to analyze and control the fMRI 
results in detail. This lacking in fundamental 
functionality may be problematic in cases of 
unclear, ambiguous, or unexpected fMRI results; 
during determination of artifacts; or when imag-
ing quality is reduced.

Presurgical diagnostic assessment in patients 
with brain tumors and epilepsy is to date the most 
commonly established clinical application of 
fMRI. Historically, due to its good spatial resolu-
tion and direct correlation with surface anatomy, 
BOLD fMRI was used shortly after its first 
description (Bandettini et al. 1992; Kwong et al. 
1992; Ogawa et al. 1992) for presurgical localiza-
tion of the primary sensorimotor cortex in 
patients with Rolandic brain tumors (Jack et al. 
1994) (see Sect. 4) and shortly after for the deter-
mination of the language-dominant hemisphere 
and localization of the Broca’s and Wernicke’s 
language areas (FitzGerald et al. 1997) in patients 
with left frontal or temporoparietal tumors 
(Desmond et al. 1995) (see Sect. 5). There is sub-
stantial evidence from validation studies with 
established reference procedures (see chapter 

“Presurgical Functional Localization 
Possibilities, Limitations and Validity”) and from 
multimodal investigations comparing fMRI with 
other functional neuroimaging methods (see 
chapter “Multimodality in Functional 
Neuroimaging”), suggesting a good reliability of 
fMRI data for the (presurgical) localization of 
functional areas and—not unisono however—for 
the determination of the language-dominant 
hemisphere, considering the indications and limi-
tations of this technique. Of note, neurovascular 
uncoupling induced by the brain pathology may 
interfere with and alter the fMRI BOLD response 
(Agarwal et al. 2021).

Basically, the predominant diagnostic aims of 
presurgical functional neuroimaging are the 
following:

• Localization of eloquent brain areas with 
respect to the envisaged site of surgery

• Determination of the dominant hemisphere 
for specific brain functions

• Localization of the epileptic zone and lateral-
ization of epileptic activity

• Delineation of neuroplastic changes in brain 
activity

Presurgical fMRI is now commonly used in 
combination with diffusion tensor imaging (DTI) 
to additionally delineate functionally important 
fiber bundles such as the pyramidal tract or the 
arcuate fascicle (see chapter “Diffusion Imaging 
with MR Tractography for Brain Tumor 
Surgery”). The diagnostic information of both 
modalities is complementary and can be inte-
grated and used for functional neuronavigation 
(see chapter “Functional Neuronavigation”). 
Resting-state fMRI (rsfMRI) has been exten-
sively used in the last years in the field of neuro-
science imaging to study different functional 
networks of the human brain without the need to 
actively stimulate the brain. Meanwhile rsfMRI 
has found its way into the clinical arena and was 
employed as a new modality for presurgical func-
tional neuroimaging (see chapter “Presurgical 
Resting-State fMRI”).

Standardization of the imaging procedures, 
data processing, and neuroradiological interpre-
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tation of the results is an ongoing issue (Beisteiner 
2017; Black et al. 2017; Agarwal et al. 2019a, b; 
Gene et al. 2021). Therefore, a relevant amount 
of clinical fMRI studies should still be performed 
in the framework of research trials. Initial, but 
very general instructions for clinical fMRI have 
been published in the “current protocols in 
 magnetic resonance imaging” (Thulborn 2006). 
By now, attempts of the responsible medical 
associations have been made to release instruc-
tions for established clinical applications of fMRI 
(https://www.asfnr.org/clinical- standards/) based 
on continuous evaluation, optimization, and 
implementation of novel technical solutions. This 
is an important step for clinical fMRI towards 
becoming a routine diagnostic neuroimaging pro-
cedure (for details see Sect. 3.1).

3  Presurgical Task-Based fMRI: 
Practical, Technical, 
and Methodological 
Considerations

3.1  Practical Issues

In contrast to experimental applications of fMRI, 
in research laboratories where permanent test set-
ups can be installed, generally healthy subjects 
are examined, and measured results do not neces-
sarily need to be immediately available, the clini-
cal application of fMRI in a hospital setting faces 
particular challenges. Technically and method-
ologically custom-tailored developments includ-
ing hardware, software, imaging protocols, and 
data evaluation processes (see Sects. 3.3 and 3.4) 
are required to allow a successful examination of 
patients with existing deficits, uncooperative or 
sedated patients, and children (Hajnal et al. 1994; 
Baudendistel et  al. 1996; Buckner et  al. 1996; 
Cox 1996; Friston 1996; Lee et al. 1996, 1998a, 
b, c; Gold et al. 1998; Stippich et al. 1999, 2000, 
2002a; Thulborn and Shen 1999; Bookheimer 
2000; Hammeke et al. 2000; Hirsch et al. 2000; 
Gaillard et  al. 2001a, b; Hsu et  al. 2001; Roux 
et  al. 2001; Hoeller et  al. 2002; Rutten et  al. 
2002c, d; Roberts 2003; Steger and Jackson 
2004; Hulvershorn et al. 2005a, b; Weiskopf et al. 

2005; Liu and Ogawa 2006; Priest et  al. 2006; 
Wienbruch et al. 2006; Stopa et al. 2020; Manan 
et  al. 2020; Gene et  al. 2021). Instructions for 
dealing with sources of error and solving specific 
problems arising in clinical fMRI are given in 
chapter “Clinical BOLD fMRI and DTI: Artifacts, 
Tips and Tricks.”

The principal element of any task-based fMRI 
measurement consists of a “paradigm,” defined 
by a functional measurement including a stimu-
lation adjusted to the respective brain area to be 
investigated. Altogether, a complete fMRI 
 protocol comprises one or several different para-
digms in addition to at least one morphological 
3D data set for image overlay procedures. 
Clinical fMRI protocols need to be optimized for 
clinically acceptable examination times, low 
susceptibility to artifacts, good signal yield, and 
a reliable localization of functional brain areas. 
In this context, block-designed paradigms, with 
cyclically alternating “stimulation” and “base-
line” or synonymously “control” conditions, are 
usually more feasible than the methodologically 
more demanding event-related paradigms 
(Fig.  2) (Tie et  al. 2009). Ideally, it should be 
possible to use clinical fMRI protocols even in 
patients with existing neurological and cognitive 
deficits. Thus, particularly when creating com-
plex protocols, such as for language or other 
cognitive brain functions, a close cooperation 
with neuropsychological experts is strongly 
advisable. Prior to any clinical fMRI examina-
tion, an accurate documentation of relevant neu-
rological and neuropsychological deficits has to 
be available in order to avoid erroneous data 
interpretation. Individual training and stimula-
tion adjustment according to the patient’s abili-
ties are also indispensable. The time required for 
the pre-measurement training generally exceeds 
the actual measurement time and can vary in 
own experience between 20 min and 3 h depen-
dent on the patient’s abilities (Stippich et  al. 
2002a). By using optimized and standardized 
protocols, fMRI examinations can be integrated 
in the clinical MR imaging routine without major 
problems. To investigate motor function, self-
triggered movements are most commonly used 
(see Sect. 4.3), and non- standardized tactile 
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stimuli (e.g., manual touching of the hand by the 
examiner) are applied to measure somatosensory 
function (Hammeke et al. 1994). Language func-
tions are examined using various paradigms 
involving acoustic or visual stimulation (see 
Sect. 5.3). In the published studies on preopera-
tive fMRI, the required measurement times per 
paradigm show a high variability between 1 min 
(Stippich et al. 2004) and above 20 min (Rutten 
et al. 2002c); technical and methodological dif-
ferences are also considerable. To make “getting 
started” in preoperative fMRI easier, sample 
established protocols are presented in Sects. 4.4, 

4.5, and 5.4. In our experience, these protocols 
ensure a robust functional localization at 1.5 T 
and sufficient BOLD signal (measured parame-
ters: r = correlation of the measured BOLD sig-
nals to the applied hemodynamic reference 
function, ΔS% = relative BOLD signal change). 
It seems possible to use the proposed protocols 
also on EPI-capable MR imagers with a lower 
main magnetic field strength up from 1.0 T, but 
this has not been tested systematically. Scan 
times per paradigm are 66 or 105 s (fully auto-
matic somatosensory stimulation) (Stippich 
et al. 2004, 2005), 140 s (motor) (Stippich et al. 

MR-volumes

MR-volumes

MR-volumes

Parametrical

Event-related

t

r

Blocked

6 Hz 2 Hz 10 Hz 4 Hz 8 Hz

Fig. 2 Schematic illustration of different paradigm 
designs used for fMRI studies. Conventional “blocked 
design” consists of different stimulation periods that 
repeatedly alternate over time, while images are acquired 
continuously (MR volumes). Usually a series of identical 
stimuli (or tasks) is applied during each period. 
“Parametrical design” is a modification of blocked design 
with a systematic variation of the applied stimulation 
between periods (e.g., trigger frequency). “Event-related” 
design requires triggering and enables to measure BOLD 

responses to single events (e.g., a single finger movement) 
with improved temporal resolution. Images can be 
acquired continuously or discontinuously (shown). To 
achieve a higher SNR averaging of a larger number of 
events is required (for details see chapter “Revealing 
Brain Activity and White Matter Structure Using 
Functional and Diffusion-Weighted Magnetic Resonance 
Imaging”). (Modified from Stippich et  al. 2002a, with 
permission)
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2002b), and 234  s (language) (Stippich et  al. 
2003b). Reproducibility of functional localiza-
tion and BOLD signal during one MR session as 
well as on different examination days is high. 
However, due to the persisting lack of consensus 
on the performance of clinical fMRI examina-
tions, it is not yet possible to make definitive rec-
ommendations on how these should be carried 
out—thus, we also allude the reader to the large 
body of data available on this field (see Sects. 4.1 
and 5.1, https://www.asfnr.org/paradigms/).

Examination times in the clinical neuroimaging 
routine are in general limited and rarely exceed 
1 h. Within this time, the entire stimulation equip-

ment needs to be set up at the scanner and subse-
quently dismantled (Fig.  3). Positioning of the 
pre-trained patient for MRI is more time consum-
ing than preparation for routine morphological 
MR imaging. Head fixation should be optimized 
to reduce motion artifacts and all stimulation 
devices have to be installed and calibrated (Figs. 4 
and 5). Once all is set up, a final performance test 
prior to the beginning of the fMRI examination is 
strongly recommended—that is, each patient 
should shortly repeat the task inside the scanner 
under the supervision of the investigator. In gen-
eral, all clinical fMRI measurements should be 
closely monitored by the investigator to document 

Electro-magnetic
valves

Compressed air

MR scanner

Scanner room

Screen

Table

Video projector

Headphones and
microphone

Response box

Tactile
stimulation unit

Operator room

Image
processor

MRI consoleStimulation
computer

Mechanical room
Fig. 3 Scheme of a 
typical fMRI setup. 
Electrical equipment 
placed inside the scanner 
room requires sufficient 
shielding. Test 
measurements should be 
performed to exclude 
imaging artifacts. For all 
electrical stimulation 
devices and critical 
metal implants, safety 
measurements on 
phantoms are 
recommended (Georgi 
et al. 2004; Akbar et al. 
2005)
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errors arising while the paradigms are carried out. 
For this reason, our investigators remain in the 
scan room or observe the patient from outside 
while the motor paradigms are carried out by the 
patients. For language fMRI, the patient is asked 
immediately after each measurement for correct 
task performance before initiation of the next task. 
This is also recommended for clinical fMRI of 
other cognitive functions, such as memory. These 
brief post-scan interviews are also important to 
document incorrect task performance accounting 
for the sometimes unavoidable and time-consum-
ing manual post- processing of erroneous data 
from patients who are difficult to examine. 
However, erroneous measurements should be 
immediately repeated, whenever possible. Some 
commercially available clinical fMRI devices 

come with functionalities for patient monitoring. 
However, such apparatus cannot substitute proper 
supervision of the patient’s performance by the 
investigator. It is highly recommended to follow 
the abovementioned procedure to ensure reliable 
clinical fMRI scanning.

The results of clinical fMRI measurements 
usually need to be already available on the exami-
nation day in order to ensure that fMRI data can 
be considered in the early therapeutic decision- 
making process. Traditionally, fMRI data are pro-
cessed right after the fMRI examination (off- line) 
using freely available or commercial software 
(Cox 1996; Friston 1996; Gold et  al. 1998; 
Roberts 2003; Bowring et  al. 2019; see also: 
www.mriquestions.com/best- fmri- software.
html). Today, most MR scanners come with 

a

c

b

Fig. 4 Typical equipment for visual stimulation. (a) 
High-resolution video beamer. As for all electronic 
devices, placement of the device outside the scanner room 
should be preferred to avoid imaging artifacts. (b) 

Semitransparent projection screen mounted to the scanner 
bore. (c) Commercial mirror system for back projection 
mounted on the head coil. (Reprinted from Stippich 2005, 
2010, with permission)
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optional software packages for an immediate 
“online” processing of fMRI data (Fernandez 
et al. 2001; Moller et al. 2005; Schwindack et al. 
2005) (see Sect. 4.1). The functionality of such 
online processing software tools is variable. The 
choice of the appropriate programs is usually 
made on the basis of individual criteria. However, 
any data processing software for fMRI should at 
least include image alignment, motion correction, 
temporal and spatial data smoothing, and multiple 
statistical tests to assess functional activation (see 
chapter “Revealing Brain Activity and White 
Matter Structure Using Functional and Diffusion-
Weighted Magnetic Resonance Imaging”). It is 
also important to note that tools for superimposi-
tion of the functional images on morphological 
images and for data export (e.g., neuronavigation) 
are essential in presurgical fMRI, whereas the 
capabilities for spatial normalization can be con-
sidered as optional. Of note is that the use of soft-
ware not certified for medical applications may be 
critical when it comes to direct intraoperative 
applications, for example, for neuronavigation or 
radiation therapy. On the other hand, research 
software tools and processing pipelines often pro-
vide better access to the different underlying data 
processing steps, which may be relevant for the 
meaningful interpretation of clinical fMRI data, 

as well as for the detection of imaging artifacts 
and for fMRI quality assurance. As a consequence 
it may be necessary to perform the data analysis in 
parallel using different software, dedicated to 
medical application and dedicated to research.

Since the availability of accepted guidelines 
or recommendations for the evaluation and inter-
pretation of clinical fMRI is very limited, appro-
priate imaging protocols and criteria for the 
diagnostic interpretation often need to be defined 
by the individual institutions. As an important 
step towards a more standardized diagnostic 
application of fMRI, the American Society for 
Functional Neuroradiology (ASFNR) provides 
instructions and recommendations for clinical 
fMRI including BOLD-fMRI paradigms, educa-
tional videos, and fMRI CPT codes (for further 
information please visit the ASFNR homepage, 
https://www.asfnr.org). The proposed paradigms 
cover motor, somatosensory, language, and mem-
ory function as well as vision. They are of special 
value for clinical neurocenters which intend to 
start with presurgical fMRI, wish to adopt their 
existing imaging protocols, or aim to participate 
in multicenter trials.

However, most larger medical centers offering 
clinical fMRI studies still use their own internal 
routines, which are typically the result of a long- 

Fig. 5 Fully automated 
pneumatically driven 
tactile stimulation. 
Flexible membranes (4D 
neuroimaging, Aachen, 
Germany) connected to 
pressure-resistant 
pneumatic tubes 
transmit the stimuli to 
the lips, fingers, or toes 
(not shown). Upper left: 
The 24-channel 
high-precision 
electromagnetic valve 
system was designed to 
investigate 
somatosensory 
somatotopy. (Reprinted 
from Stippich 2005, 
2010, with permission)
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standing own “evolutionary” process and thus of 
specific in-house expertise (Tyndall et al. 2017). 
An intrinsic advantage of this situation is the 
 thorough understanding of the whole process 
associated with presurgical fMRI between the 
different medical partner disciplines involved in 
each respective neuro- and imaging center (neu-
roradiology, neurosurgery, neurology, radio-
oncology, etc.). This highly interdisciplinary 
process of using presurgical fMRI includes the 
following:

 1. FMRI indication, data acquisition, analysis, 
and diagnostic interpretation

 2. Clinical decision-making also considering 
fMRI (and DTI) results

 3. Planning of an optimal treatment tailored to 
the specific findings in each individual patient

 4. Detailed information of patients about the 
desired treatment, its side effects, other pos-
sible consequences, and therapeutical 
alternatives

 5. Application of the optimized treatment based 
on profound knowledge of its methodological 
and medical limitations

 6. Assessment of the post-therapeutic outcome 
with respect to the pretherapeutic findings

On the other hand, such methodological vari-
ability considerably affects the comparability of 
fMRI studies between different investigators, 
especially when it is about imaging cognitive 
brain function (e.g., language or memory). As a 
consequence the following sections provide 
recent and in-depth information on legal, meth-
odological, technical, and medical aspects to 
implement and employ state-of-the-art presurgi-
cal task-based fMRI.

3.2  Legal Aspects

Today, there exists a substantial body of evidence 
that task-based BOLD fMRI is robust, valid, and 
reasonably precise to localize different cortical 
representations of the human body within the pri-
mary motor and somatosensory cortices, to local-

ize essential motor and receptive language areas, 
and to determine language dominance prior to 
brain surgery. More and more stimulation devices 
and software solutions have become commercially 
available that facilitate the clinical application of 
fMRI and that have been certified for medical use. 
However, fMRI can still not be considered as a 
standard routine application in clinical diagnostic 
neuroimaging, since in most countries worldwide 
(except for the USA), no recommendations or 
guidelines have been issued by the responsible 
domestic medical associations. Until then, indi-
vidual routine procedures and standards need to be 
established for measuring techniques and exami-
nation protocols, data processing, and evaluation, 
as well as for medical evaluation and documenta-
tion of clinical fMRI findings (Pernet and Poline 
2015; Pernet et  al. 2016; Beisteiner 2017). 
Validation of preoperative fMRI using established 
reference procedures (e.g., ECoG, Wada test) 
(Spritzer et al. 2012; Janecek et al. 2013; Ojemann 
et al. 2013; Siero et al. 2014; Massot-Tarrús et al. 
2020) by the operator is indispensable, even if the 
examination protocols suggested in this book are 
used. As a prerequisite clinical fMRI examinations 
should be performed, evaluated, and interpreted by 
trained and experienced investigators with particu-
lar expertise in this area, since careless use of this 
very promising technique could endanger patients.

3.3  Evaluation of Presurgical fMRI 
Data

Presurgical fMRI examinations are always car-
ried out in individual patients with the primary 
goal of an individual “functional” diagnosis. To 
achieve this, the surgically relevant functional 
brain areas need to be reliably localized and their 
spatial relationship to the brain tumor or epilep-
togenic zone needs to be accurately identified. 
Precise localization of the anatomical correlate of 
the center of gravity of a functional area (focus of 
activation) and correct naming of the correspond-
ing anatomical structure (gyrus) are of utmost 
importance, as far as the pathology allows. When 
determining the language-dominant hemisphere, 
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limitations of the method need to be considered 
(see Sect. 6).

The use of dynamic statistical thresholds in 
the data processing helps to reliably localize 
functional brain areas and to provide defined 
BOLD signal readings (see Sect. 3.4). Regardless 
of the software used and of the level of automa-
tion achieved, the superposition of the intrinsi-
cally distorted echo planar MR images (EPI) 
onto anatomical 3D data sets and the definition of 
the appropriate display parameters for intraoper-
ative representation of the functional data remain 
manual procedures or require at least control and 
refinement. Just like the medical evaluation and 
documentation of clinical fMRI findings, they 
require a certain level of experience of the inves-
tigator. These investigator-related factors in par-
ticular underline the need for the establishment 
of standardized fMRI protocols, data processing 
strategies, and evaluation procedures to achieve a 
consistent quality among the clinical fMRI 
examinations.

In general, it is important to note that the spa-
tial extent of a functional brain area cannot be 
reliably and accurately determined with BOLD 
fMRI, since the extent of the local signal display 
varies according to the statistical threshold cho-
sen for data evaluation (of note, the same applies 
to DTI-tractography regarding the size and extent 
of important white matter tracts). Therefore, 
defining resection margins on the basis of BOLD 
activations alone is not safe enough and should 
not be permitted until sufficient data from 
 prospective clinical trials on this topic are avail-
able. In addition, the spatial coordinates of the 
focus of activation change with the statistical 
threshold as well as with the cluster size and 
BOLD signal (Fig. 6). When evaluating clinical 
fMRI data, the use of one or more predetermined 
(fixed) statistical thresholds—a common 
approach in research fMRI—does not solve the 
problem, since BOLD signal intensities and clus-
ter sizes differ significantly between single 
patients and different paradigms (e.g., foot move-
ment, hand movement), respectively, even if the 
examinations are carried out in a standardized 
way. This holds also true for different fMRI mea-

surements performed in the same patient, regard-
less of whether they are acquired on different 
days or within the same scanning session. More 
importantly, inaccuracies in localizing functional 
cortical representations may mislead the neuro-
surgeon with respect to presurgical assurance, a 
security which in reality is unfounded and could 
consequently put the patient at risk. This problem 
can be overcome by the adoption of the individ-
ual fMRI analyses on the basis of clearly defined 
criteria using dynamic statistical thresholding 
(Fig. 7) (see Sect. 3.4).

Determination of the dominant hemisphere 
with fMRI is at least equally challenging. 
Typically, activated voxels in defined target 
regions in both hemispheres (e.g., Broca’s and 
Wernicke’s areas and their anatomically homolo-
gous areas in the contralateral hemisphere) are 
counted at a particular statistical threshold; upon 
them lateralization indices (LI) are calculated 
from interhemispheric quotients (Stippich et  al. 
2003b). This procedure has intrinsic problems for 
several reasons: (1) The BOLD activation mea-
sured depends on the paradigm used, but the 
application of several different paradigms for the 
identification of language-related brain areas has 
proven to be more reliable to localize and lateral-
ize language as compared to the application of 
one single paradigm alone (Ramsey et al. 2001; 
Rutten et al. 2002c; Zacà et al. 2013; Black et al. 
2017). In addition, some linguistically different 
paradigms do better account for the complexity 
of language assessment in presurgical fMRI. The 
single results of the various paradigms are rarely 
identical, but often congruent. There are, how-
ever, no scientific data indicating how conflicting 
results should be medically interpreted. (2) 
BOLD activation varies independently between 
hemispheres if the frequency of stimuli is varied, 
even when the same paradigm is used (Konrad 
et  al. 2005). This means that the lateralization 
measured depends on both the statistical thresh-
old chosen and the “cerebral workload” associ-
ated with the respective task. (3) In contrast to 
imaging modalities based on ionizing radiation 
(e.g., CT), MRI yields “relative” rather than 
“absolute” measurements, so that the results of 
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BOLD fMRI have to be interpreted semiquantita-
tively. (4) Brain tumors induce neuroplastic 
changes which may affect motor (Tozakidou 
et al. 2013) and language lateralization (Partovi 
et  al. 2012a) or may even cause neurovascular 
uncoupling leading to pseudo-reorganization 
(Ulmer et al. 2003, 2004a, b). A right-sided lan-
guage dominance, for example, as calculated 
based on preoperative fMRI data in patients with 
brain tumors affecting the language system, does 
not mean that the (relatively) reduced language 
activation in the left hemisphere is no longer 
essential to maintain language function. The 
same holds true for the reduced primary motor 

activation in Rolandic lesions. In contrast, the 
functional reorganization in these patients reflects 
the brain’s attempts to functionally cope with the 
brain tumor. Consequently, tumor-induced 
altered functional lateralization, which is repro-
ducible in different paradigms, should therefore 
be considered as an indicator for very “watchful” 
resections. In such situations, additional intraop-
erative measures (ECoG) and/or awake cranioto-
mies may be considered.

In spite of the limitations mentioned, fMRI 
yields—in the vast majority of patients—impor-
tant diagnostic information noninvasively which 
is otherwise unavailable. Functional landmarks 

Fig. 6 Influence of the statistical threshold on spatial 
extent and localization of the center of gravity of BOLD 
fMRI activation. With decreasing statistical threshold, 
BOLD clusters increase in size and show a marked shift of 
spatial coordinates (please compare upper and lower 
rows). The yellow arrowheads indicate primary senso-

rimotor activation obtained from contralateral finger 
opposition in a hemiparetic patient; red arrowheads indi-
cate the statistical threshold used to display functional 
activation. Gray boxes: spatial coordinates (x, y, z) of the 
center of gravity of BOLD clusters (cluster size in mm3, 1 
voxel = 1 mm3)
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facilitate pretherapeutic assessment of the most 
function-sparing therapy upon a careful consid-
eration of the benefits and risks, as well as the 
planning and execution of function-preserving 
interventions. At the same time, preoperative 
fMRI has the potential to better prove the indica-
tion and reduce the number of invasive diagnos-
tic procedures, such as the Wada test or ECoG, 
either before or during neurosurgery. There is 
substantial evidence available from studies com-
paring preoperative fMRI with Wada test, indi-
cating that invasive catheter testing can be 
replaced in many instances, when fMRI yields 

robust and reliable language or memory lateral-
ization (Dym et  al. 2011; Bohm et  al. 2020; 
Massot-Tarrús et al. 2020). However, preopera-
tive functional neuroimaging has relevant limita-
tions (Metwali et  al. 2019; Azad and Duffau 
2020) and—in case of conflicting results—many 
surgeons rely on invasive procedures (Stopa 
et  al. 2020). Consequently, fMRI cannot fully 
replace the abovementioned invasive measures 
and should therefore be considered as a support-
ive diagnostic modality playing a major role in 
the pretherapeutic assessment of brain tumors 
and epilepsies.

Fig. 7 Comparison of dynamic thresholding (DYN, 
upper row) and fixed thresholding (FIX, lower row) in 
somatotopic mapping of the left primary sensorimotor 
cortex. Dynamic thresholding enables to adapt the data 
evaluation to different fMRI measurements in a standard-
ized way. Using the empirically proven cluster size of 
36 mm3 as a standard for data evaluation allows to achieve 
well-outlined fMRI activations (black arrowheads) and 
enables to precisely assess their anatomical correlates and 
spatial coordinates as well as to measure BOLD signals 
under defined conditions (r = correlation of the measured 

BOLD signals to the hemodynamic reference function 
(hrf), ΔS  =  relative BOLD signal change [%]). Fixed 
thresholding (here adapted to the “weakest” activation 
(foot)) results in BOLD clusters of variable size and spa-
tial coordinates precluding a reliable assessment of their 
anatomical correlates as well as of BOLD signal charac-
teristics. In this patient, at low statistical threshold, artifi-
cial activations occurred around the tumor, obscuring 
diagnostic information and potentially confusing the neu-
rosurgeon (please compare hand, upper and lower rows)
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3.4  Analyzing fMRI Data 
in Individual Patients

Defining standard analysis processes is a signifi-
cant prerequisite for the medical interpretation of 
clinical fMRI data, alongside standardized 
 clinical examination protocols, defined reference 
values, and automated data processing. These are 
the minimum requirements if clinically diagnos-
tic information is to be gleaned from 
fMRI. Diagnostic and pretherapeutic evaluation 
of non-standardized fMRI examinations in 
“interesting” patients is highly inadvisable and 
may put the patients at risk.

A number of freely available and commercial 
programs are available for fMRI data processing 
and evaluation (Cox 1996; Friston 1996; Gold 
et al. 1998; Roberts 2003, Bowring et al. 2019; 
see also: www.mriquestions.com/best- fmri- 
software.html). Due to the diversity of these pro-
grams and the varying requirements and 
preferences of the individual user, no program 
can be recommended in particular. The following 

three-step procedure using dynamic thresholding 
has been developed for BrainVoyager (BV) but is 
transferable to other programs.

Preprocessing (step 1, for details see chapter 
“Revealing Brain Activity and White Matter 
Structure Using Functional and Diffusion- 
Weighted Magnetic Resonance Imaging”): Any 
interpretation of clinical fMRI data should begin 
with processing of the raw data, including at min-
imum image alignment, correction of motion 
artifacts, and temporal-spatial smoothing. 
Generally, functional activation maps are then 
calculated on the basis of a number of successive 
images (2D fMRI maps), for which various sta-
tistical processes can be alternatively used [e.g., 
t-test, cross correlations, general linear model 
(GLM)]. As a basic principle, a reference func-
tion corrected for the delayed hemodynamic 
response should be used. A volume map of acti-
vations (3D fMRI maps) can be calculated fol-
lowing (manual) superposition of the EPI image 
layers onto anatomical 3D data sets (Fig. 8). The 
minimal number of voxels within a cluster to be 

Fig. 8 Overlay of 2D fMRI activation maps (left) on ana-
tomical 3D data sets (right, bottom left) results in 3D 
fMRI activation maps (right) that are typically used for 
diagnostic presurgical fMRI. This is usually a manual pro-
cedure and requires sufficient experience of the examiner 

to cope with the distortions of the functional EPI images 
and other imaging artifacts (movement artifacts, BOLD 
signal of venous origin, etc.). The fit should be optimized 
to the different anatomical structures of interest in patients 
with Rolandic, frontal, or temporoparietal brain tumors
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shown can be freely predetermined, but should be 
standardized. On the basis of empirical experi-
ence, we consider a cluster size of 36 mm3 appro-
priate and define this as a standard parameter for 
all 3D analyses. On the one hand, randomly scat-
tered activations are barely shown at this cluster 
size; on the other hand, clusters are not so large 
that small anatomic details are obscured. When 
defining own standards, it should be borne in 
mind that the representation of the clusters also 
depends on spatial smoothing.

Dynamic thresholding (step 2): This evalua-
tion process for individual fMRI data typically 
begins at the maximal statistical threshold, so 
that no activation is displayed (empty map). The 
statistical threshold is then progressively low-
ered, until an activation is detected, which best 
correlates with the hemodynamic reference func-
tion (HRF). Much like the tip of an iceberg, this 
activation is small and well outlined, in such a 
way that the anatomic correlate of the activation 
focus and the spatial coordinates can be accu-
rately determined. The associated correlation of 
the measured BOLD signal to the HRF (r), the 
relative BOLD signal changes (ΔS%), and the 
cluster size can be measured under defined con-
ditions. By further reducing the statistical thresh-
old, activations in other functional areas appear, 
to which the measurements mentioned can be 
applied (Stippich et al. 2000, 2003a, b, 2007a, b; 
Stippich 2010). Thus, for each fMRI data set 
there is an individual hierarchy of the various 
functional activations associated with the applied 
paradigm. Simultaneously, the size of clusters 
already shown on a higher statistical level 
increases with decreasing threshold. This can be 
used to determine the dominant hemisphere by 
calculating the lateralization index according to 
the established formula LI  =  (LH − RH): 
(LH + RH), where “LH” is the number of voxels 
in the left and “RH” the number of voxels in the 
right hemisphere (Stippich et al. 2003b; Partovi 
et al. 2012a, b). Due to the well-outlined clusters 
separate LIs can be calculated, for example, for 
the Broca’s and Wernicke’s speech areas, 
enabling a highly detailed analysis of atypical 
language activation as, for example, influenced 
by the presence of a brain tumor (Fig. 9). In order 

to reliably distinguish the measured BOLD sig-
nals from noise, r > 0.5 for motor and language 
function and r > 0.4 for somatosensory brain acti-
vation have empirically been proven as appropri-
ate lower threshold limits, each with p  <  0.05. 
Alternatively, or additionally, an error rate can be 
determined which should not be exceeded in 
order to evaluate a BOLD activation as “real,” for 
example, a false discovery rate (FDR) <0.001 
(0.1%).

Checking BOLD signal characteristics (step 3, 
for details see chapters “Revealing Brain Activity 
and White Matter Structure Using Functional and 
Diffusion-Weighted Magnetic Resonance 
Imaging” and “Clinical BOLD fMRI and DTI: 
Artifacts, Tips and Tricks”): Measuring BOLD 
signals under defined conditions can help to sep-
arate real activations from artifacts. Both the cor-
relation with HRF (r) and the signal intensity 
(ΔS%) should remain within normal range 
(Fig. 10). Unphysiologically high signal intensity 
can arise from activation of “venous” origin—an 
assumption supported by a sulcal localization of 
the cluster focus—or by motion artifacts. In the 
latter case, the strongest usually ring-shaped acti-
vations tend to occur in the frontal circumference 
of the brain opposite the supporting point of the 
head (occipital). Depending on the dominant 
motion components, other localizations may also 
account for erroneous signal. Here, the onset of 
the measured signal time course corresponds bet-
ter to the box-car function of the block design 
than to the HRF (for details see chapter “Clinical 
BOLD fMRI and DTI: Artifacts, Tips and 
Tricks”). A reduction or loss of BOLD signal can 
occur in functional areas compressed or infil-
trated by a tumor by limiting the capability of the 
affected brain tissue to hemodynamically respond 
to the applied stimulation. Also, the opposite 
effect has been observed in highly vascularized 
pathologies, such as arteriovenous malforma-
tions that may induce a “steal phenomenon” in 
the respective functional areas. For more detailed 
information on relevant hemodynamical and 
pathophysiological mechanisms underlying 
BOLD fMRI failure we refer the reader also to 
publications on cerebrovascular reactivity map-
ping and a phenomenon called “neurovascular 
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uncoupling” (Zaca et al. 2011, 2013, 2014; Pillai 
and Zaca 2012; Pillai and Mikulis 2015; Agarwal 
et al. 2016, 2019a, b, 2021; Pak et al. 2017).

4  Presurgical fMRI of Motor 
and Somatosensory 
Function

Surgery on Rolandic brain tumors entails a high 
risk of motor and sensory deficits. Task-based 
fMRI of motor function is the most frequently 
used presurgical application due to the compara-

tively low equipment requirements for this exam-
ination (no stimulation devices are necessary), 
the relative ease with which it is performed, and 
the generally stable functional activation. The 
diagnostic aim is to localize the primary motor 
cortex in relation to Rolandic tumors. On the 
basis of morphological MR imaging and clinical 
findings (motor and/or sensory deficits), the indi-
cation for presurgical fMRI should be assessed 
(see Sect. 4.2) and the appropriate examination 
protocol individually adjusted (see Sects. 4.4–
4.6). Even patients with tumor-associated pareses 
can be examined using special paradigms (see 

Fig. 9 Dynamic thresholding: evaluation routine for indi-
vidual clinical fMRI data. Continuous reduction of the 
statistical threshold (yellow arrowheads) results in a hier-
archy of different functional activations (red arrowheads) 
associated with a given task (e.g., word generation). The 
starting point (0) is at the maximum statistical threshold 
(r = 1.0) where no activation is displayed. Wernicke’s acti-
vation (W) correlates best with the HRF (1, r = 0.64) fol-

lowed by WR (2, r = 0.58), B (3, r = 0.54), and BR (4, 
r = 0.46). Regional lateralization indexes (LI) are calcu-
lated from BOLD cluster sizes in corresponding func-
tional brain areas in the left and right hemispheres (red 
double-headed arrows). Empirically proven default 
parameters: cluster size >35 mm3, correlation to the HRF: 
r > 0.4 with p < 0.05. Note the strong occipital activation 
related to the visual trigger presentation
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Sects. 4.5 and 4.6). According to the site and 
extent of the tumor, a single fMRI reading can 
suffice. However, it is often necessary to examine 
the entire motor and, where appropriate, somato-
sensory somatotopy. Today, presurgical localiza-
tion of various body representations in the 
pre- and postcentral gyrus by fMRI can be con-
sidered reliable (see chapter “Presurgical 
Functional Localization Possibilities, Limitations 
and Validity”). Even neuroplastic changes (Baciu 
et  al. 2003; Bogomolny et  al. 2004; Peck and 
Holodny 2007; Kasprian and Seidel 2010; 
Holodny et  al. 2011; Tuntiyatorn et  al. 2011; 
Tozakidou et al. 2013; Cirillo et al. 2019; Kong 

et  al. 2020) can be examined, although in the 
presence of brain tumors, shifts in different body 
representations can be observed as well as 
changes in functional hemispheric lateralization 
and in activation of secondary cortical areas (see 
chapter “Brain Plasticity in fMRI and DTI”).

4.1  Review of Literature

Shortly after the first reports on BOLD fMRI in 
healthy subjects (Belliveau et al. 1991; Bandettini 
et  al. 1992; Kwong et  al. 1992; Ogawa et  al. 
1993), the potential usefulness of functional 

Fig. 10 Measuring BOLD signals under defined condi-
tions helps to distinguish between “true” activation and 
“artifacts.” In this left-handed patient with a giant left 
frontal high-grade glioma (WHO grade IV), presurgical 
fMRI was performed to assess language dominance. 
FMRI indicated left dominance and functional tissue 

directly adjacent to the malignancy. Good reproducibility 
of the functional localization of Broca’s area using two 
different paradigms (WG word generation, SG sentence 
generation) and “physiological” BOLD signal parameters 
(WG: r = 0.63, ΔS = 2.64%, SG: r = 0.63, ΔS = 1.00%) 
made artifacts unlikely
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imaging techniques in the clinical context and 
particularly in the presurgical identification of 
motor and somatosensory cortices was postu-
lated. The literature concerning functional imag-
ing in patients with tumoral lesions in and 
adjacent to the “central” or synonymously 
“Rolandic” region will be reviewed here, while 
specific literature on patients with epilepsy or 
lesions near language-related areas will be dis-
cussed in Sect. 5.1 and in chapter “Presurgical 
EEG-fMRI in Epilepsy.” The first description of 
presurgical fMRI as a clinically useful applica-
tion dates from 1994, when Jack et al. provided 
proof of concept in two patients with brain tumors 
in the sensorimotor cortex, validating their pre-
liminary results with established electrophysio-
logical techniques (Jack et al. 1994). Soon after, 
several case studies (Baumann et  al. 1995) 
(Cosgrove et  al. 1996) and reports on small 
patient populations (Puce et  al. 1995; Mueller 
et  al. 1996; Krings et  al. 1998) harboring glial 
tumors or arteriovenous malformations (AVM) 
confirmed the technical and practical feasibility 
of fMRI using motor and sensory tasks in the 
clinical context and stressed the high potential of 
this new upcoming technique for preoperative 
risk assessment, therapeutic decision-making, 
and surgical planning.

During the following years investigations on 
larger numbers of tumor patients (up to 50) were 
carried out, whose results had been claimed to 
represent an important factor for surgical 
decision- making (Schlosser et  al. 1997; Pujol 
et  al. 1998). Comparisons of presurgical fMRI 
data with the established reference procedure, 
intracortical stimulation (ICS), are numerous, 
and only those specifically dealing with brain 
tumor patients will be mentioned here, since a 
detailed description of validation studies refer-
ring to this is offered in chapter “Presurgical 
Functional Localization Possibilities, Limitations 
and Validity.” Virtually all studies report highly 
concordant results between presurgical fMRI and 
ICS data in patients with lesions around the cen-
tral sulcus (Dymarkowski et  al. 1998; Achten 
et al. 1999; Roux et al. 1999a, b) with an accor-

dance ranging from 83% in 33 patients (Majos 
et al. 2005) to 92% in 60 patients (Lehericy et al. 
2000b). Task sensitivity for the identification of 
the sensorimotor region estimated in large groups 
of tumor patients was 85% in 103 patients (Krings 
et al. 2001) and 97% in 125 patients (Hirsch et al. 
2000). Furthermore, it should be briefly noted 
that various groups focused on the correlation of 
fMRI results in patients with central lesions with 
those of other functional imaging procedures, for 
example, PET (Bittar et al. 1999a, b); for details 
please refer to chapter “Multimodality in 
Functional Neuroimaging.”

One of the first attempts to evaluate the impact 
of fMRI on neurosurgical planning was pub-
lished by Lee et al. The authors applied preop-
erative fMRI sensorimotor mapping in 32 tumor 
patients and reported that the results were used 
to determine the feasibility of surgical resection 
in 55%, to aid in the surgical planning in 22%, 
and to select patients for invasive intraoperative 
functional mapping in 78%. Overall, the fMRI 
results were useful in one or more of these surgi-
cal decision- making categories in 89% of all 
examined tumor patients (Lee et  al. 1999). 
Similar numbers were described by Ternovoi 
et  al. who found that presurgical fMRI results 
had an influence on therapeutic strategies in 69% 
of 16 tumor patients (Ternovoi et al. 2004). Other 
investigators tried to establish a functional risk 
prediction (or estimation) for postoperative clin-
ical outcome: Haberg et al. examined 25 patients 
with primary brain tumors in the near of senso-
rimotor regions. In 80% of the patients, success-
ful fMRI measurements were obtained, out of 
which 75% were used for preoperative planning. 
The risk of postoperative loss of function was 
significantly lower when the distance between 
the tumor margin and the BOLD activation was 
10  mm or more (Håberg et  al. 2004). Similar 
observations have been described by Berntsen 
et  al. (2010). Krishnan et  al. who evaluated 
BOLD activation in 54 patients found that a 
lesion-to-activation distance of less than 5 mm 
and incomplete resection were predictors for 
new postoperative neurological deficits and 
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recommended cortical stimulation within a 
10 mm range, given that for a lesion-to-activa-
tion distance of >10  mm a complete resection 
can be safely achieved (Krishnan et al. 2004). In 
patients with medial frontal lesions, preoperative 
fMRI was used to establish the area at risk for 
the resection of specific parts of the supplemen-
tary motor area associated with transient postop-
erative motor deficits and speech disorders 
(Krainik et  al. 2001, 2003, 2004). In a further 
study, Hall et al. used fMRI-guided  resection in 
16 patients with low-grade gliomas. Since these 
tumors are generally not contrast enhancing, 
resection borders are particularly difficult to 
define based on morphological imaging alone. 
Using fMRI for the determination of resection 
borders, no permanent neurological deficits and 
no radiological tumor progression within a 
median follow-up of 25 months were observed 
(Hall et al. 2005). However, the data available to 
calculate a safe resection distance between func-
tional activation and lesion borders for preven-
tion of surgically induced neurological deficits 
are still very limited and do not justify any gen-
eral conclusion or recommendation (Gil-Robles 
and Duffau 2010).

Overall, although the abovementioned studies 
clearly demonstrate the feasibility of presurgical 
fMRI in the clinical environment and militate for 
the preoperative contribution of the additional 
clinical information obtained from fMRI to pre-
therapeutic decision-making, an effect on the 
decrease in the post-therapeutic morbidity has 
not been corroborated at this time. Although most 
investigators agree on the necessity of a standard-
ized procedure in the clinical routine and several 
methodological studies presenting optimized 
protocols for the clinical use have been published 
(Hirsch et al. 2000; Ramsey et al. 2001; Rutten 
et al. 2002a, b, c, d; Springer et al. 1999; Stippich 
et  al. 2000, 2002b, 2004, 2005), no large-scale 
clinical trials addressing the actual benefit for the 
patient in terms of decrease in morbidity were 
available. In order to achieve this, a number of 
controlled clinical trials using site-specific but 
optimized and standardized fMRI protocols were 

conducted during the last decade. Meanwhile, 
there is some evidence for improved postopera-
tive morbidity, extent of resection, and longer 
term survival when fMRI is employed (Kundu 
et  al. 2013; Bailey et  al. 2015; Vysotski et  al. 
2018; Liouta et al. 2019).

Although sensorimotor areas are identified 
with high success rates using fMRI in patients 
with central lesions by most investigators, a fre-
quently encountered phenomenon is neuroplasti-
city (Tuntiyatorn et  al. 2011; Tozakidou et  al. 
2013) which is also found in the language net-
work (Stippich et al. 2007b; Partovi et al. 2012a; 
Briganti et  al. 2012; Rösler et  al. 2014). In an 
early study in seven patients with intracerebral 
gliomas of the primary sensorimotor cortex, acti-
vation was found to be displaced or reduced 
(Atlas et al. 1996). Roux et al. correlated the type 
of activation with histologic tumor characteristics 
in 17 patients. In infiltrating tumors, intratumoral 
activation was detected, which was displaced and 
scattered, and correlated with the degree of infil-
tration, whereas in noninfiltrating tumors activa-
tion showed extra-tumoral shift. In tumors at 
some distance from the motor cortex, no intratu-
moral activation was measured (Roux et  al. 
1997). Likewise, a PET study on 51 patients 
described that central lesions were more fre-
quently associated with altered patterns of activa-
tion than lesions in noncentral locations (Bittar 
et  al. 2000). Other studies found significant 
BOLD signal decrease in areas adjacent to tumor 
tissue in motor and sensory cortices as compared 
to the contralateral side. This effect was present 
in glial tumors, most pronounced in glioblas-
toma, and presumably related to tumor-induced 
changes in  local cerebral hemodynamics 
(Holodny et al. 1999, 2000; Schreiber et al. 2000; 
Krings et al. 2002a; Ludemann et al. 2006; Jiang 
and Krainik 2010; Tozakidou et al. 2013), while 
in non-glial tumors (metastasis, cavernoma, 
abscess, AVM), no BOLD signal decrease was 
found (Schreiber et  al. 2000). A report on 33 
patients with different intra- and extra-axial 
tumors established the influence of tumor type 
and distance from the eloquent cortex on 

Task-Based Presurgical Functional MRI in Patients with Brain Tumors



144

activation volumes in fMRI (Liu et al. 2005). In 
addition to a displacement or a reduction of acti-
vation in the primary sensorimotor cortex harbor-
ing the tumor, other patterns of lesion-induced 
reorganization encompass the activation of solely 
the contralesional cortex (Tozakidou et al. 2013) 
or an enhanced activation of non-primary senso-
rimotor areas with increasing degree of paresis 
(Alkadhi et  al. 2000; Carpentier et  al. 2001b; 
Krings et al. 2002b; Reinges et al. 2005). Also in 
patients with prior surgery (Kim et al. 2005) or 
newly developed central paresis after tumor 
resection (Reinges et  al. 2005), a significant 
decrease in BOLD activation was observed. One 
possible explanation for this tumor-induced 
BOLD signal loss has been proposed by an fMRI 
study where tumor blood volume and perfusion 
were measured. The authors concluded that the 
BOLD amplitude correlated with total intratu-
moral blood volume and thus reduced peritu-
moral perfusion due to a sucking effect by the 
tumor core (i.e., blood is siphoned off by the 
tumor similar to the steal phenomenon known 
from AVMs) was responsible for the reduced 
BOLD activation (Ludemann et  al. 2006; Jiang 
and Krainik 2010). Of note is, however, that 
resection of gliomas whose preoperatively 
acquired images show perilesional hyperintensity 
on T2w images, likely reflecting edema, may 
cause a transient increase in BOLD activation 
ipsilateral to the tumor, presumably by a decrease 
of perfusion pressure on the brain tissue adjacent 
to the resection (Kokkonen et al. 2005). Lesion- 
induced functional reorganization may reflect the 
recruitment of plastic neuronal networks to com-
pensate for sensory or motor impairment. On the 
level of a functional diagnosis in presurgical 
fMRI, these reorganization phenomena are of 
major clinical significance for the presurgical 
planning of resections, since they can potentially 
cause false-negative results. For further informa-
tion, please refer to chapter “Brain Plasticity in 
fMRI and DTI” on brain plasticity.

In the last decade, the use of combined presur-
gical fMRI and diffusion tensor imaging (DTI) 
(see Sect. 6) for tractography has been suggested 
to provide a better estimation of the proximity of 
the tumor borders to the eloquent cortex than 

fMRI measurements alone. In particular for 
space-occupying lesions affecting the central 
region, visualization of the origin, direction, and 
functionality of large white matter tracts allowing 
imaging of functional connectivity was promoted 
to improve surgical outcome and to aim for a 
decrease in patient morbidity (Parmar et al. 2004; 
Ulmer et  al. 2004a, b; Shinoura et  al. 2005; 
Stippich et al. 2003a, 2010; Holodny et al. 2001; 
Wengenroth et al. 2011; Jia et al. 2013; Kumar 
et al. 2014; Leclercq et al. 2011; Potgieser et al. 
2014; Bailey et al. 2015; Conti Nibali et al. 2019; 
Mancini et  al. 2019; Hazzaa et al. (2019); 
Henderson et al. 2020).

Another practically relevant innovation was 
the introduction of real-time fMRI in the clinical 
environment (Moller et al. 2005; Feigl et al. 2008; 
Vakamudi et  al. 2020). Real-time fMRI enables 
for a quick online analysis of fMRI data, which is 
particularly useful in presurgical diagnostics, con-
sidering that fMRI data acquisition and off-line 
processing are very time consuming. Moller et al. 
first demonstrated the technical feasibility of pre-
surgical real-time fMRI in ten patients with 
tumors in the central area immediately prior to 
surgery (Moller et  al. 2005). In another study, 
motor and language tasks were used for real-time 
fMRI in 11 tumor patients. The authors reported 
satisfactory activation for hand motor tasks, 
weaker activation for foot motor tasks, and no 
useful activation for language tasks at the chosen 
threshold, concluding that real-time fMRI needed 
to be optimized, but was generally practicable in 
the clinical routine (Schwindack et  al. 2005). 
Furthermore, Gasser et al. could obtain the record-
ing of intraoperative fMRI in four anesthetized 
patients with lesions in the vicinity of the central 
region. Using a passive stimulation paradigm and 
analyzing the data during acquisition by online 
statistical evaluation, they could identify eloquent 
brain areas taking into account intraoperatively 
occurring brain shift (Gasser et al. 2005). For fur-
ther details on intraoperative imaging techniques 
and specific problems caused by intraoperative 
brain shift (Kuhnt et al. 2012; Shahar et al. 2014; 
Gerard et al. 2017; Fan et al. 2018), see chapter 
“Functional Neuronavigation.” Since those early 
studies real-time fMRI has been used more widely 
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for preoperative application and has demonstrated 
usefulness, but did not replace the established and 
validated processing routines in most neuro- and 
imaging centers performing routine clinical fMRI 
studies.

Finally, with the introduction of higher mag-
netic field scanners for clinical diagnostics, prac-
ticability of presurgical fMRI at 3  T has been 
established in patients with brain tumors 
(Roessler et  al. 2005; Van Westen et  al. 2005; 
Scarabino et al. 2007). Today, it is recommended 
to perform clinical fMRI studies at 3  T where 
available. For a general review on the role of 
imaging in disease management and the develop-
ment of improved image-guided therapies in 
neuro-oncology see Jacobs et al. (2005), Brindle 
et al. (2017), and Villanueva-Meyer et al. (2017).

4.2  Selection of Candidates 
for Presurgical Motor 
and Somatosensory fMRI

In patients with Rolandic brain tumors, presurgi-
cal fMRI is usually performed when neurological 
symptoms indicate involvement of the sensorim-
otor cortex and when insufficient information is 
obtained from morphological imaging. Four dif-
ferent scenarios can be distinguished:

• Due to tumor growth, MR morphologic 
Rolandic landmarks cannot be identified (see 
Fig. 15). In these patients, it is possible neither 
to localize the pre- or postcentral gyrus on the 
basis of anatomic criteria alone nor to reliably 
estimate putative surgery-related sensorimo-
tor deficits. Here, fMRI offers somatotopic 
motor and somatosensory mapping of up to 
six functional landmarks in the pre- and post-
central cortical representations of the lower 
and upper extremities, as well as of the facial 
area. As patients with tumors invading the pre- 
or postcentral gyrus often present with 
 contralateral motor and/or sensory deficits, the 
application of appropriate paradigms for the 
respective deficit may be required.

• Although the Rolandic region is morphologi-
cally localizable, the “hand knob” and/or 

precentral hook is no longer clearly identifi-
able because of a displacement or compres-
sion by the tumor. In this case, the MR 
morphologic reference of the motor hand area 
as an orientation point for the somatotopic 
mapping of the precentral gyrus is absent: 
Surgery-related neurological deficits cannot 
be reliably estimated, and the planning and 
performance of low-risk interventions are 
problematic. Any presurgical fMRI should at 
least image the motor hand area while somato-
topic mapping can, with relatively little addi-
tional effort, increase the diagnostic value of 
the examination.

• The tumor lies directly above or below the 
identifiable motor hand area (see Figs. 16, 17, 
and 18). In this case, somatotopic mapping is 
indicated in order to assess the local relation-
ship between the tumor and functional areas 
and hence better estimate surgery-related neu-
rological deficits in the lower extremities or 
facial area, as well as to provide the operator 
with additional functional landmarks.

• Presurgical fMRI can also be helpful in cases 
with a discrepancy between the morphologi-
cal findings and the clinical status of the 
patient, for example, when there are little or 
no neurological deficits despite verifiable 
tumor growth into the central region. This and 
similar constellations should prompt a search 
for atypical brain activation as a result of 
tumor-associated cerebral plasticity and reor-
ganization. The same applies to patients with 
recurrent malignancies, where the functional 
system has already been affected by former 
treatment (see Fig. 19). A study assessing sur-
gical outcome in patients with primary or met-
astatic brain tumors based on the 
lesion-to-activation distance (LAD) showed 
that the LAD to the primary sensorimotor cor-
tex does affect the incidence of motor deficits, 
while the LAD to the supplementary motor 
area (SMA) does not (Voss et  al. 2013). 
Nevertheless more studies are needed to draw 
more robust conclusion on whether damage to 
secondary areas during surgery in such 
patients actually leads to additional and per-
manent neurological deficits.
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Despite all these resources helping in the 
localization of relevant eloquent areas fMRI is 
still not able to answer the following question: 
What is the risk of functional deficits after resec-
tion of the contrast-enhancing tumor areas in the 
pre- or postcentral gyrus? The reason is simply 
that the definition of the resection margins using 
fMRI has still to be considered non-reliable—as 
outlined earlier only very limited data are avail-
able on that topic (Håberg et al. 2004; Krishnan 
et al. 2004; Hall et al. 2005; Berntsen et al. 2010; 
González-Darder and González-López 2010; 
Zimmermann et al. 2019) that do not justify gen-
eral conclusions on how to determine the “safe” 
borders for function-preserving resection based 
on presurgical fMRI (Gil-Robles and Duffau 
2010; Azad and Duffau 2020) (see Sect. 4.1). 
Such interventions are hazardous, for jeopardiz-
ing not only the eloquent cortex but also the deep 
white matter tracts (Rasmussen et  al. 2007; 
Berntsen et  al. 2010; Oda et  al. 2018; Beckett 
et al. 2020).

Note The selection criteria mentioned here are 
meant as suggestions arising from typical mor-
phological and clinical findings in patients with 
Rolandic brain tumors. It is currently not possible 
to define a medical indication in the strict sense 
for fMRI. This is due to the still limited number 
of controlled prospective studies demonstrating 
the clinical benefit of presurgical fMRI in terms 
of reduced postoperative morbidity or mortality.

4.3  Motor and Somatosensory 
Paradigms for Presurgical 
fMRI

A complex neuronal network of functional areas 
in both hemispheres of the human brain is 
recruited for the planning and execution of arbi-
trary movements, whereby somatosensory 
impulses are processed and consequently motor 
functions carried out (see chapter “Functional 
Neuroanatomy”). Knowledge of an identification 
of the reliable localization of the various body 

representations in the primary motor and somato-
sensory cortices is essential in presurgical fMRI 
diagnostics, since permanent paralysis or sensory 
deficits can result from surgery-related injury to 
the respective functional areas. Neurological def-
icits resulting from damage to the secondary 
areas can also occur; however, those are typically 
transient and not as severe as compared to dam-
age to the primary sensorimotor cortices (Voss 
et  al. 2013), but may cause motor neglect 
(Shinoura et al. 2010) or induce motor dysfunc-
tion (Wilkins et al. 2020). Nevertheless, the func-
tional localization of premotor activations may 
be of clinical relevance as an additional func-
tional landmark of the precentral gyrus in hemi-
plegic patients (Stippich et  al. 2000) (see Sect. 
4.6).

Most investigators use self-triggered move-
ments to assess motor activation and sensorimo-
tor somatotopy, for example, various movements 
of the tongue or lips, the hand or fingers, and the 
foot or toes (see Sect. 4.4). Some groups use 
mechanical devices to better assess movements 
or to measure various physical parameters (force, 
acceleration) (Baudendistel et  al. 1996; 
Schaechter et  al. 2006; Diciotti et  al. 2007; 
Newton et  al. 2008; Farrens et  al. 2018). To 
ensure a successful examination in the clinical 
setting, it is essential that the paradigms are fea-
sible, motion artifacts are kept to a minimum, and 
examination time is kept short. Under these con-
ditions, BOLD activations in the primary motor 
cortex are generally very robust and reliable.

When defining motor paradigms in a block 
design, it is essential to decide whether only the 
primary motor cortex or also the secondary areas 
should be analyzed. In the case where only the 
primary motor cortex is the target, paradigms 
may include movements of both sides of the body 
(e.g., right hand vs. left hand). Since unilateral 
movements lead to activation of secondary areas 
in both hemispheres (Stippich et al. 2000, 2007a; 
Blatow et al. 2007; Tozakidou et al. 2013), sec-
ondary areas are active during both alternating 
movements of the right and left sides of the body 
(right vs. left contrast) throughout the entire 
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measurement. This results in a continuous activa-
tion of the secondary cortical areas that are 
involved in bilateral movements and is therefore 
not depicted in the statistical evaluation of fMRI 
data acquired using conventional block designs 
due to the lack of “contrast” between the various 
stimulation blocks. Therefore, if information 
needs to be obtained regarding secondary motor 
activation, paradigms with strictly unilateral 
movements of a single part of the body (e.g., 
right hand only) need to be applied with true 
“resting” as the control condition. Alternatively, 
three different stimulation conditions could be 
integrated in the paradigm, that is, right move-
ment–rest–left movement. However, in this case 
the number of blocks per paradigm is increased 
as compared to unilateral movements only and 
consequently also examination time and suscep-
tibility to motion artifacts. In addition, it should 
be borne in mind that—sensu stricto—informa-
tion on brain activation in the tumor-unaffected 
hemisphere is largely insignificant for the resec-

tion itself, except for the assessment of tumor-
induced neuroplastic changes. More importantly, 
paradigms enabling the examination of several 
different cortical body representations within one 
single fMRI measurement are problematic in 
brain tumor patients (e.g., foot–hand–face: com-
plete somatotopy). Although with this paradigm 
the total scan time for the functional mapping of 
the body’s  somatotopy could be reduced com-
pared to three individual measurements, the time 
needed would substantially exceed the scanning 
time required for a short paradigm that is focused 
on a single cortical body representation. Short 
scanning times are particularly important in the 
case of agitated patients or patients with paresis, 
as the probability of motion artifacts increases 
with the scan time needed, subsequently affect-
ing accurate identification of functional localiza-
tions. In conclusion, short paradigms that provide 
robust activation and focus on the examination of 
a single cortical body representation are consid-
ered the most clinically feasible (Fig.  11). The 

Fig. 11 Variation of paradigms to localize the motor 
hand area results in different activation patterns. Left: 
Complex finger opposition of the right hand vs. rest; 
strong activation of the cortical motor network in both 
hemispheres. The large contralateral cluster (left) covers 
the primary sensorimotor cortex (1), premotor cortex (2), 
and parietal cortex (4). Bilateral supplementary motor 
activation (3, 3) is displayed in the midline, as well as ipsi-
lateral (right) premotor activation (2), primary sensorimo-

tor coactivation (1), and parietal activation (4). Middle: 
Complex finger opposition of the right vs. left hand; 
strong contralateral (left) primary sensorimotor activation 
(1), but no activation of secondary areas. Right: Complex 
finger opposition of the right hand vs. right toe move-
ments and tongue movements; strong contralateral (left) 
primary sensorimotor activation (1) and ipsilateral pri-
mary sensorimotor coactivation (1), but no activation of 
secondary areas
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investigator needs to decide whether only the pri-
mary motor representations should be mapped 
functionally (in this case the paradigm should 
consist of alternating blocks with identical move-
ments on both sides of the body, e.g., right vs. left 
hand) or whether additional information on func-
tional reorganization in secondary cortical areas 
is of interest (in this case unilateral movements 
need to be performed vs. “resting”). This deci-
sion depends on the individual medical questions 
to be answered with preoperative fMRI.

Clinical feasibility tests performed on neuro-
surgical patients with and without tumor-related 
pareses or sensory disturbances showed that self- 
triggered movement tasks are better suited to pre-
surgical fMRI than externally controlled 
paradigms, since only in this way each patient 
can perform the respective task within his or her 
range of ability. To keep the likelihood of motion 
artifacts to a minimum (Hoeller et  al. 2002; 
Krings et al. 2001; Seto et al. 2001; Todd et al. 
2015), the following movement tasks were cho-
sen: repetitive tongue movements with the mouth 
closed, opposition of finger digits D2–D5 against 
the thumb (D1) with free choice of the opposition 
order, and repetitive flexion and extension of all 
five toes without moving the ankle. Relaxed posi-
tioning of the large joints (knees, elbows) using 
foam cushions is recommended. The prerequisite 
for this examination is again “resting” as a con-

trol condition (Stippich et  al. 2002b) (Fig.  12). 
Alternatively, in the case of a mild paresis of the 
upper extremity, fist clenching/releasing can be 
tested. Face, arm, and leg movements, or move-
ment of the feet, can often lead to a poor diagnos-
tic evaluation of the data due to strong motion 
artifacts and should therefore be avoided. A para-
digm with a block duration of 20  s and three 
repeating cycles resulting to an examination time 
of 140  s is a suitable compromise between a 
robust functional localization of the primary 
motor cortex, high BOLD signal, and an accept-
able scan time (Fig. 13). Of note, the widely used 
“traditional” block design consists of five repeti-
tive stimulation–rest cycles plus one baseline 
condition (rest) at the end of the fMRI measure-
ment with a block duration of 30  s each. This 
sums up to a scanning time of 330  s per para-
digm, does not provide more robust functional 
motor cortex localization nor higher BOLD sig-
nals, increases the chance for movement artifacts, 
and is therefore less well suited to map the full 
somatotopy when compared to the abovemen-
tioned time-optimized paradigm.

Determination of motor function with task- 
based presurgical fMRI is limited in patients with 
high-grade paresis (Pujol et  al. 1998; Krings 
et al. 2002b). In this case, a reliable preoperative 
fMRI diagnosis is not guaranteed, if the fMRI 
protocol is based solely on self-triggered 

a b c

Fig. 12 Recommended self-paced movements to investi-
gate sensorimotor somatotopy in clinical fMRI. (a) 
Complex finger opposition of digits 2–5 against the thumb 
in a random order. Movement frequency ~3 Hz. (b) Toe up 

and down movements, frequency >1  Hz. (c) Tongue up 
and down movements with the mouth closed. Movement 
frequency ~3  Hz. (Reprinted from Stippich et  al. 2005, 
with permission)
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movements contralateral to the tumor. Typically, 
paresis results from insufficient residual function 
of the primary motor cortex, which is in turn 
reflected by a reduced BOLD activation. 
Nevertheless, many patients with tumor-related 
paresis can be successfully examined by activat-
ing the primary somatosensory lip, finger, and toe 
representations of the postcentral gyrus (Stippich 
et al. 1999). The somatosensory stimulation does 
not require patient cooperation; can also be 
applied in children and poorly cooperative or 
sedated patients; and activates both contralateral 
primary (Stippich et al. 2004) and bilateral sec-
ondary (Stippich et  al. 2005) somatosensory 
areas. Even at 1.5 T fMRI sensitivity is sufficient 
to localize the cortical somatosensory representa-
tions in most patients. It is possible to distinguish 
various body representations in the postcentral 
gyrus (Stippich et  al. 1999) (see Sect. 5.5) and 
even individual finger representations (Kurth 
et al. 1998). While most published studies used 

non-standardized stimuli, such as manual hand 
touching, automatic stimuli guarantee reproduc-
ible stimulation conditions. Electric (Kurth et al. 
1998; Kampe et  al. 2000; Golaszewski et  al. 
2004), tactile (Stippich et  al. 1999; Wienbruch 
et  al. 2006), or vibrotactile (Golaszewski et  al. 
2002, 2006) stimulators are the most commonly 
used.

Passive movements of the fingers or toes may 
also elicit BOLD responses in the contralateral 
primary sensorimotor cortex and could poten-
tially help when self-paced movements or 
somatosensory stimulation fails (Shriver et  al. 
2013). Unfortunately mechanical devices that 
generate controlled and reproducible passive 
movements are hardly available commercially or 
difficult to apply during routine clinical fMRI. In 
practice such passive movements usually need to 
be generated by the investigator through direct 
manipulation on the patient during the actual 
fMRI measurement.

As a further adjunct in preoperative motor 
fMRI in patients with paresis, complex finger 
opposition of the non-paretic hand (ipsilateral to 
the brain tumor) can be used to elicit robust pre-
motor activation as an additional functional land-
mark for the precentral gyrus on the tumor’s side 
(Stippich et  al. 2000). Using this paradigm not 
only supplementary motor and premotor activa-
tion may be achieved but also additional ipsilat-
eral primary motor coactivation (Blatow et  al. 
2007) that helps to directly localize the primary 
motor cortex on the tumor’s side. If combined 
with somatosensory stimulation, a total of three 
functional landmarks for the cortical hand repre-
sentations on the tumor’s side are available for 
the localization of the precentral sulcus via pre-
motor activation, the precentral gyrus via ipsilat-
eral primary motor coactivation, and the 
postcentral gyrus using primary somatosensory 
activation, respectively (see Sect. 4.6, Fig. 22).

Of note, resting-state fMRI represents a valu-
able adjunct in paretic patients and can be applied 
successfully as active cooperation and execution 
of movements are not required (Lee et al. 2013, 
2016; Sparacia et al. 2019, 2020; Vakamudi et al. 
2020).

Fig. 13 Clinical standard protocol for motor paradigms. 
The block-designed paradigm consists of four rest periods 
(light gray) alternating with three stimulation periods 
(white), each of 20-s duration. The BOLD signal time 
course of the motor hand area activation (red line) shows 
a task-related increase in regional hemodynamics. The 
black line indicates the hemodynamic reference function 
(HRF)
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4.4  Presurgical Somatotopic 
Mapping of the Primary 
Motor Cortex

Somatotopic motor cortex mapping is the most 
frequently used presurgical fMRI protocol in 
patients with Rolandic brain tumors (Stippich 
et  al. 2002b). This standard protocol contains 
three different fMRI measurements. Paradigms 
should include tongue movements as well as fin-
ger and toe movements contralateral to the 
tumor to localize the primary motor homuncu-
lus in relation to the brain tumor (Fig. 14). Even 
in the case of a completely obscured Rolandic 
anatomy fMRI can provide diagnostic informa-
tion which may be relevant for the confirmation 
of the surgical indication as well as for the plan-
ning and implementation of function-preserving 
surgery (Fig. 15). In patients with small tumors 
that are—by anatomical consideration—not 
critical for any body representation, it seems 
appropriate to shorten the protocol by leaving 
the least relevant body representations unexam-
ined (Figs. 16, 17, and 18). However, the exami-
nation of a single body representation alone, for 
example, the motor hand representation, is often 
not sufficient to provide the required diagnostic 
information. Somatotopic mapping also enables 

assessment of neuroplastic changes of cortical 
motor activation, for example, in patients with 
recurrent malignancies prior to repeated surgery 
(Fig. 19).

4.5  Presurgical Somatotopic 
Mapping of the Primary 
Somatosensory Cortex

This fMRI protocol was designed to localize the 
different primary somatosensory body represen-
tations of the postcentral gyrus (Stippich et  al. 
1999) (Fig.  20). In presurgical fMRI, somato-
topic somatosensory mapping is mostly used as a 
diagnostic adjunct, when motor paradigms are 
difficult to apply—for example, in uncoopera-
tive, sedated, or hemiparetic patients or in chil-
dren, but there is also potential for standardized 
follow-up measurements on neuroplastic changes 
of the somatosensory system. The fully auto-
mated pneumatically driven 24-channel tactile 
stimulation used in our institution is artifact free 
and produces reproducible stimuli and consistent 
examination conditions for comparative and out-
come studies. The whole unit can be set up and 
dismantled within 5 min. Scan time per measure-
ment is 66 s for the localization of the primary 
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Fig. 14 FMRI motor cortex somatotopy. From left to right: foot, hand, and tongue representations, drawing of the 
motor homunculus
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Fig. 15 Presurgical fMRI somatotopic mapping of the 
motor cortex. On morphological images, no Rolandic 
landmarks can be identified in the left hemisphere due to 
the mass effect of this large malignant glioma (upper row, 
A anatomy). Foot, hand, and tongue movements (EM exe-
cuted movement) revealed robust fMRI activation of the 
respective primary motor cortex body representations 

(yellow arrowheads). Using functional landmarks the 
Rolandic anatomy (precentral gyrus, central sulcus, post-
central gyrus) can be easily identified in relation to the 
brain tumor. FMRI indicated a parietal localization of the 
contrast-enhancing glioma. Note the additional premotor 
activation (red arrowhead) localizing the ventral wall of 
the precentral gyrus/precentral sulcus
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Fig. 16 Presurgical fMRI somatotopic mapping of the 
upper motor cortex in a left postcentral high-grade gli-
oma. On morphological images, the compressed “precen-
tral knob” can be identified in transverse and sagittal 

views. Foot (EMF) and hand (EMH) movements were 
associated with activation of the respective primary motor 
cortex representations, confirming the postcentral local-
ization of the tumor
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Fig. 17 Presurgical fMRI somatotopic mapping of the 
lower motor cortex in a left Rolandic cavernoma. On mor-
phological images, the Rolandic anatomy was intact. 
Tongue (MT) and hand (MH) movements were driven by 

activation of the respective primary motor cortex repre-
sentations, confirming the central localization of the 
tumor and a close spatial relationship to the tongue 
representation
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Fig. 18 Presurgical fMRI localization of the motor hand 
area. On morphological images, a Rolandic metastasis is 
visualized at the motor hand area, bridging the central sul-
cus towards the postcentral gyrus. fMRI confirmed a close 
spatial relationship between the primary motor hand rep-

resentation and the tumor. Interestingly the center of grav-
ity of the BOLD cluster was shifted upwards from the 
precentral knob towards the foot representation (see 
EMH, coronal view)

Fig. 19 Presurgical fMRI somatotopic mapping of the 
motor cortex in a hemiparetic patient with a recurrent left 
Rolandic astrocytoma prior to repeated surgery. Foot, 
hand, and tongue movements revealed robust fMRI acti-
vation of the respective primary motor cortex body repre-

sentation (yellow arrowheads). Note the increased 
activation of secondary areas (red arrowheads): in the 
supplementary motor area during toe and finger move-
ments and in the whole cortical motor network in both 
hemispheres during finger movements, respectively
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somatosensory cortex only (Stippich et al. 2004) 
or 105  s for a robust primary and secondary 
somatosensory activation, respectively (Stippich 
et  al. 2005). This presurgical fMRI protocol 
enables assessment of the spatial relationship 
between brain tumors and postcentral gyrus, 
facilitating the estimation of possible postopera-
tive sensory deficits (Fig. 21).

Diagnostic information about the spatial rela-
tionship between the central sulcus or the precen-
tral gyrus and precentral or frontal brain tumors 
can be indirectly obtained from somatosensory 
fMRI as both anatomical structures are situated 
directly anteriorly to the postcentral gyrus.

4.6  Localization of the Precentral 
Gyrus in Patients 
with Preexisting Paresis

This special protocol was designed in volunteers 
to help localizing the precentral gyrus in patients 

with prominent contralateral paresis (Stippich 
et al. 2000). Its clinical application is not gener-
ally used and thus requires own validation. In 
these paretic patients, the primary motor cortex is 
commonly infiltrated by the tumor or severely 
compressed precluding both a reliable identifica-
tion of the Rolandic anatomy on morphological 
images and proper performance of contralateral 
movements for presurgical fMRI. However, as a 
basic principle, residual contralateral motor func-
tion and passive somatosensory stimulation 
should be first used for the functional localization 
of the pre- and postcentral gyrus. As a further 
adjunct complex finger opposition of the non- 
paretic hand ipsilateral to the brain tumor can be 
used to activate the whole cortical motor network 
in both hemispheres, control condition is “rest-
ing.” The premotor activation on the tumor’s side 
may serve as an additional functional landmark 
for the precentral gyrus by localizing the anterior 
wall of the precentral gyrus near the junction of 
the precentral sulcus with the posterior part of the 

Fig. 20 fMRI primary somatosensory cortex somato-
topy. From left to right: toe, finger, and lip representations. 
Stimulation: D1 and D2 right foot and right hand, upper 
and lower lips to the right side; stimulus frequency = 4 Hz, 
air pressure = 3 bar. Clinical standard fMRI protocols for 
somatosensory stimulation, conventional block design, 
stimulation vs. rest. (a) Primary somatosensory cortex 

(S1), six periods of rest alternating with five periods of 
stimulation, each of 6-s duration (Stippich et al. 2004). (b) 
Secondary somatosensory cortex (S2), four periods of rest 
alternating with three periods of stimulation, each of 15-s 
duration (Stippich et al. 2005). (Modified from Stippich 
et al. 1999, with permission)
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Fig. 22 Typical cortical activation pattern of complex 
finger opposition (right hand). Premotor activation ipsi-
lateral to the moving hand (red arrow) serves as a func-
tional landmark for the precentral gyrus in hemiparetic 
patients (a clinical case is presented in Figs. 23 and 24). 
Premotor activation is typically localized at the anterior 
wall of the precentral gyrus directly adjacent to the junc-

tion of the precentral sulcus with the superior frontal sul-
cus. It is important to note that this functional landmark 
does not localize the motor hand area! In the drawing of 
the cortical motor and somatosensory network (right), the 
numbers indicate the Brodmann areas. (Reprinted from 
Stippich et al. 2005, with permission)

Fig. 21 Presurgical fMRI somatotopic mapping of the 
primary somatosensory cortex (S1) in a left parietal 
malignant glioma indicated compression of the upper 
postcentral gyrus at the level of the foot representation 

and tumor growth into the lower postcentral gyrus with 
dorsal displacement of the S1 hand representation. 
(Modified from Stippich et al. 1999, with permission)
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superior frontal sulcus (Figs. 22 and 23). Please 
note that the risk for postoperative related motor 
deficits cannot be estimated using premotor acti-
vation as a functional landmark! However, in 
healthy volunteers primary motor coactivation 
can frequently be observed in the motor hand 
area ipsilateral to the moving hand (Stippich 
et  al. 2007a). Our clinical experience indicates 
that ipsilateral primary motor coactivation may 
also be supportive to localize the motor hand area 
on the tumor side in hemiparetic patients.

In general, the combination of presurgical 
motor fMRI with anisotropic diffusion-weighted 
MRI and diffusion tensor imaging (DTI)-
tractography is highly recommended for the 
assessment of the effects of Rolandic brain 
tumors on the pyramidal tract (Stippich et  al. 
2003a; Rasmussen et  al. 2007; Berntsen et  al. 
2010; González-Darder and González-López 
2010; Nimsky 2011; Dimous et al. 2013; Jia et al. 
2013; Kumar et al. 2014; Conti Nibali et al. 2019) 
(Figs. 24 and 25).

Fig. 23 Example of fMRI localization of the motor hand 
area in a hemiparetic patient with a left malignant glioma 
using contralateral and ipsilateral movements. Residual 
motor function of the paretic right hand (grade 3/5) is 
driven by residual activation of the contralateral motor 
hand area (black arrow). Complex finger opposition of the 

non-paretic left hand is associated with activation of the 
cortical motor network in both hemispheres. Robust ipsi-
lateral primary motor coactivation (black arrow) confirms 
the localization of the motor hand area. Additional ipsilat-
eral premotor activation (white arrow) indicates the ven-
tral wall of the precentral gyrus
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5  Presurgical fMRI 
of Language Function

The number of groups localizing language brain 
function preoperatively is ever growing—a larger 
collective study included 81 patients (Stippich 
et al. 2007b). The diagnostic aims of presurgical 
language fMRI according to the “classical model 

of language” include the localization of the 
Broca’s and Wernicke’s speech areas in relation 
to brain tumors or epileptogenic zones and the 
identification of the language-dominant 
 hemisphere. In contrast to motor or somatosen-
sory fMRI, the indication for presurgical lan-
guage fMRI cannot be supported by 
morphological imaging alone. The latter provides 

Fig. 24 Presurgical fMRI in Rolandic brain tumors—
standard and special protocols. Upper row (standard pro-
tocol): Somatotopic mapping of the primary motor cortex 
indicated a parietal localization of the contrast-enhancing 
malignant glioma (same patient as in Fig. 23). Lower row 
(special protocols): Complex finger opposition of the non- 
paretic left hand (left) and fully automated tactile stimula-
tion of the contralesional right hand (middle) localized the 
pre- and postcentral gyrus in relation to the brain tumor. 

This diagnostic information is equivalent to that available 
from contralateral hand movement (please compare upper 
row, middle) and can be obtained also in patients with 
complete loss of contralateral motor function. Anisotropic 
diffusion images of the pyramidal tract completed this 
presurgical MRI protocol. Diffusion tensor tractography 
could provide more detailed anatomical information. 
(Modified from Stippich et al. 2003a, with permission)
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only rough information about whether the poten-
tially function- bearing gyri—namely, the left 
inferior frontal gyrus (Brodmann areas 44 and 
45) or the left superior temporal gyrus (Brodmann 
area 22)—are affected by the tumor (Fig. 26) or 
not. However, it has been demonstrated that the 
classical language model (Lichtheim 1885; 
Geschwind 1971) is not sufficient to reflect the 
complexity of cortical language representations 
(Bookheimer 2002; Gabrieli et  al. 1998; 
Grabowski 2000; Weems and Reggia 2006; 
Tremblay and Dick 2016). Moreover, the tempo-
roparietal junction is functionally critical to lan-
guage, as is Geschwind’s language area of the 
left supramarginal gyrus and adjacent parts of the 
angular gyrus (Geschwind 1972; Damasio and 
Geschwind 1984) or Dronkers’ language area of 
the left frontal insula (Dronkers 1996; Dronkers 
et al. 2007; Flinker et al. 2015; Battistella et al. 

2020). Hence, clinical and neuropsychological 
symptoms are ultimately decisive. Nevertheless, 
language fMRI can be very useful in the presur-
gical diagnostic situation (Tyndall et  al. 2017; 
Benjamin et  al. 2017; Agarwal et  al. 2019a, b; 
Mark et  al. 2021). Here, presurgical language 
fMRI protocols should always comprise several 
different paradigms. There is no such thing as 
one universal paradigm for fMRI language 
assessment!

Language fMRI is not used as frequently as 
motor fMRI in preoperative neuroimaging. This 
is partly due to the higher equipment load and 
personnel and logistical requirements, which 
make implementation of the procedure in the 
clinical routine more challenging. Moreover, 
most neurocenters have developed their own 
methodology, making fMRI results difficult to 
compare. This variability does affect not only the 
chosen stimulation paradigm, on which the 
examination results depend to a great extent, but 
also the way in which it is presented—visually or 
acoustically—as well as measurement and evalu-
ation parameters. Even so, and on the basis of 
results from numerous validation studies using 
established reference procedures (EcoG, Wada 
test), it can be assumed that fMRI can reliably 
and noninvasively localize Broca’s and 
Wernicke’s language areas prior to brain surgery 
(Dym et  al. 2011; Sharan et  al. 2011; Janecek 
et  al. 2013; Bohm et  al. 2020; Massot-Tarrús 
et al. 2020; Meinhold et al. 2020). Determining 
language dominance with fMRI is possible, and 
in a meta-analysis a quite good sensitivity 
(83.5%) and specificity (88.1%) have been 
shown, when compared to the Wada test (Dym 
et  al. 2011). However, the Wada test may still 
have value in the evaluation of epilepsy surgery 
candidates with atypical or bilateral language 
representation or when fMRI data are inconclu-
sive (Sharan et  al. 2011; Janecek et  al. 2013; 
Wagner et al. 2012; Bauer et al. 2013) (for a more 
detailed description on this topic please refer to 
chapter “Presurgical Functional Localization 
Possibilities, Limitations and Validity.”

Primary motorcortex (M1)

Muscles for
articulation

Broca
language area

Wernicke
language area

Primary visual
cortex (V1)

41

Primary somatosensory cortex (S1)

Association cortex

Fig. 25 Schematic drawing of language areas in the left 
hemisphere according to the classical language model 
(Wernicke 1874). Red arrows indicate important anatomo-
functional connections (e.g., arcuate fascicle). (Modified 
from Roche Lexikon Medizin, 4th edn, 1998, Urban and 
Fischer, Munich, p 1578)
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5.1  Review of Literature

In this paragraph, we will try to guide the reader 
through the complex and to a certain extent inho-
mogeneous data published on presurgical lan-
guage fMRI. Since in many studies patients with 
both brain tumors and epilepsy were included, it 
seemed not appropriate to distinguish between 
the two entities. Hence, this chapter covers also 
information relevant for chapter “Presurgical 
EEG-fMRI in Epilepsy.”

Already 3 years after the first reports on fMRI, 
a preliminary study showed that the BOLD signal 
contrast obtained from simple tests of language 

and motor function was very similar between 
patients with epilepsy and normal controls, dem-
onstrating the feasibility of the technique in 
patients with epilepsy (Morris 3rd et  al. 1994). 
Since then, fMRI of language processing has 
become one of the most clinically relevant appli-
cations in the field of epilepsy and also in patients 
with brain tumors prior to surgery. The main aim 
of the identification and interpretation of the 
complex language network is to predict and mini-
mize postoperative language deficits. In patients 
with epilepsy considered for surgery—who are 
mainly patients with temporal lobe epilepsy 
(Hermann et al. 1999)—fMRI is predominantly 

Fig. 26 Functional localization of Broca’s and Wernicke’s 
areas using the word-generation (WG) and sentence- 
generation (SG) paradigms. Note that the functional local-

izations are congruent, but not perfectly identical. 
(Modified from Stippich et al. 2003b, with permission)
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used for language lateralization (i.e., determina-
tion of the hemispheric dominance) and only to a 
lesser extent for the intrahemispheric distribution 
of the eloquent cortex.

Numerous studies have demonstrated the 
high reliability of fMRI to identify the 
language- dominant hemisphere (Binder et  al. 
1995, 1996, 1997, 2000; Benson et  al. 1996; 
Bahn et  al. 1997; FitzGerald et  al. 1997; 
Stapleton et  al. 1997; Shaywitz et  al. 1995; 
Cuenod et al. 1995; Hertz- Pannier et al. 1997; 
van der Kallen et  al. 1998; Worthington et  al. 
1997; Frost et al. 1999; Szaflarski et al. 2002; 
Giussani et al. 2010; Dym et al. 2011; Sharan 
et  al. 2011; Janecek et  al. 2013; Lemée et  al. 
2019). However, the areas identified in different 
studies of language evaluation vary markedly, 
likely due to the use of different linguistic acti-
vation or control tasks, imaging, and post-pro-
cessing techniques, among other factors (Dym 
et  al. 2011). Again, there is no single fMRI 
paradigm that identifies “language cortex,” as 
language is a complex process which involves 
many different components, including special-
ized sensory systems for speech, text, and 
object recognition; processing of whole-word 
information and word meaning; word syntax 
processing; and multiple mechanisms for writ-
ten and spoken language production (Binder 
et  al. 2002; Zacà et  al. 2013; Barnett et  al. 
2014). Hence, the activation pattern is crucially 
dependent on the chosen fMRI task design.

Hearing words—whether the task involves 
passive listening, repeating, or categorizing—
activates the superior temporal gyrus bilaterally 
compared to a resting condition (Binder et  al. 
2000; Price et  al. 1996; Wise et  al. 1991). The 
symmetry of this activation can be explained by 
the task contrast (complex sounds vs. no sounds). 
The rest condition does not contain any control 
for prelinguistic auditory processing which 
engages the auditory cortex in both superior tem-
poral gyri. Brain areas associated with semantic 
word processing might be also activated during 
the resting state and hence reduce sensitivity for 
the activation task (Binder et  al. 1999). Similar 

problems occur in designs that oppose reading or 
naming tasks to a resting or visual fixation base-
line. In a study performed on patients with pri-
marily lateralized lesions, Benson et  al. found 
that such protocols do neither reliably produce 
lateralized activation nor correlate with language 
dominance measured with the Wada test (Benson 
et al. 1999).

The most common types of tasks successfully 
used for the assessment of language lateralization 
are the word-generation tasks (also called verbal 
fluency tasks) and the semantic decision-making 
tasks, whereby the former tend to show relatively 
consistent activation of the anterior language 
areas and the latter a more widely distributed net-
work including the anterior and posterior hemi-
spheric regions (Binder et al. 1997).

In the word-generation tasks, the subjects or 
patients are confronted with a noun, a semantic 
category (e.g., animal, food), and are asked to 
retrieve a phonologically or semantically associ-
ated word. In the verb-generation tasks, the sub-
ject/patient generates a verb in response to seeing 
or hearing a noun. These tasks reliably activate 
the dominant inferior and dorsolateral frontal 
lobe including the prefrontal and premotor areas 
(Wise et al. 1991; Warburton et al. 1996; Raichle 
et al. 1994; Petersen et al. 1988). Many studies 
have shown that lateralization measures obtained 
from these frontal activations by fMRI agree well 
with Wada language lateralization (Bahn et  al. 
1997; Yetkin et  al. 1998; Benson et  al. 1999; 
Lehericy et al. 2000a; Janecek et al. 2013). There 
is evidence that semantic language tasks such as 
verb generation in response to nouns, noun cate-
gorization, or noun generation within specific 
categories may be more effective in language lat-
eralization than phonologically based generation 
tasks such as concealed repetition (Lehericy et al. 
2000a). In fMRI studies, word-generation tasks 
are usually performed silently to avoid move-
ment artifacts. The resulting lack of proof of a 
proper task performance is usually not a problem 
when clear activation is observed, but bars the 
investigator from assessing poor task perfor-
mance in cases of poor activation.
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A semantic decision task was used by 
Springer and colleagues to address the issue of 
language dominance in patients with epilepsy 
(Springer et al. 1999). Fifty right-handed patients 
with epilepsy were compared with 100 right-
handed normal controls. Language activation 
was accomplished by opposing a semantic deci-
sion task to a tone discrimination task. The latter 
was developed to control for nonlinguistic com-
ponents of the task (e.g., attention, sound pro-
cessing, manual response). Using a categorical 
dominance classification, 94% of the normal 
control subjects were considered left-hemi-
spheric dominant, 6% had a bilateral language 
representation, and none of the subjects had a 
right- lateralized dominance. In the group of 
patients with epilepsy, there was a greater vari-
ability of language dominance, with 78% show-
ing a left- hemisphere dominance, 16% showing 
a roughly symmetric pattern, and 6% showing a 
right- hemisphere dominance. Atypical language 
dominance in patients with epilepsy was associ-
ated with an earlier age onset of seizures and 
with a weaker right-handed dominance. The rel-
atively high prevalence of atypical language rep-
resentation in patients with epilepsy (Sharan 
et al. 2011) stresses the importance of the assess-
ment of the hemispheric dominance before inter-
ventional procedures in areas potentially relevant 
for language in either cerebral hemisphere 
(Spreer et al. 2001).

Further studies with the paradigms described 
above were performed by Binder et  al. (1995, 
1996, 1997). The activation pattern was in gen-
eral strongly left lateralized and involved both the 
prefrontal and posterior association areas. The 
activation correlated strongly with the language 
lateralization obtained from the Wada test (Binder 
et  al. 1996). A similar result using a semantic 
word-decision task was observed by Desmond 
and colleagues. Seven postoperative patients with 
temporal lobe epilepsy were examined and the 
BOLD signal was compared with data from pre-
operative Wada test. In all cases, using a region of 
interest-based analysis looking only at the infe-
rior frontal regions, the lateralization by fMRI 

was the same as that observed by the Wada test 
(Desmond et  al. 1995). An attractive feature of 
semantic word-decision tasks is that of the rating 
of the behavioral responses through a push- 
button system on response to stimuli, thereby 
permitting precise quantification of task perfor-
mance to be precisely quantified.

As mentioned above, both word-generation 
and semantic word-decision tasks identify mainly 
the frontal lobe language areas but are less con-
sistent activators for the temporal language 
regions. An fMRI paradigm with consistent tem-
poral lobe activation was reported by Gaillard 
et al. (2002). The paradigm consisted of the silent 
pronunciation of items in response to a visualized 
item description. The authors found language lat-
eralization in 27 of 30 patients with temporal 
lobe epilepsy. The fMRI dominance was consis-
tent with the Wada test in 15 of 20 patients.

Word-generation tasks are also most fre-
quently used in language fMRI studies on brain 
tumor patients (Latchaw et  al. 1995; Herholz 
et al. 1997; Hirsch et al. 2000; Håberg et al. 2004; 
Hall et al. 2005; Van Westen et al. 2005). There is 
the general agreement that a combination of dif-
ferent tasks increases paradigm effectiveness 
(Zacà et al. 2013). Van Westen et al. used a com-
bination of word generation and rhyming in 20 
patients with tumors close to the sensorimotor or 
language areas in an fMRI study performed at 
3 T and reported a paradigm effectiveness vary-
ing from 79% to 95% (Van Westen et al. 2005). In 
another study on a large group of patients (56 
patients with lesions near language-relevant 
areas), the authors found activation of the 
Wernicke’s area in 91% and of the Broca’s area in 
77% applying a combination of a silent word- 
generation task (picture naming) upon listening 
to spoken words. In the same study, language lat-
eralization with fMRI and Wada test was congru-
ent in all 13 patients examined (Hirsch et  al. 
2000).

Successful fMRI lateralization paradigms 
have also been reported on children as young as 
6 years (Benson et al. 1996; Hertz-Pannier et al. 
1997; Stapleton et  al. 1997; Logan 1999; 
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Hertz- Pannier et al. 2002), and the hemodynamic 
response appears to be similar to that observed in 
adults (Benson et  al. 1996; Hertz-Pannier et  al. 
1997). Word-generation tasks are the most com-
monly used tasks for the evaluation of pediatric 
epilepsy surgery candidates and, as in adults, 
show a general agreement with the Wada test and 
electrocortical stimulation (Hertz-Pannier et  al. 
1997; Stapleton et al. 1997; Logan 1999). There 
is some evidence that young children do activate 
more widespread than adults, at least in verbal 
fluency tasks (Gaillard et al. 2000b). fMRI stud-
ies on children with paradigms consisting of 
reading larger passages in the silent naming of a 
read description of an object (Gaillard et  al. 
2001b) have also been performed. Important 
issues such as the adequate choice of the suitable 
experimental and control conditions in children 
have been considered in more detail (Bookheimer 
2000; Gaillard et al. 2001a).

A large study assessing language lateraliza-
tion with fMRI and the Wada test on 229 patients 
with epilepsy revealed discordant results between 
the two techniques in 14% of patients. Even if the 
data of this study showed that fMRI may be more 
sensitive than the Wada test to right-hemisphere 
language processing, the data also showed a rel-
evant discordance of the results between the two 
methods. This discordance mainly affected the 
patients categorized by either test as having a 
bilateral language representation (Janecek et  al. 
2013). To date it can be assumed that fMRI is the 
most appropriate initial examination to localize 
essential language areas in the preoperative diag-
nostic workup and is usually sufficient, if a typi-
cal language lateralization can be observed. 
However, in cases with atypical or bilateral lan-
guage representation or when fMRI is not con-
clusive for other reasons, further information 
about language representation needs to be 
obtained by other, more invasive, methods 
(Sharan et al. 2011). Further, it should be kept in 
mind that the Wada test and fMRI do not provide 
the same information and are therefore comple-
mentary. Only the Wada test can simulate whether 
a specific function can be performed, if one par-
ticular part of the hemisphere is removed.

In contrast to the Wada test, fMRI has the 
potential to provide detailed maps of the intra-
hemispheric localization of critical language 
areas in addition to the information on lateral-
ization (Sharan et al. 2011). There are a number 
of studies suggesting a close spatial relation-
ship between fMRI activation and intraopera-
tive electrocortical stimulation (FitzGerald 
et al. 1997; Yetkin et al. 1997; Ruge et al. 1999; 
Rutten et al. 1999; Schlosser et al. 1999; Lurito 
et al. 2000; Carpentier et al. 2001a, b; Ojemann 
et  al. 2013). A study by Rutten et  al. 2002c 
compared the results of fMRI quantitatively 
with intraoperative electrocortical stimulation 
mapping in 13 patients. In eight patients critical 
language areas were detected by electrocortical 
stimulation, and in seven of the eight patients, 
sensitivity of fMRI was 100% (i.e., fMRI cor-
rectly detected all critical language areas with a 
high spatial accuracy). This indicates that such 
areas could be safely resected without the need 
for intraoperative electrocortical stimulation. 
To obtain this high sensitivity, however, a com-
bination of three different fMRI language para-
digms (verb generation, picture naming, and 
sentence processing) was required. On the other 
hand, on average only 51% of fMRI activations 
were confirmed by electrocortical stimulation 
indicating a low specificity of fMRI. As men-
tioned before, both fMRI sensitivity and speci-
ficity are strongly dependent on the statistical 
threshold chosen for data evaluation. In this 
context, this study illustrates again the prob-
lems of basing clinical decisions (e.g., surgical 
strategies) on single fMRI activation maps 
alone. Different language-related paradigms 
activate a different set of brain regions, and a 
combination of different tasks is necessary to 
achieve a high sensitivity for the identification 
of the functionally relevant areas (Ramsey et al. 
2001). Meanwhile, language fMRI is widely 
used in the presurgical setting with well- 
established paradigms, imaging, and data pro-
cessing routines (Pillai and Zaca 2011; Sair 
et al. 2016; Benjamin et al. 2017; Black et al. 
2017; Tyndall et al. 2017; Unadkat et al. 2019; 
Manan et al. 2020; Park et al. 2020).
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Still, a generally accepted standard protocol 
for language fMRI has not been established yet. 
Further, the extent and pattern of activation also 
substantially depend on the applied statistical 
threshold (Pillai and Zaca 2011; Nadkarni et al. 
2014) (for details see Sect. 3). Finally, the pres-
ence of fMRI activation in nonrelevant language 
areas limits the predictive value of fMRI for the 
detection of critical language areas. Some regions 
activated during language tasks obviously play a 
minor, supportive role for language function, and 
resection of these areas may not necessarily pro-
duce clinically relevant deficits. Because of such 
difficulties, the clinical role of fMRI in the iden-
tification of eloquent cortical areas of cognitive 
function is still limited. Thus, at this stage, fMRI 
can be considered as useful for the facilitation of 
intraoperative electrocortical stimulation, but can 
still not replace it (Deblaere et al. 2002; Ojemann 
et al. 2013; Metwali et al. 2019; Azad and Duffau 
2020).

Another question is whether fMRI can replace 
the Wada test as the reference procedure for the 
determination of the language and memory dom-
inance in candidates eligible for brain surgery. A 
meta-analysis overseeing more than 400 patients 
has shown a very high sensitivity and specificity 
of fMRI to determine language dominance as 
compared to the Wada test (Dym et al. 2011). If 
established as a valid and reliable technique, 
fMRI would either render the Wada test obsolete 
or at least reduce its dominant role and only make 
it indispensable when fMRI is not practical 
because of either technical issues or patient prop-
erties. The idea behind the Wada test is that the 
parts of one hemisphere supplied by the anterior 
circulation are transiently anesthetized using a 
bolus of short-acting barbiturates (amobarbital), 
allowing the contralateral hemisphere to be 
assessed independently (Wada and Rasmussen 
1960; Sharan et al. 2011). The Wada test is inva-
sive and carries significant risks, and the validity 
of its individual results can be compromised by 
acute drug effects, which may cause behavioral 
confounds of sedation and agitation. Although 

the Wada test is commonly designated by the ref-
erence procedure in language lateralization tests 
(Rausch et al. 1993), it is not a standardized pro-
cedure. Differences in almost every aspect of 
methodology and design can be found in the vari-
ous Wada test protocols described in the litera-
ture (Simkins-Bullock 2000) and make 
between-center comparisons of the results 
difficult.

In a review of the literature by Baxendale 
(2002), 70 patients were found in the literature 
that had undergone both fMRI and Wada test 
(Desmond et al. 1995; Binder et al. 1996; Bahn 
et al. 1997; Hertz-Pannier et al. 1997; Worthington 
et  al. 1997; Benbadis et  al. 1998; Yetkin et  al. 
1998; Benson et  al. 1999; Bazin et  al. 2000; 
Lehericy et  al. 2000a; Carpentier et  al. 2001a). 
With the exception of only one study (Worthington 
et  al. 1997), showing a comparatively low con-
cordance of only 75% between the two tech-
niques using a verbal fluency task in fMRI, all 
other studies reported an impressive high concor-
dance between the two techniques despite the use 
of different language tasks and Wada test proto-
cols. A study by Binder and colleagues correlated 
the assessment of language lateralization between 
the two techniques from the respective lateraliza-
tion indices, whereby for the Wada test a continu-
ous variable was used and for fMRI the 
asymmetry in the voxels activated in each hemi-
sphere by a semantic word-decision task was 
considered (Binder et al. 1996). The correlation 
was extremely strong (r = 0.96, p < 0.0001) and 
all 22 subjects were classified as having the same 
lateralization by the two modalities. A concor-
dance of almost 100% was also found in other 
studies employing categorical analyses for the 
classification of language representation 
(Benbadis et al. 1998; Yetkin et al. 1998). While 
these observations are promising, there are rea-
sons to be cautious about replacing the Wada test 
by fMRI at this stage (Wagner et al. 2012; Bauer 
et al. 2013). In all comparative studies between 
Wada test and fMRI reviewed above, there were 
less than 35 collective patients with a reversed or 
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atypical cerebral language dominance pattern as 
defined by the Wada test, an extremely small 
patient sample on which to base clinical deci-
sions. As mentioned above, there is evidence of a 
greater variability of language dominance in 
patients with epilepsy compared to normal con-
trols (Springer et  al. 1999; Carpentier et  al. 
2001a; Janecek et al. 2013). An atypical language 
representation is perhaps the most important con-
dition to detect, and the limited data currently 
available from language fMRI studies in patients 
with epilepsy do not allow to draw any firm con-
clusions about the sensitivity or specificity of the 
various fMRI tests (Spritzer et  al. 2012). 
Moreover, the “true” incidence of a significant 
discrepancy between fMRI and Wada test for 
 language lateralization assessment is not known, 
and the reasons for the occasional found incon-
sistencies have not been investigated systemati-
cally. For example, Hammeke and colleagues 
reported a significant discrepancy between fMRI 
and Wada lateralization indices in approximately 
one of ten patients (Hammeke et  al. 2000). In 
particular, temporal tumors in the dominant 
hemisphere have been reported to cause a false- 
negative activation of the dominant hemisphere 
(Westerveld et al. 1999; Gaillard et al. 2000a).

Finally, it has to be emphasized that the Wada 
test is not only applied to determine language 
dominance (Simkins-Bullock 2000; Sharan et al. 
2011), but also, and perhaps more importantly, to 
assess the ability of each hemisphere to sustain 
verbal memory. Nonetheless, at this stage more 
studies with a larger patient pool are required to 
assess whether fMRI can reliably substitute the 
Wada test, which so far has been repeatedly vali-
dated with respect to memory function, language 
representation, and prediction of both cognitive 
and seizure outcome (Binder et al. 2002; Simkins- 
Bullock 2000; Sharan et  al. 2011). Moreover, 
acceptance of fMRI will largely depend on the 
perceived clinical need for the “lesion test” aspect 
of the Wada test, which undoubtedly provides 
more direct information about how well language 
and memory functions can be supported after 

functional removal of the contralateral hemi-
sphere (Sharan et al. 2011). Thus, at present, the 
diagnostic value of fMRI and the Wada test seems 
to be rather complementary (Sharan et al. 2011). 
Killgore et al. found that, when combined, fMRI 
and Wada test provided complementary data that 
resulted in an improved prediction of postopera-
tive seizure control compared with either proce-
dure alone (Killgore et al. 1999). Recent studies 
indicated that the Wada test may no longer be 
necessary, when prior fMRI yielded robust and 
reliable language or memory lateralization 
(Bohm et al. 2020; Massot-Tarrús et al. 2020).

5.2  Special Practical Issues 
in Presurgical fMRI 
of Language Function

In contrast to the easy-to-perform movement 
tasks in motor fMRI, assessment of cognitive 
brain function—and hereby language function—
requires an even closer cooperation of the patient. 
Therefore, all patients have to be well prepared 
for the fMRI tasks. The individual patient train-
ing, that is required prior to any language fMRI 
study, can—depending on the degree of the pre-
existing tumor-associated language or other cog-
nitive deficit—take up to several hours. Such 
training should guarantee the best possible match 
between the fMRI paradigms used and the 
patient’s linguistic ability in order to ensure 
robust functional localizations and BOLD sig-
nals. For these reasons, pre-fMRI training is ide-
ally combined with neuropsychological testing, 
which also includes detailed documentation of 
language deficits. The problem of the objective 
assessment of task performance in cognitive par-
adigms is very difficult in a clinical MR setting. 
Particularly in non-vocalized paradigms, it is 
challenging to estimate the patient’s performance 
during block-designed fMRI. Devices assessing 
the patient’s response on the task used in non-
clinical or research fMRI conditions can only be 
used in cooperative patients and are thus often 
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unsuited to routine presurgical fMRI.  The best 
guarantee for sufficient patient cooperation dur-
ing clinical fMRI scanning remains the intensive 
training prior to the examination mentioned 
above. In addition, patients are asked to give their 
subjective appraisal of task success after each 
single measurement included in the whole exam-
ination. Online evaluation of fMRI data (“real- 
time fMRI”) is an important aid offered by most 
MR manufacturers today, enabling immediate 
assessment of the examination success 
(Fernandez et al. 2001; Feigl et al. 2008). Hence, 
erroneous measurements can be immediately 
detected and repeated.

For the examination itself, the visual or acous-
tic stimulation unit must be installed and later 
dismantled within a short period of time to avoid 
unnecessary disruption of the daily workflow in 
clinical neuroimaging. If one assumes a time 
frame of 1  h for the entire fMRI examination, 
including assembly, dismantling, and adjustment 
of all stimulation devices, acquisition of a mor-
phological contrast-enhanced T1-weighted 3D 
data set for neuronavigation, and possibly another 
two or three diagnostic neuroimaging sequences, 
approximately 20 min remains for the acquisition 
of fMRI data. Within this time, several different 
language paradigms (Hirsch et al. 2000; Ramsey 
et al. 2001; Rutten et al. 2002c; Van Westen et al. 
2005; Pillai and Zaca 2011; Unadkat et al. 2019; 
Manan et al. 2020), preferably of varying degrees 
of difficulty and each with a repeated measure-
ment to confirm functional localization, should 
be applied, indicating that each clinical language 
fMRI measurement cannot take much longer 
than 5 min. In contrast, preoperative motor fMRI 
is far easier to implement in the clinical workflow 
as the time needed for somatotopic mapping does 
usually not exceed 10  min including patient 
instruction and feedback. Setup of dedicated 
apparatus is not necessary.

5.3  Selection of Candidates 
for Presurgical Language fMRI

In contrast to patients with Rolandic brain tumors, 
the selection of suitable candidates for presurgical 

language fMRI among patients with frontal and 
temporoparietal tumors is made largely irrespec-
tive of detectable morphological changes in 
potentially functionally important anatomical 
structures due to the lack of unequivocal morpho-
logical landmarks and due to significant anatomic 
variations in important language areas. Clinical 
and neuropsychological symptoms are of key 
importance. In our opinion, presurgical fMRI for 
language-associated brain activation makes sense 
in the following scenarios:

• Patients presenting with tumor-associated lan-
guage deficits—including tumors in the right 
hemisphere, since in this case atypical organi-
zation of the language-relevant cortical repre-
sentations has to be assumed (see Fig. 32)

• Patients without language deficits, but with 
tumors located in the left hemisphere, that are 
by anatomical consideration in close proximity 
to the inferior frontal gyrus (Broca’s area) and 
the adjacent dorsal middle frontal gyrus (Exner’s 
area), the medial frontal insula (Dronkers’ area), 
the superior temporal gyrus (Wernicke’s area), 
and the supramarginal or angular gyri 
(Geschwind’s area) (see Figs. 27, 28, and 29)

• Left-handed patients, including patients with 
right-sided brain tumors

• Multilingual patients

Note The selection criteria mentioned here are 
meant as suggestions arising from typical MR 
morphological and clinical findings in patients 
with frontal or temporoparietal brain tumors. It is 
currently not possible to make a medical indica-
tion for fMRI in the strict sense. This is due to the 
still limited number of controlled prospective 
studies demonstrating the clinical benefit of pre-
surgical fMRI in terms of reduced postoperative 
morbidity or mortality.

5.4  Language Paradigms 
for Presurgical fMRI

Language is conveyed over an extensive network 
of multiple functional areas to the frontal, 
temporal, and parietal lobes in both cerebral 
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hemispheres (see chapter “Functional 
Neuroanatomy”). As demonstrated above, lan-
guage fMRI can be performed using various para-
digms. For this reason no general recommendations 
can be made. The choice of clinically appropriate 
fMRI protocols should be made on the basis of 
the abovementioned diagnostic aims and within 
the framework of the clinical possibilities: To 
obtain reliable BOLD activations, paradigms 
need to be standardized and adjustable to the indi-
vidual abilities of each patient. The language 
areas essential for intact speech (Broca’s, Exner’s, 
Dronkers’, Wernicke’s, Geschwind’s) should be 

localized, whereas the importance of the identifi-
cation of other secondary areas is not so clear in 
order to preserve them during surgery. A number 
of different word-generation tasks are suitable to 
this end, whereby language-associated memory, 
as well as other linguistic and cognitive processes, 
can also be assessed using task categories for free 
generation of several words per trigger 
(Bookheimer 2002). Sentence-generation tasks 
pose an even greater challenge (Just et al. 1996; 
Sakai et al. 2001), however, but can be easily stan-
dardized when a defined sentence is generated per 
trigger.

Fig. 27 Presurgical fMRI localization of Broca’s area 
using the word-generation (WG) paradigm in a patient 
with a left inferior frontal astrocytoma as reflected by the 
typical activation of the inferior frontal gyrus, pars oper-
cularis (black arrowhead). Note the additional strong 
language-associated activation (yellow arrowhead) at the 

upper edge of the inferior frontal gyrus (pars opercularis) 
/ dorsal middle frontal gyrus (Exner’s area). This activa-
tion can be distinguished clearly from primary motor 
tongue activation (EM executed movement) of the inferior 
precentral gyrus (red arrowhead)
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Clinical feasibility tests showed that the indi-
vidual triggers must be structured as simple and 
unambiguous as possible in order to detect func-
tional activity robustly. To this end the stimulus 
presentation frequency should be adjustable to 
the linguistic abilities of the individual patients, 
without changing the basic structure of the block 

design. Task-synchronous motion artifacts can be 
reduced by using non-vocalized language tasks 
(overt speech) (Hinke et al. 1993; Rueckert et al. 
1994; Palmer et al. 2001), although the resulting 
brain activation is not identical to that derived 
from corresponding vocalized paradigms (Partovi 
et al. 2012b).

Fig. 28 Presurgical fMRI language localization and lat-
eralization in a right-handed patient with a malignant gli-
oma of the left superior temporal gyrus—critical to 
Wernicke’s area by anatomical consideration. Sentence 
generation (SG) revealed clear left language dominance 
and localized Wernicke’s area at the dorsal end of the 

superior temporal gyrus. BOLD signal time courses for 
Broca’s area (B, r = 0.78, ΔS = 1.89%) and Wernicke’s 
area (W, R  =  0.73, ΔS  =  0.86%). Note again the two 
BOLD activations in Broca’s area (small cluster at the 
pars triangularis, larger cluster at the upper pars 
opercularis)

Fig. 29 Patterns of atypical language dominance as 
revealed by presurgical fMRI: equidominance between 
both hemispheres, mixed dominance (here with a right 

dominance for Broca’s area and a normal left dominance 
for Wernicke’s area), and pure right dominance for 
Broca’s and Wernicke’s areas
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The examination protocol suggested here has 
been specifically designed to fulfill these clinical 
requirements (Stippich et  al. 2003b). Within a 
measurement time of approximately 4 min (234 s) 
per paradigm, reliable functional localization of 
the Broca’s and Wernicke’s areas can be achieved, 
as well as of the anatomically homologous areas 
in the right hemisphere as a basis on which to cal-
culate regional lateralization indices. Exner’s 
(Roux et al. 2009), Geschwind’s (Geschwind 
1971, 1972) and Dronkers’ (Dronkers 1996, 
2007) activation may be observed in addition but 
is by definition not required according to the clas-
sical Wernicke-Lichtheim (Wernicke 1874) model 
of language (for historical reasons). At 1.5 T the 
physiological BOLD signals are quite robust in 
the abovementioned different functional language 
areas, with mean correlations between measured 
BOLD signals and a hemodynamic reference 
function ranging from r  =  0.55 to r  =  0.80, 
whereby BOLD signal intensities range typically 
from 1.5% to 2.5% (Fig.  27). Both paradigms 
(sentence and word generation) are visually trig-
gered and can be adjusted to the linguistic ability 
of the patient by varying the trigger frequency. By 
using nonmagnetic, optically correctable reflec-
tive glasses with a slot for commercial optical 
lenses, it is possible to correct for ametropia 
(Stippich et al. 2007b). At the same time, visual 
stimulation prevents possible undesired superpo-
sition of language-associated activations in the 
Wernicke’s speech area (BA21) onto activations 
in the directly adjacent auditory cortex (BA41, 
42), as can occur with acoustic stimulation 
(Binder et al. 1995).

Of note, the American Society for Functional 
Neuroradiology has published a list of estab-
lished clinical fMRI protocols from various 
larger neuro- and imaging centers throughout the 
USA to investigate language function in adults 
and children (https://www.asfnr.org; see also: 
Black et al. 2017; Benjamin et al. 2018; Agarwal 
et  al. 2019a, b; Manan et  al. 2020; Stopa et  al. 
2020). This information may also be helpful for 
investigators who wish to set up proper presurgi-
cal language fMRI studies at their institutions.

5.5  Presurgical fMRI of Language 
Function

In patients with brain tumors, presurgical lan-
guage fMRI localizes the Broca’s and Wernicke’s 
areas in relation to the pathology and enables 
estimation of hemispheric dominance (Figs. 28 
and 29). Benjamin and colleagues considered 
six critical languages relevant for preoperative 
fMRI (Benjamin et al. 2017). Besides providing 
essential functional landmarks for surgical 
decision- making and operative planning, differ-
ent lateralization patterns of language activation 
can be identified, which may be roughly charac-
terized by left dominance, right dominance, 
equidominance, mixed, or even reversed domi-
nance. This information is available noninva-
sively and is more detailed as compared to the 
information obtained from the Wada test 
(Fig.  30) (Sharan et  al. 2011). However, diag-
nostic results from different paradigms may dif-
fer (Fig. 31). Until now there is no clear rationale 
for the handling of this problem. Despite a high 
sensitivity of language fMRI to lateralize lan-
guage (Dym et  al. 2011), the available data to 
date on the reliability of fMRI for the determi-
nation of the language- dominant hemisphere is 
not fully clear (Janecek et  al. 2013; Spritzer 
et al. 2012). Meanwhile, further validation stud-
ies have been performed on larger groups of 
patients in whom fMRI, reference techniques, 
and clinical and neuropsychological examina-
tions were carried out in a standardized way 
(Giussani et  al. 2010; Brennan et  al. 2016; 
Meinhold et al. 2020). With regard to language 
lateralization, it appears acceptable to dispense 
with extensive invasive diagnostic examination 
in cases where, by using several paradigms, a 
typical left dominance is proven with fMRI 
(Sharan et al. 2011; Agarwal et al. 2019a, b). On 
the other hand, additional invasive validation 
tests should be performed in cases of conflicting 
results from various different fMRI paradigms 
and atypical language dominance (Figs. 32 and 
33) (Cunningham et  al. 2008; Janecek et  al. 
2013; Stopa et al. 2020).
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6  Diagnostic Capabilities 
and Limitations 
of Presurgical Task-Based 
fMRI

Traditionally, functional areas are electrophysio-
logically mapped intraoperatively to reliably 
assess the spatial relationship between the brain 
tumor and functional cortex (Ojemann et  al. 
1989; Ojemann 1991; Duffau et al. 1999, 2000, 
2001, 2002b, 2003; Duffau 2001, 2005, 2006). 

Intraoperative ECoG is considered very reliable, 
but comprises several disadvantages. Duration of 
surgery can be substantially prolonged and 
patients often need to be subjected to awake cra-
niotomy. Furthermore, it only provides informa-
tion from activations of the brain surface, while 
the by far larger portion of the cortex deep in the 
cerebral convolutions remains inaccessible 
(Cosgrove et al. 1996). Another significant disad-
vantage of ECoG is that the information is not 
available preoperatively and can therefore not be 

Fig. 30 Presurgical fMRI language localization and lat-
eralization in a patient with a giant intraventricular menin-
gioma using different paradigms. The diagnostic results 
are not identical but congruent and support each other. 
Sentence generation (SG) localized Wernicke’s area in its 
typical localization of the left superior temporal gyrus 
adjacent to the superior temporal sulcus (black arrow-

head) and revealed an equidominance. Word generation 
(WG) confirmed this finding, but localized a second lan-
guage center in Wernicke’s area in the left supramarginal 
gyrus (red arrowhead) that was also taken into consider-
ation for operation planning and execution. Note the bilat-
eral Broca’s activation (also equidominant)
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Fig. 31 Presurgical fMRI language lateralization (and 
localization) in a multilingual left-handed patient. Italian 
(left), French (middle), and German (right) language para-
digms revealed reproducible right-hemispheric language 

dominance for the anatomical right homologues of 
Broca’s (BR) and Wernicke’s (WR) language areas. Awake 
craniotomy and intraoperative electrocorticography were 
performed during epilepsy surgery

Fig. 32 Intraoperative validation of preoperative fMRI 
language localization in a right-handed male patient with 
a right parietal oligoastrocytoma (WHO II) and aphasic 
symptoms. Atypical right language dominance was diag-
nosed preoperatively using fMRI and the Wada test. 
Stimulation of the area that showed BOLD activation in 

the STG (WR) interrupted language production during 
awake craniotomy, confirming preoperative fMRI local-
ization. Yellow lines indicate planned resection borders in 
neuronavigation. Left: Coronal (COR) and sagittal (SAG) 
views; functional activations (white clusters). Right: 
Operative site (OPS)
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implemented in the pretherapeutic assessment of 
the operative indication and the planning of 
function- preserving surgery. Likewise, the Wada 
test as a reference procedure for speech lateral-
ization and memory puts the patient under strain, 
involves all the risks of arterial catheter angiogra-
phy, and is not standardized—test results can 
therefore vary (Wada and Rasmussen 1960; 
Rausch et  al. 1993). After all, morphological 
imaging with MRI provides very detailed infor-
mation on intracranial pathologies (Osborn 
2012), but not on brain function. FMRI is capable 
to overcome these disadvantages of the “tradi-
tional diagnostic procedures” by visualizing the 
anatomy, pathology, and function noninvasively 
within a single examination already prior to sur-

gery (Black et al. 2019). In addition, the course of 
important WM tracts as the arcuate fascicle can 
be assessed preoperatively using DTI, and the 
acquired DTI data can be fused with fMRI in 
order to enhance pre- and intraoperative planning 
(Rasmussen et  al. 2007; Archip et  al. 2007; 
Berntsen et  al. 2010; González-Darder and 
González-López 2010; Nimsky 2011; Dimous 
et al. 2013; Jia et al. 2013; Sang et al. 2018; Conti 
Nibali et al. 2019; Mancini et al. 2019).

When carried out in a standard way, fMRI is 
basically capable of providing a clinical “func-
tional diagnosis” for individual patients 
(Thulborn 2006; Tyndall et al. 2017). Functional 
landmarks help to estimate possible therapy- 
related deficits and are thus particularly useful in 

Fig. 33 (a) Presurgical somatotopic fMRI of motor func-
tion (a) provided detailed information on the spatial rela-
tionship between the primary motor hand and tongue 
representations to the left frontal glioblastoma involving 
the cingulum and corpus callosum. Language fMRI (b) 
revealed a left language dominance, with a marked activa-
tion of the right anatomical homologue of Broca’s area, 
which may indicate tumor-associated neuroplasticity. 
This overt language paradigm confirmed the primary 
motor tongue representation on the left when compared to 
the prior motor study. (b) Integration of the relevant func-

tional activations (landmarks) of the Broca’s, Wernicke’s, 
and Geschwind’s language areas; primary motor and pre-
motor tongue representations; primary motor hand repre-
sentation; and DTI-tractographies of the pyramidal tract 
and arcuate fascicle into the T1-weighted contrast- 
enhanced 3D-MRI used for neuronavigation during 
extended open biopsy. In these patients, fMRI makes it 
easier to verify the indication to operate, as well as to 
plan, function-sparing surgery, while taking atypical lan-
guage representations or tumor-induced neuroplastic 
changes into consideration

a
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providing information on the lesion’s location, 
verifying the indication, and selecting a function- 
sparing therapeutic procedure. Once the indica-
tion for surgery is made, careful planning and 
appropriate selection of incision, trepanation, 

surgical access, and resection margins are essen-
tial to function-preserving surgery. 
Intraoperatively, functional localizations facili-
tate surgical orientation, although inaccuracies 
resulting from displaced brain tissue, known as 

b

Fig. 33 (continued)

Task-Based Presurgical Functional MRI in Patients with Brain Tumors



174

brain shift, need to be accounted for (Stippich 
et  al. 2002a, 2003a; Rasmussen et  al. 2007; 
Archip et  al. 2007; González-Darder and 
González-López 2010; Kuhnt et al. 2012; Berkels 
et  al. 2014). All these factors increase patient 
safety and help to minimize the risk of postopera-
tive deficits which would further reduce the qual-
ity of life.

According to current knowledge, it can be 
assumed that presurgical fMRI is able to contrib-
ute to a reduction and more targeted selection of 
invasive diagnostic procedures both before and 
during neurosurgical interventions in patients 
with brain tumors or epileptogenic foci. FMRI 
can have a positive effect on surgery-related mor-
bidity and disease-related mortality (Kundu et al. 
2013; Bailey et  al. 2015; Vysotski et  al. 2018; 
Liouta et  al. 2019). Available results evaluating 
the use of fMRI data for presurgical planning in 
relation to functional outcome approve the valu-
able information obtained by fMRI with respect 
to the risk of postoperative neurological dysfunc-
tion. However, there are also conflicting results 
published that showed fMRI to explain preopera-
tive but not postoperative deficit. As mentioned 
before, it is assumed, in general, that a distance of 
at least 10 mm between tumor border and func-
tional cortex should be respected for assuring a 
functionally good postsurgical outcome (Håberg 
et al. 2004; Krishnan et al. 2004; Berntsen et al. 
2010). Assessment of the lesion-to-activation dis-
tance (LAD) and the language lateralization 
index (LI) has proved to be of value (Kundu et al. 
2013; Voss et al. 2013) for evaluation of postop-
erative outcome. It has been shown that the prox-
imity of the tumor to an activation area might 
also interact with how the language network is 
affected (Kundu et al. 2013). Moreover, the LAD 
to the primary sensorimotor cortex influences the 
occurrence of neurological deficits, in contrast to 
the LAD to the supplementary motor area (SMA) 
(Voss et al. 2013). Of note is, however, that such 
attempts should not put the surgeon in an 
unfounded security as distance measurements 
can solve the problem of neither ill-defined tumor 
margins especially in tumors of glial origin or in 
case of infiltrative tumor growth nor fMRI’s 

inability to define the exact extent of a functional 
area, which is arbitrary and given by the chosen 
statistical threshold during data evaluation. We 
consider defining “safe resection margins” in 
presurgical diagnostics on the basis of fMRI data 
alone as potentially unreliable, since the spatial 
extent of activated areas depends on the evalua-
tion parameters chosen and can therefore vary. 
Furthermore, there is not enough data available 
that would allow to predict possible postsurgical 
deficits based on fMRI cerebral reorganization 
patterns, be it transient or permanent.

Preoperative fMRI has limitations imposed by 
patient-specific and methodological factors. 
Despite intensive patient training, optimized 
examination protocols, and appropriate head fix-
ation, some patients cannot be examined due to 
poor cooperation or marked restlessness. When 
motor paradigms are used, undesirable continua-
tion of movement during resting periods or unde-
sirable and mostly uncontrolled and interspersed 
accompanying movements in other parts of the 
body can compromise the quality of the examina-
tion, even if individually adjusted evaluation is 
used to register the respective error precisely. In 
the end, after this time-consuming process, 
examination results often need to be discarded. 
The same applies to strong motion artifacts which 
cannot be corrected at later data processing 
stages. Stimulus-related motion artifacts can sim-
ulate activations, leading to false high BOLD sig-
nals or even to incorrect localization (Hajnal 
et  al. 1994; Krings et  al. 2001; Hoeller et  al. 
2002; Steger and Jackson 2004). With regard to 
motion artifacts, tongue and toe movements, as 
well as finger opposition tasks, are less critical 
than hand, foot, and lip movements. And for lan-
guage paradigms non-vocalized are less critical 
than vocalized tasks.

The problems associated with investigating 
motor function in patients with tumor-related 
hemipareses have already been addressed (see 
Sect. 4.6). In most cases, functional localization 
of the pre- and postcentral gyrus can be achieved 
by using residual motor function in the affected 
extremities and applying special paradigms 
(Stippich et al. 2003a). Compared to motor fMRI, 
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BOLD signals are significantly weaker on tactile 
stimulation. Particularly in the lower extremities, 
tactile stimulation does not always achieve suffi-
cient activation. This is accounted for by the 
lower number of receptors in toe tips, the com-
paratively small cortical toe representation, 
and—in our clinical fMRI setup—the ill-defined 
compressed air pulses when long pneumatic 
tubes are used. In this context resting-state fMRI 
provides valuable additional information, as 
patient cooperation is not required (Lee et  al. 
2013, 2016; Sair et al. 2016; Lemée et al. 2019; 
Park et al. 2020).

The success of language fMRI pivotally 
depends on patient training and optimal adjust-
ment of the paradigm to suit language ability 
(Stippich et al. 2002a; Lit). If patients are over- 
tested, they perform only a portion of the required 
tasks leading to lower activation. The same is true 
of under-testing where too few triggers are given. 
Additionally, “free thinking” can then lead to 
uncontrolled activation, for example, when 
patients get bored, since, using our paradigms, 
neither of the sources of error can be controlled 
directly during fMRI. As a consequence, the par-
adigm parameters which were proven during pre- 
fMRI training to be optimal for each individual 
patient are always used for the preoperative mea-
surement. To increase certainty, the patient is 
interviewed after each fMRI measurement about 
whether the task could be successfully accom-
plished. If this was not the case, the task is 
repeated. Training always takes place immedi-
ately prior to fMRI and lasts at least 20 min in 
order for the patients to master all four different 
language paradigms and to avoid interaction of 
learning effects on examination results. The 
training period can last longer in patients with 
limited linguistic ability.

Of note is that language lateralization—as 
determined by fMRI—depends on the “cerebral 
workload” associated with the applied tasks, as 
the activation in the left hemisphere increases 
with trigger frequency, whereas activation in the 
right hemisphere does not fully parallel this effect 
(Konrad et al. 2005). This implies that the stron-
gest lateralization effect will be measured with 

paradigms that are optimally adapted to the 
patient’s individual performance. More impor-
tantly brain tumors per se may modulate lan-
guage lateralization by inducing neuroplastic 
changes and functional reorganization. In this 
instance, tumors most likely tend to reduce the 
activation in the affected hemisphere and may in 
addition induce an increase of activation in the 
unaffected hemisphere (Partovi et  al. 2012a). 
This means that brain tumors of the left hemi-
sphere that are critical to essential language areas 
modulate language lateralization towards the 
right side, which is in most cases the nondomi-
nant one (Holodny et  al. 2002; Wellmer et  al. 
2009; Partovi et al. 2012a; Jansma et al. 2015). 
Consequently, the lateralization indices calcu-
lated in patients with brain tumors that affect lan-
guage function have to be interpreted with special 
caution: Here, a right language dominance in the 
presurgical fMRI examination does not necessar-
ily mean that the reduced activation in the left 
hemisphere is no longer essential to preserve lan-
guage function, especially when the Broca’s and/
or Wernicke’s areas are affected directly by the 
tumor. In this instance, the assumption that the 
right hemisphere is fully capable to functionally 
compensate for the left may be fatal. In contrast, 
such neuroplastic changes should be interpreted 
as the brain’s attempts to cope with the pathol-
ogy, and thus, the residual activation in the classi-
cal language areas should be considered as very 
essential, even if it is weaker than that on the 
unaffected side. Of note, fMRI activation may be 
critically affected by prior brain surgery and 
needs to be interpreted with special caution in the 
postoperative imaging setting (Peck et al. 2009).

In the case of uncooperative patients, resting- 
state fMRI has opened up a new field in the inves-
tigation of functionally important brain areas 
(Shimoni et al. 2009; Zhang et al. 2009; Lee et al. 
2012; Manglore et al. 2013; Mitchell et al. 2013). 
Resting-state fMRI measures spontaneous, that 
is, intrinsic, BOLD fluctuations to identify elo-
quent areas in the brain without the need of task 
performance by the patients. Therefore, this 
method is very promising for measuring func-
tional activity in sedated patients, in disabled or 
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uncooperative patients, and in small children. 
However, until now this technique has been used 
mostly for group analysis in research studies. The 
results on clinical applications in individual 
patients are promising, but still limited. A clear 
advantage of resting-state fMRI is the reduced 
scanning time in comparison to task-based fMRI, 
as different neurofunctional systems can be 
assessed in a single scanning session. Activity 
correlation in motor regions has been shown to be 
quite similar between task-free and task-elicited 
fMRI (Liu et al. 2009). In one study, more spe-
cific analysis and less data variability were found 
for the motor cortex with resting-state fMRI 
compared with task-based fMRI (Shimoni et al. 
2009). Already those initial reports underlined 
that resting-state fMRI may have a clinical poten-
tial in pretherapeutic assessment of eloquent 
areas in patients with brain tumors, vascular 
lesions, or epilepsy. Meanwhile, substantial work 
on presurgical resting-state fMRI has been done 
(Lee et al. 2016; Sparacia et al. 2019), including 
comparisons to task-based fMRI (Sair et al. 2016; 
Battistella et al. 2020; Park et al. 2020), invasive 
reference measures (Vakamudi et al. 2020), and 
pre/posttreatment effects (Sparacia et  al. 2020). 
However, clinical application of resting-state 
fMRI is still limited and further investigation is 
required to define its role and potency in the clin-
ical and pretherapeutical setting. A more detailed 
description on resting-state fMRI is given in 
chapter “Presurgical Resting-State fMRI.”

Diffusion tensor imaging (DTI) provides visu-
alization of white matter (WM) tracts and is 
applied in many centers for the assessment of the 
relationship between lesions, for example, 
tumors, and the course of functionally important 
WM tracts such as the pyramidal tract or the 
arcuate fascicle. This technique has been reported 
to be very useful both in the presurgical planning 
(Leclercq et al. 2011; Morita et al. 2011; Bertani 
et al. 2012; Hayashi et al. 2012; Abdullah et al. 
2013; Potgieser et al. 2014) and for the prediction 
and evaluation of postoperative outcomes 
(Hayashi et  al. 2012; Bailey et  al. 2015; 
Henderson et al. 2020). A number of studies are 

available showing the integration of fMRI with 
DTI data (Smits et  al. 2007) under stereotactic 
guidance in the intraoperative setting for identifi-
cation of eloquent areas (Rasmussen et al. 2007; 
Archip et  al. 2007; Berntsen et  al. 2010; 
González-Darder and González-López 2010; 
Nimsky 2011; Kuhnt et al. 2012; Dimous et al. 
2013; Jia et al. 2013; Kumar et al. 2014). Initial 
results demonstrate the impact of the combina-
tion of these two modalities on intraoperative 
strategies to avoid damaging of the eloquent cor-
tex or WM tracts. Good tumor resection results 
with preservation of neurological function could 
be achieved, whereas a safe distance of at least 
10 mm between the lesion’s margins and the elo-
quent area should be maintained in order to avoid 
transient or permanent neurological deficits 
(Berntsen et  al. 2010). fMRI has proven to be 
more beneficial for the localization of the func-
tional important areas, whereas DTI data have 
been shown to be more useful for the resection 
itself (Rasmussen et  al. 2007). Together both 
techniques show great promise in postsurgical 
outcomes (Dimous et  al. 2013; Jia et  al. 2013; 
Conti Nibali et al. 2019). Despite such promising 
results, additional technical inaccuracies must be 
taken into consideration in neuronavigation and 
referencing. At this stage further studies are nec-
essary to more accurately define the limits of 
“safe” resections, especially considering intraop-
erative brain shift (Gil-Robles and Duffau 2010; 
González-Darder and González-López 2010).

The position of brain structures can change 
intraoperatively (“brain shift”), so that preopera-
tively obtained data no longer accurately reflect 
the intraoperative situation (Wirtz et  al. 1997; 
Wittek et  al. 2005; Nimsky et  al. 2006; Kuhnt 
et al. 2012; Gerard et al. 2017; Fan et al. 2018). 
Effluent cerebrospinal fluid alone can lead to 
shifts of several millimeters after opening of the 
dura. Moreover, there is often a sharp shift in the 
position of the brain due to tissue resection. Also 
for these reasons, preoperative fMRI cannot 
replace intraoperative mapping of brain function 
completely. However, preoperatively acquired 
MRI data are useful as they can be 
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intraoperatively updated with ultrasound hereby 
to some extent compensating for the brain shift 
phenomenon (Rasmussen et  al. 2007). 
Intraoperative repetition of fMRI and DTI has 
also been established with proven value, but on 
the cost of relevantly longer operation times 
(Nimsky 2011). Other, investigator-dependent, 
inaccuracies occur in the manual superposition 
of the EPI data distorted by the method onto ana-
tomical 3D data sets. As a precaution, a possible 
localization error of approximately 0.5  cm 
should always be assumed (Stippich et  al. 
2003a). Technical improvements include distor-
tion corrections for EPI data sets (Weiskopf et al. 
2005; Liu and Ogawa 2006; Priest et  al. 2006; 
Lima Cardoso et  al. 2017) enabling for auto-
mated superposition procedures, which helps to 
further reduce inaccuracies in the functional 
intraoperative localization of eloquent brain 
structures.

The BOLD signals based on fMRI originate 
mainly in the capillary bed of the activated brain 
area and downstream veins (Frahm et  al. 1994; 
Menon et  al. 1995). Thus, fMRI measures a 
hemodynamic secondary phenomenon and not 
neuronal activity directly. Possible localization 
errors due to BOLD signals from draining veins 
can be identified by superimposing functional 
image data onto contrast-enhanced anatomical 
T1-weighted image sequences (Krings et  al. 
1999). Careful analysis of the signal time curves 
of functional raw data helps to distinguish 
between parenchymatous and venous activation, 
since each of both rises at different rates (Krings 
et al. 2001). A reduced venous contribution to the 
BOLD signal could be observed at 7 T MR sys-
tems; however, for many reasons 7 T scanners are 
rarely used in clinical routine at this stage (Van 
der Zwaag et al. 2009; Lima Cardoso et al. 2017; 
Trattnig et al. 2018) and 9.4 T human MRI has to 
be considered experimental (Huber et al. 2018). 
By causing vessel compression, pathological 
changes in vascular autoregulation, and neuro-
vascular coupling, brain tumors and vascular 
malformations can affect the localization, lateral-
ization, and intensity of the BOLD signals mea-

sured (Holodny et  al. 1999, 2000; Krings et  al. 
2002a; Ulmer et  al. 2003, 2004a, b; Kim et  al. 
2005; Liu et al. 2005; Hou et al. 2006; Ludemann 
et al. 2006; Ben Bashat et al. 2012). Hence, brain 
tumors have the potential to alter neurovascular 
units, cause neurovascular uncoupling, and con-
found the interpretation of fMRI results (Agarwal 
et  al. 2021). For this reason, activations within 
contrast-enhanced portions of brain tumors 
should be assumed as artifacts and not be used 
for risk assessment, surgery planning, or func-
tional neuronavigation. The same applies to 
BOLD signals in strongly vascularized cerebral 
metastases or arteriovenous malformations 
(Lazar et al. 1997; Alkadhi et al. 2000; Lehericy 
et al. 2002; Ozdoba et al. 2002; Li et al. 2020). 
Cerebrovascular reactivity mapping enables to 
detect neurovascular uncoupling and comple-
ments presurgical BOLD fMRI also in low-grade 
gliomas (Pillai and Zaca 2011; Zaca et al. 2014).

In summary, for over 25  years task-based 
fMRI has proven validity and high sensitivity to 
localize different representations of the human 
body in the primary motor cortex, to localize 
essential language areas, and to lateralize lan-
guage function prior to surgery in patients with 
brain tumors and epilepsy. Besides providing MR 
criteria for selecting, planning, and performing 
optimized function-preserving treatment tailored 
to individual patients, fMRI helps to better select 
patients who require additional pre- and intraop-
erative invasive diagnostic measures such as the 
Wada test or electrocorticography and further-
more to reduce the number of such invasive pro-
cedures needed through substitution. The method 
has, however, not reached the status of a fully 
standardized clinical application in MR neuroim-
aging, yet. To this end, further consensus on the 
performance, analysis, and medical appraisal of 
presurgical fMRI is warranted, as well as the 
specification of recommendations and guidelines 
by more assigned medical societies. Diffusion 
tensor imaging (DTI) is also of great value in the 
pre- and intraoperative setting, especially when 
combined with fMRI, by providing detailed 
information on functionally important white 
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 matter connections such as the pyramidal tract or 
the arcuate fascicle (Fig. 34). Novel applications 
employing BOLD measurements of resting-state 
brain activity (rsfMRI) have successfully entered 
the arena of presurgical functional neuroimaging 
and complement task-based fMRI by providing 
additional diagnostic information on important 
neurofunctional networks and their connectivity 
even without active cooperation of the patient.
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Abstract

Purpose: Task functional MRI (fMRI) has tra-
ditionally been used to locate eloquent regions 
of the brain that are relevant to specific cogni-
tive tasks, such as motor and language. This 
information is routinely used for pre-surgical 
planning. Resting-state fMRI uses alternative 
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methods to find networks, but does not require 
any task performance by a patient.

Materials and methods: Resting-state 
fMRI uses correlations in the blood oxygen 
level-dependent (BOLD) signal to identify 
connected regions across the brain that form 
networks. Several methods of analyzing the 
data have been applied to calculate resting- 
state networks. In particular, seed-based cor-
relation mapping and independent component 
analysis are two commonly used techniques.

Results: Multiple studies using these analy-
sis techniques are described in this chapter. 
Resting-state data has been compared suc-
cessfully with task fMRI and electrocortical 
stimulation mapping. Resting-state fMRI has 
been used as an adjunct to task fMRI in 
patients with brain tumors and epilepsy.

Conclusions: Resting-state fMRI has been 
compared favorably to other methods of deter-
mining functional connectivity, including task 
fMRI and electrocortical stimulation. These 
results demonstrate great promise for the 
future of resting-state fMRI in pre-surgical 
planning.

1  Introduction

1.1  Background

Localization of function within the brain using 
fMRI has been traditionally performed by pre-
senting stimuli or imposing tasks (such as finger 
tapping or object naming) to elicit neuronal 
responses (Posner and Marcus 1994; Spitzer 
et  al. 1995). This type of experiment has been 
very effective, as evidenced by the many thou-
sands of manuscripts published utilizing task- 
based functional MRI (fMRI). fMRI detects 
changes in the blood oxygen level-dependent 
(BOLD) signal that reflect the neurovascular 
response to neural activity. Thus, task fMRI is 
able to identify regions in the brain associated 
with a given task.

Since the earliest days of fMRI, it has been 
recognized that the BOLD signal exhibits sponta-
neous fluctuations (Purdon and Weisskoff 1998). 
These fluctuations were initially regarded as 
noise to be averaged out over many trials or task 
blocks (Triantafyllou et  al. 2005). More recent 
studies have shown that these spontaneous fluc-
tuations reflect the brain’s functional organiza-
tion. The human brain is a disproportionate 
consumer of metabolic energy relative to its 
weight: 20% of total energy utilization but only 
2% of body weight (Clark and Sokoloff 1999). 
This energy appears to be largely used for signal-
ing (Shulman et al. 2004; Attwell and Laughlin 
2001; Ames et  al. 1992; Lennie 2003; Raichle 
and Mintun 2006). However, task performance 
only minimally increases energy consumption in 
the brain (Raichle and Mintun 2006). Therefore, 
task-based experiments ignore the overwhelming 
preponderance of the brain’s energy consumption 
and activity. Biswal and colleagues first sug-
gested that intrinsic brain activity could be uti-
lized for functional localization and demonstrated 
that BOLD fluctuations observed in the resting 
state are correlated within the somatomotor sys-
tem (Biswal et  al. 1995). Correlated intrinsic 
activity currently is referred to as functional con-
nectivity MRI or resting-state fMRI (rsfMRI). 
The development of these methods has opened 
up many exciting possibilities for future neuro-
cognitive research as well as clinical applica-
tions, including pre-surgical planning, which is 
the subject of this chapter. rsfMRI has advantages 
over task fMRI in a clinical setting: the measure-
ment is logistically simpler and there is no need 
for the patient to actively perform a task.

In this chapter, we focus on techniques that 
can assist in pre-surgical planning; however, a 
review of several other methods of analysis of 
rsfMRI can be found in the work of Lv et  al. 
(2018).

1.2  Resting-State Networks

The topographies of functionally connected 
regions across the brain are known as resting- state 
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networks (RSNs; equivalently, intrinsic connec-
tivity networks) (Seeley et  al. 2007). Resting-
state fMRI scans are generally acquired while the 
subject is in a state of quiet wakefulness (Fox and 
Raichle 2007). The importance of RSNs lies in 
the fact that their topography closely corresponds 
to responses elicited by a wide variety of sensory, 
motor, and cognitive tasks (Smith et  al. 2009). 
Intrinsic activity persists, albeit in a somewhat 
modified form, during sleep (Samann et al. 2010; 
Larson-Prior et al. 2009) or even under sedation 
(Mhuircheartaigh et al. 2010). The persistence of 
spontaneous fluctuations during states of reduced 
awareness suggests that intrinsic neuronal activ-
ity plays a role in the maintenance of the brain’s 
functional integrity (Pizoli et  al. 2011). 
Spontaneous BOLD activity has been detected in 
all mammalian species investigated thus far 
(Hutchison et  al. 2012; Schwarz et  al. 2013; 
Nasrallah et  al. 2013), which reinforces the 
notion that this phenomenon is physiologically 
important. However, the full range of physiologi-

cal functions performed by this intrinsic activity 
remains unclear.

Figure 1 (modified from Seitzman et al. 2019) 
presents the typical location of multiple RSNs in 
a group average (Power et  al. 2011; Seitzman 
et  al. 2020), although substantial differences 
between individuals have been documented 
(Gordon et  al. 2017). Perhaps the most funda-
mental RSN is the default mode network (DMN), 
first identified by a meta-analysis of task-based 
functional neuroimaging experiments performed 
with positron-emission tomography (PET) 
(Shulman et al. 1997; Gusnard et al. 2001). The 
defining property of the DMN is that it is more 
active at rest than during performance of goal- 
directed tasks. The DMN was first identified 
using rsfMRI by Greicius et al. (2003), a finding 
that has since been replicated many times over 
using a variety of analysis methods (Beckmann 
et  al. 2005; De Luca et  al. 2006; Power et  al. 
2011; Smith et  al. 2009; Yeo et  al. 2011; 
Damoiseaux et al. 2006; Van Den Heuvel et al. 

Somotomotor lateral Network
- motor and somatosensory
processes of the neck, face, and
mouth

Somotomotor dorsal Network
- motor and somatosensory
processes of the legs, body
arms, and hand

Dorsal Attention Network
- top down, goal-directed
attention processes
- lesions cause spatial neglect

Cinguloopercular Network
- top down, goal-directed control
processes
- stable maintenance of task set
and performance monitoring

Auditory Network
- audition processes
- includes many regions outside
of primary auditory cortex

Default Mode Network
- most active at rest
- deactivated during most goal-
directed tasks

Salience Network
- vigilance and arousal processes
- von Economo neurons

Visual Network
- vision processes
- includes straite and extrastriate
cortex

Parietal Memory Network
- recognition memory processes
- activated as a stimuli become
familiar

Ventral Attention Network
- bottom-up, stimulus-driven
attention or language processes
- left vs right hemisphere
asymmetry in function
- often called Language Network

Frontparietal Network
- top down, goal-directed control
processes
- rapid, adpative responses
- flexible interactions with other
networks

Medial Temporal Lobe Network
- memory processes
- encoding, storage, and retrieval
of long-term episodic memories

Parietoocipital Network
- context memory processes
- activates when falsely
remembered objects are
contextually related to
familiar ojects

Fig. 1 Surface plots of common RSNs. (Adapted from Seitzman et al. 2019)
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2008; Lee et al. 2012a). Notably, the existence of 
the DMN was not suspected, despite its large size 
on the brain cortex, until it was revealed by func-
tional neuroimaging.

The primary sensory and motor RSNs are of 
great interest to the neurosurgeon since injury to 
these networks can lead to patient morbidity. The 
somatomotor (SMN) network, first identified by 
Biswal and colleagues (Biswal et  al. 1995), 
encompasses primary and higher order motor and 
sensory areas. The visual (VIS) network spans 
much of the occipital cortex (Beckmann et  al. 
2005; De Luca et  al. 2006; Power et  al. 2011; 
Smith et al. 2009; Yeo et al. 2011) and the audi-
tory network includes Heschl’s gyrus, the supe-
rior temporal gyrus, and the posterior insula 
(Smith et al. 2009). The language network (also 
called the ventral attention network), which is 
critical for pre-surgical planning, includes 

Broca’s and Wernicke’s areas but also extends to 
prefrontal, temporal, parietal, and subcortical 
regions (Tomasi and Volkow 2012; Lee et  al. 
2012b; Hacker et  al. 2013). The language net-
work has large areas of overlap with the ventral 
attention network that is responsible for bottom-
 up, stimulus-driven attention processes.

Multiple other RSNs have been identified as 
association networks and are detailed in Table 1. 
These RSNs show more variability across indi-
viduals and map onto higher level cognitive func-
tions; however, traditionally these regions of the 
brain have rarely been considered as “eloquent” 
cortex. Many of the networks are involved in 
essential aspects of human life, such as executive 
task control, forming memories, and attending to 
our environment. Further research on the clinical 
consequences of disruptions in these networks 
will be necessary to improve patient outcomes.

Table 1 Commonly defined RSNs

Name Location Function References
Somatomotor 
network (SMN)

Pre- and post-central gyrus/
sulcus, supplementary motor area

Motor and sensory Biswal et al. (1995)

Visual network Occipital cortex Vision Buckner and Yeo (2014)
Auditory network Superior temporal gyrus, insula Hearing Sadaghiani et al. (2009)
Default mode 
network (DMN)

Posterior cingulate, precuneus, 
medial prefrontal, inferior 
parietal cortices

Memory, prospection, 
social cognition

Greicius et al. (2003), 
Shulman et al. (1997)

Dorsal attention 
network (DAN)

Intraparietal sulcus, frontal and 
secondary eye fields

Top-down goal-directed 
attention

Corbetta and Shulman (2002)

Ventral attention/
language network

Broca, Wernicke, middle and 
superior temporal, supramarginal, 
and angular gyri

Bottom-up stimulus-
driven attention, 
language

Benjamin et al. (2017)

Frontoparietal 
network

Dorsolateral and dorsomedial 
prefrontal cortex, inferior parietal 
lobule, middle temporal gyrus

Top-down goal-directed 
control processes

Power and Petersen (2013), 
Vincent et al. (2008)

Cingulo-opercular 
network

Frontal and orbital operculum, 
anterior cingulate, and insula

Sustained aspects of 
control

Dosenbach et al. (2006), 
Seeley et al. (2007)

Salience network Inferior anterior insula, anterior 
cingulate cortex

Maintenance of 
vigilance and arousal

Power et al. (2011)

Parietal memory 
network

Superior parieto-occipital fissure, 
posterior cingulate

Recognition memory 
functions

Gilmore et al. (2015)

Medial temporal 
lobe network

Hippocampus, parahippocampal 
and entorhinal cortex

Long-term memory 
encoding, storage, 
retrieval of episodic 
memory

Corkin (2002)

Parieto-occipital 
network

Parahippocampal cortex, 
retrosplenial cortex, portions of 
the precuneus and angular gyrus

Visual contextual 
memory

Bar and Aminoff (2003)
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2  Methods

2.1  Data Acquisition

Resting-state fMRI data can be acquired using 
pulse sequences similar to those used for task 
fMRI.  This is typically done on a 3T scanner 
using a T2* echo planar imaging (EPI) sequence. 
Resolution is typically 3 mm cubic voxels, echo 
time (TE) is approximately 30 ms, and repetition 
time (TR) is usually between 2 and 3 s, but there 
is wide variability between different studies and 
different scanners. We typically instruct patients 
to remain still and fixate on a visual crosshair 
without falling asleep. Some minor differences 
have been demonstrated between RSNs with eyes 
open versus eyes closed (Laumann et  al. 2017) 
and between awake and asleep states (Mitra et al. 
2016). In practice, we find that there is less ten-
dency to fall asleep when eyes are kept open. 
Long acquisition lengths are typically divided 
into runs of approximately 6 min each in order to 
give subjects periodic short breaks. Anatomic 
imaging is essential for registration of data to 
atlas space and typically includes high-resolution 
(1.0  mm cubic) T1-weighted magnetization 
prepared- rapid acquisition gradient echo 
(MP-RAGE) and a T2-weighted fast spin echo 
sequence.

Recent developments in scanner technology 
have provided significant improvements to the 
methods described above. One such improve-
ment is simultaneous multi-slice imaging using 
multiband (MB) excitation (Feinberg and 
Setsompop 2013), which has enabled a signifi-
cant reduction in the acquisition time of multi- 
slice EPI, reducing the TR by up to an order of 
magnitude. This method has improved our ability 
to filter noise and to define RSNs. A second 
recent development is multi-echo (ME) fMRI 
(Kundu et  al. 2017), which acquires multiple- 
echo images per slice, allowing T2* decay to be 
modeled at every voxel with detailed temporal 
resolution. This improves our ability to separate 
artifact from signal, further improving fidelity of 
the rsfMRI signal. A third recent development is 
the availability of clinically approved 7T MRI 
scanners, which provide increased signal-to- 

noise ratio over 3T magnets (Shmuel et al. 2007). 
All these improvements have their respective 
drawbacks and require careful tuning to optimize 
image characteristics.

2.2  Overview of Processing 
Methods

Methodologies for identifying RSNs are domi-
nated by two complementary strategies, spatial 
independent component analysis (sICA) 
(Beckmann et al. 2005) and seed-based correla-
tion mapping (Biswal et al. 1995). Both strategies 
depend on spontaneous neural activities correlat-
ing (coherently) across widely distributed regions 
of the brain. Both strategies yield highly repro-
ducible results at the group level (Damoiseaux 
et al. 2006; Shehzad et al. 2009). sICA decom-
poses resting-state fMRI data into a sum of com-
ponents, each component corresponding to a 
spatial topography and a time course. In contrast, 
seed-based correlation mapping is computed by 
voxel-wise evaluation of the Pearson correlation 
between time courses of a targeted region of 
interest (ROI) and all other voxels in the brain 
(Fox et  al. 2009). The principal advantage of 
sICA is that it provides decompositions of BOLD 
signals into those likely to be of neural origin and 
those which may be artifacts; however identifica-
tion of neural components and separation of arti-
facts typically require observer expertise. The 
results obtained using sICA may vary substan-
tially depending on processing parameters (e.g., 
number of requested components). Thus, sICA 
can be difficult to use in the investigation of tar-
geted RSNs, especially in single subjects. In con-
trast, targeting of selected RSNs is built-in to 
seed-based correlation mapping. The principal 
difficulty of using seed-based correlation map-
ping is excluding nonneural artifacts, which is 
typically accomplished using regression tech-
niques (Fox et al. 2009; Jo et al. 2010; Vincent 
et al. 2006).

sICA and seed-based correlation mapping 
both represent strategies for assigning brain vox-
els to RSNs. Since sICA makes no a priori 
assumptions regarding the topography of the 

Presurgical Resting-State fMRI



202

obtained components, this method exemplifies 
unsupervised classification. In contrast, seed- 
based correlation mapping depends on prior 
knowledge, and so exemplifies supervised clas-
sification. For additional discussion of the dis-
tinction between supervised and unsupervised 
methodologies see Hacker et al. (2013).

2.3  General Preprocessing

Preprocessing of fMRI data varies across labora-
tories. The following describes the procedures 
used at Washington University School of 
Medicine (Shulman et  al. 2010). Briefly, these 
include compensation for slice-dependent time 
shifts, elimination of systematic odd-even slice 
intensity differences due to interleaved acquisi-
tion, and rigid body correction for head move-
ment within and across runs. The fMRI data are 
intensity scaled (one multiplicative factor applied 
to all voxels of all frames within each run) 
(Ojemann et  al. 1997). This scaling facilitates 
assessment of voxel-wise variance for purposes 
of quality assessment without computed correla-
tions. Atlas transformation is achieved by com-
position of linear (affine) transforms connecting 
fMRI volumes with T1- and T2-weighed struc-
tural images. Head movement correction is 
included in a single resampling to generate a 
volumetric time series in a 3  mm cubic atlas 
space.

2.4  Preprocessing in Preparation 
for Seed-Based Correlation 
Mapping

Additional preprocessing in the preparation for 
seed-based correlation mapping includes the fol-
lowing standard procedures: (1) spatial smooth-
ing with 6  mm full-width half-maximum 
isotropic Gaussian filtering; (2) voxel-wise 
removal of linear trends estimated by regression 
over each run; (3) temporal low-pass filtering to 
retain frequencies <0.1 Hz; and (4) reduction of 
spurious variance by regression of nuisance 
waveforms derived from head motion correction 

and extraction of the time series from regions of 
noninterest in white matter and CSF.  This last 
step is further improved by using anatomic seg-
mentation software such as FreeSurfer (Fischl 
2012). In our lab, this step includes regression of 
the global signal averaged over the whole brain 
(Buckner et al. 2005; Fox et al. 2009). A conse-
quence of global signal regression is that all sub-
sequently computed correlations are effectively 
partial correlations of first-order controlling for 
a widely shared variance. As global signal 
regression (GSR) continues to be a contentious 
maneuver this topic is considered further in the 
next section.

2.5  Global Signal Regression

Global signal regression (GSR) prior to correla-
tion mapping is a highly effective means of 
reducing widely shared variance and thereby 
improving the spatial specificity of computed 
maps (Fox et  al. 2009; Aguirre et  al. 1998; 
Macey et al. 2004). Some part of the global sig-
nal undoubtedly is of neural origin (Scholvinck 
et al. 2010). However, much of the global signal 
represents nonneural artifact attributable to 
physical effects of head motion (Friston et  al. 
1996; Yan et  al. 2013; Power et  al. 2012; 
Satterthwaite et  al. 2012) and variations in the 
partial pressure of arterial carbon dioxide (Wise 
et al. 2004). Absent GSR, all parts of the brain 
appear to be strongly positively correlated (Lowe 
et al. 1998; Vincent et al. 2006; Joel et al. 2011; 
Chai et al. 2012). GSR causes all subsequently 
computed correlation maps to be approximately 
zero centered; in other words, positive and nega-
tive values are approximately balanced over the 
whole brain (Fox et al. 2009). Thus, GSR nega-
tively biases all computed correlations, but pre-
serves relative correlations, i.e., map 
topographies. This negative bias has caused 
some to criticize GSR on grounds that it induces 
artifactual anticorrelations (Anderson et  al. 
2011; Murphy et  al. 2009). This objection to 
GSR has largely dissipated following the dem-
onstration that some parts of the brain appear to 
be truly anticorrelated in the resting state, as 
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demonstrated using sICA (Liao et al. 2010; Zuo 
et  al. 2010). More recent objections to GSR 
focus on the possibility that it can distort quanti-
tative functional connectivity differences across 
diagnostic groups (Saad et  al. 2012). However, 
this objection to GSR is irrelevant in the context 
of using rsfMRI for purposes of RSN mapping in 
individuals.

2.6  Seed-Based Correlation 
Mapping

Seed-based correlation mapping is one of the 
most widely adopted techniques for studying co- 
fluctuations in intrinsic neuronal activity, or func-
tional connectivity (Cordes et al. 2000; Shehzad 
et al. 2009). The high adoption rate of the seed- 
based approach is partly attributable to simplicity 
of implementation, and to the ease with which 
the results can be interpreted. Biswal et al. used 
this method to first demonstrate the feasibility of 

using fMRI to detect spatially distributed net-
works (Biswal et al. 1995).

Pearson product-moment correlation is the 
most widely used measure of functional connec-
tivity (Biswal et al. 1995; Fox et al. 2005; Lowe 
et al. 1998; Xiong et al. 1999; Cordes et al. 2000; 
Greicius et al. 2003). Seed-based analyses require 
prior knowledge of the locations of regions of 
interest (ROI) and these can be obtained from pre-
viously determined atlas coordinates or from task-
based fMRI data. For instance, a simple motor 
paradigm may be used to generate data involving 
the motor network. The activation data is then 
analyzed, and the voxel that is associated with the 
strongest activation is used as a “seed” region to 
then study the resting-state data. Once the coordi-
nates of the seed region have been identified, the 
resting-state time courses from the rest of the 
brain are compared with this region, and a corre-
lation map is generated. An example of multiple 
RSNs derived using the seed-based approach is 
presented in Fig. 2 (Zhang and Raichle 2010).

Fig. 2 Examples of 
multiple RSNs 
generated using a 
seed-based approach 
(blue circles in the 
figure) (Zhang and 
Raichle 2010). Six of 
the major networks are 
illustrated: visual, 
sensorimotor, auditory, 
default mode, dorsal 
attention, and 
frontoparietal executive 
control. The scale 
numbered 0–7 indicates 
relative correlation 
strength
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2.7  Independent Component 
Analysis

Unsupervised data-driven approaches are of 
interest to researchers looking to analyze resting- 
state data without a priori assumptions. sICA is 
the most widely used data-driven approach to 
analyze resting-state data (De Luca 2005; 
Goldman 2003; Beckmann and Smith 2004; 
Greicius et al. 2004). sICA decomposes resting- 
state fMRI data (space × time) into spatial com-
ponents that are maximally independent. Each 
spatial component is associated with a particular 
time course. The components are useful for dis-
tinguishing noise from physiological data through 
identifying statistically independent systems. 
Comparison studies between seed-based correla-
tion maps and spatial patterns determined by 
sICA have found similar spatial patterns 
(Beckmann et al. 2005; Rosazza et al. 2012). A 
recent review of sICA methods is provided by 
Bijsterbosch et al. (2017).

Although the sICA approach eliminates the 
need for a priori seed identification, the user is 
required to choose the initial number of compo-
nents as well as to select which components rep-
resent noise and which represent functional 
networks. Some studies have aimed to automate 
this process (Lu et al. 2017) and use sICA as a 
method for identifying and eliminating noise 
within the BOLD signal (Starck et  al. 2010; 
Thomas et al. 2002; Tohka et al. 2008).

2.8  RSN Mapping Using Machine 
Learning Methods

2.8.1  Multilayer Perceptron
One current method for mapping the topography 
of RSNs in individuals uses a multilayer percep-
tron (MLP) (Hacker et al. 2013). Perceptrons are 
machine learning algorithms that can be trained 
to associate arbitrary input patterns with discrete 
output labels (Rumelhart et al. 1986). For exam-
ple, perceptrons can be trained to read hand- 

written digits, e.g., zip codes on addressed letters 
(Lecun et  al. 1989). With RSNs, an MLP is 
trained to classify seed-based correlation maps 
with particular RSNs. Running the trained MLP 
on correlation maps corresponding to all voxels 
in the brain generates voxel-wise RSN member-
ship estimates. Thus, RSN mapping using a 
trained MLP exemplifies supervised classifica-
tion. An example of the RSN produced by the 
MLP algorithm in three normal subjects is pre-
sented in Fig. 3. It is critical to note that our MLP 
assigns RSN membership to rsfMRI correlation 
maps, thus providing a voxel-by-voxel map 
which can better accommodate individual vari-
ability. Our implementation of MLP-based RSN 
mapping utilizes the same preprocessing steps 
described above in connection with seed-based 
correlation mapping (Sects. 2.2–2.6).

The MLP accurately generates RSN topogra-
phy estimates for individuals. The results are 
consistent with previous studies, even in brain 
regions not represented in the training data, and 
can be used for generating individualized RSN 
maps. Based on these results, the MLP has been 
used as an adjunct to task fMRI for localization 
of RSNs in pre-surgical planning at our institute 
for several years. Some case examples are pre-
sented below.

2.8.2  Deep Learning
In a more recent development, we trained a 3D 
deep convolutional neural network (3DCNN) to 
recognize the language network using rsfMRI 
data acquired in >2700 normal subjects (Luckett 
et al. 2020). We tested, at a group level, the local-
ization of the language network on unseen test 
data obtained in 35 patients with brain tumors 
undergoing pre-surgical evaluation. We directly 
compared inferred language networks with task 
fMRI for an expressive language paradigm which 
was also acquired during pre-surgical evaluation. 
Both fMRI methods localized major components 
of the language system such as Broca’s area and 
Wernicke’s area (Fig. 4). The word-stem comple-
tion task fMRI strongly activated Broca’s area 
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a

b

c

Fig. 3 Single subject, voxel estimation of RSNs using the 
trained MLP in three subjects. The results are from the 
best (a), median (b), and worst (c) performers as deter-

mined by root mean square error. MLP output was con-
verted to a percentile scale and sampled onto each 
subject’s cortical surface (Hacker et al. 2013)

a b c

Fig. 4 Probability maps for the language network. All 
rsfMRI and task fMRI results are averages over 35 
patients. Surface plots show probabilities >0.02 for clar-
ity. (a) Maps from the 3DCNN after training with the full 
input data set of 320 frames per patient, (b) maps from the 
3DCNN after training with reduced data set of 100 frames 
per patient, (c) maps from the task fMRI. White arrows 

indicate Broca’s and Wernicke’s areas. Yellow arrows 
indicate task responses in the right anterior insula and ros-
tral cingulate zone (core task-control regions). Orange 
arrows indicate task responses in anterolateral prefrontal 
cortex and superior parietal lobule (dorsal attention net-
work). (Modified from Luckett et al. 2020)
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but also several task-general areas not specific to 
language. In Fig. 4, white arrows indicate Broca’s 
and Wernicke’s areas. Yellow arrows indicate 
task responses in the right anterior insula and 
 rostral cingulate zone (core task-control regions). 
Orange arrows indicate task responses in antero-
lateral prefrontal cortex and superior parietal lob-
ule (dorsal attention network). As can be seen in 
the figure, the 3DCNN method provided a more 
specific representation of the language system 
with better defined margins. Additionally, 
3DCNN performance was remarkably tolerant to 
a limited quantity of rsfMRI data. No significant 
differences are evident between Fig.  4a and b, 
despite the latter using only one-third of the data 
frames of the former. In conclusion, a 3DCNN 
was able to accurately localize the language 
network.

3  Application to Pre-surgical 
Planning

3.1  Introduction

Multiple studies have demonstrated that maximal 
resection of a brain tumor while sparing nearby 
eloquent cortex leads to improved outcomes, 
with reduced morbidity (Keles et al. 2001, 2006; 
Lacroix et  al. 2001; McGirt et  al. 2009; Sanai 
et  al. 2008). Historically, neurosurgeons have 
been concerned with localization of the motor 
and language system on the assumption that these 
parts of the brain (“eloquent” cortex) instantiate 
critical functionality. However, a broader under-
standing of brain function suggests that all parts 
of the brain contribute to functionality (Golland 
et al. 2008; Hacker et al. 2013; Lee et al. 2012a; 
Yeo et al. 2011). Thus, improved functional map-
ping of multiple RSNs beyond motor and lan-
guage could lead to further improvements in 
patient outcomes.

Multiple prior publications have explored 
localization of motor and language RSNs for use 
in pre-surgical planning for both tumor and epi-
lepsy surgery. A review of this literature is pre-

sented below with some case examples from our 
institute.

3.2  Prior Studies: Motor System

The earliest literature focused on localizing the 
motor system. An early case report demonstrat-
ing rsfMRI for localizing the motor cortex in a 
patient with a brain tumor was presented by 
Shimony et  al. (2009). Kokkonen et  al. (2009) 
similarly compared motor task data to resting- 
state data and showed that the motor functional 
network could be localized on the basis of 
resting- state data in eight tumor patients as well 
as ten healthy control subjects. Seed-based meth-
ods were used by Liu et al. (2009) to successfully 
locate sensorimotor areas by using rsfMRI in 
patients with tumors or epileptic foci close to 
sensorimotor areas. They found agreement 
between rsfMRI, task-based fMRI, and intraop-
erative cortical stimulation data.

Zhang et  al. (2009) described their initial 
experience in using rsfMRI brain mapping for 
pre-surgical planning of tumor resections in four 
tumor patients. The tumors in all four patients 
were adjacent to the motor and sensory cortices, 
thus necessitating accurate localization prior to 
surgery to minimize postoperative deficits. Each 
of the patients was scanned using rsfMRI and 
again using task-based fMRI while performing a 
block design finger-tapping task. The four tumor 
patients were mapped individually using task 
fMRI and using rsfMRI following the placement 
of a motor seed region on the contralateral side of 
the brain. The motor system was reliably identi-
fied on the ipsilesional side and compared well 
with the task fMRI localization.

Dierker et  al. (2017) compared the localiza-
tion of the SMN in 38 patients with brain tumors 
using finger-tapping task fMRI versus MLP anal-
ysis of rsfMRI.  The comparison was anatomic 
information obtained from two different registra-
tion schemes. In agreement with prior publica-
tions, both methods provided accurate 
representations of the SMN region, with the 
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resting- state representation covering a larger por-
tion of the somatomotor system. The authors 
concluded that either method can provide the 
information necessary for appropriate pre- 
surgical planning, provided that the differences 
between the two methods are appropriately con-
sidered. Yahyavi-Firouz-Abadi et al. (2017) com-
pared the localization of the ventral SMN in 26 
patients with brain tumors using both task fMRI 
and ICA-based rsfMRI. They concluded that in 
most patients the ventral SMN can be identified 
using ICA methods but with variable concor-
dance compared to task fMRI.

3.3  Prior Studies: Language 
System

Tie et al. (2014) used ICA on a training group of 
14 healthy subjects to identify the language net-
work from the rsfMRI data. The result of that 
analysis was then used to identify the language 
network in a second group of 18 healthy subjects 
at the individual level. They further proposed an 
automated system for determining the language 
network in individual patients using sICA.  A 
more detailed presentation of our institution’s 
experience using rsfMRI for pre-surgical map-
ping with both seed- based and MLP approaches 
follows in the next sections. Sair et  al. (2016) 
compared the localization of the language system 
using task fMRI and ICA-analyzed rsfMRI in 49 
tumor patients. They reported moderate group-
level concordance between the methods, but with 
substantial subject- level variability.

Branco et  al. (2016) and Parker Jones et  al. 
(2017) demonstrated with different techniques 
that the language system can be reliably identi-
fied using rsfMRI in patients with brain tumors. 
Park et  al. (2020) compared the localization of 
the SMN in 35 patients with brain tumors using a 
word-stem completion task fMRI versus MLP 
analysis of rsfMRI data. Both methods localized 
the major components of the language system 
although not with equal intersubject consistency. 
The authors emphasized differences between the 

two methods, specifically that the task fMRI 
method activated several task-general areas not 
specific to language (Fig. 4).

3.4  Prior Studies: Comparison 
with Cortical Stimulation 
Mapping

A series of studies have compared the localiza-
tion of the motor and language systems using 
rsfMRI with direct intraoperative electrocortical 
stimulation (ECS) mapping. Mitchell and col-
leagues reported application of MLP-based RSN 
mapping to pre-surgical planning in six patients 
with intractable epilepsy and seven patients with 
brain tumors (Mitchell et  al. 2013). Epilepsy 
patients underwent electrocorticographic moni-
toring to localize the epileptogenic zone of sei-
zure onset and to perform functional mapping 
with ECS. Patients with tumors underwent intra-
operative ECS mapping prior to resection of the 
tumor mass. MLP-based RSN mapping robustly 
identified the motor and language networks in all 
patients, including those with distorted anatomy 
attributable to mass effect. These findings dem-
onstrated that the MLP-defined RSNs can reli-
ably identify areas of eloquent cortex.

Rosazza et  al. (2014) and Qiu et  al. (2014) 
compared the localization of the SMN using task 
fMRI, rsfMRI methods, and direct ECS. Rosazza 
reported comparable but not equivalent results 
between the methods, concluding that rsfMRI 
can be considered a possible alternative to task 
fMRI.  Qiu reported overall higher sensitivity/
specificity for SMN localization for rsfMRI over 
task fMRI as compared to ECS as a gold stan-
dard. Cochereau et al. (2016) evaluated the accu-
racy of rsfMRI in surgical planning by assessing 
the overlap between ICA language-identified 
regions and intraoperative ECS mapping. They 
concluded that ICA partly succeeded in distin-
guishing eloquent versus surgically removable 
areas and could be used as a complementary tool 
to intraoperative ECS.  Lu et  al. (2017) 
successfully used an advanced ICA method 

Presurgical Resting-State fMRI



208

which automatically identified the language com-
ponents and compared it with intraoperative ECS 
mapping. They demonstrated that the former was 
more sensitive in detecting the language system 
compared to seed-based correlation. Lemee et al. 
(2019) compared language areas identified with 
task fMRI, rsfMRI, and ECS in 50 adults with 
brain lesions. They reported that rsfMRI was able 
to detect the language areas with 100% sensitiv-
ity compared to ECS, and is thus significantly 
better than task fMRI.

3.5  Prior Studies: General

Leuthardt et  al. (2018) reported on our experi-
ence with the integration of rsfMRI for pre- 
surgical planning into the workflow of a large 
institute. The rsfMRI data processing was done 
using an automated imaging pipeline using the 
MLP algorithm reported earlier and the output 
was integrated into the intraoperative stereotactic 
navigation system. Task fMRI data was pro-
cessed using traditional clinical tools. Statistics 
from N = 191 consecutive patients seen during a 
period of 18 months were collected. The failure 
rate was 13% for rsfMRI analysis and 38.5% for 
task fMRI, a significant improvement for 
rsfMRI. This study demonstrated that rsfMRI can 
be used successfully in a busy practice as an 
adjunct to task fMRI.

The study by Hart et al. (2017) was unique in 
that the authors used rsfMRI to successfully eval-
uate eight different RSNs in each of their tumor 
patients. This study highlights an additional 
advantage of rsfMRI in that multiple RSNs can 
be extracted from a single acquisition which can 
expand the scope of network mapping beyond 
just the motor and language systems.

3.6  Clinical Cases

3.6.1  Case 1
A 57-year-old man with a history of rectal adeno-
carcinoma presented with persistent headache 
and blurred vision. Brain MRI examination dem-
onstrated an enhancing left frontoparietal mass, 

initially favored to represent metastasis. 
Preoperative rsfMR imaging showed that the left 
motor activation center was located superior to 
the tumor, abutting the peri-tumor edema with 
minimal displacement (Fig. 5a). Broca’s area was 
located anterior to the peri-tumor edema, while 
Wernicke’s area abutted the inferior portion of 
left frontoparietal junction mass (Fig. 5b). Given 
the close proximity of the mass with respect to 
the motor and language centers, it was decided 
that an awake craniotomy would be performed 
with electrocortical stimulation.

In the operating room, the patient was noted 
to have significant aspiration. Consequently, 
awake craniotomy and brain mapping were 
deemed to be of high risk. After consulting the 
patient’s family, it was decided to proceed with 
surgical resection based on the preoperative 
rsfMRI assuming that resection could offer ther-
apeutic benefit albeit with an increased risk of 
developing permanent speech or motor deficits. 
The rsfMRI helped define the spatial relation-
ship between the motor and language centers 
and the mass, supporting a path through the pari-
etal lobe for tumor resection. A standard crani-
otomy was then performed and continued 
stereotactic navigation was used to visualize the 
optimal gyrus for surgical approach. This surgi-
cal path was posterior and oblique relative to 
where the tumor was located and a nonintuitive 
cortical entry from anatomical landmarks alone. 
Along this deeper track, the tumor was subse-
quently resected. Adequate resection of the 
tumor was confirmed with intraoperative 
MRI.  The patient’s postoperative course was 
unremarkable with no new speech or motor defi-
cits. Following the tumor resection, the patient 
experienced complete resolution of headache 
and blurred vision. Surgical pathology results 
were consistent with grade 4 glioblastoma (mod-
ified from Kamran et al. 2014).

3.6.2  Case 2
A 47-year-old man with left frontal lobe anaplas-
tic oligodendroglioma undergoing chemotherapy 
treatment, status post-partial surgical resection 
and post-fractionated radiation treatment, was 
found to have new mass-like nodular areas of 
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enhancement at the tumor resection site at the 
1-year follow-up brain MRI examination. These 
imaging findings were regarding tumor recur-
rence. The patient had profound expressive apha-
sia at the time of presentation. rsfMRI 
demonstrated Broca’s area less than 1 cm from 
the edge of the previous resection cavity and 
abutting the edematous parenchyma surrounding 
the new foci of enhancement (Fig. 5d). Regions 
related to motor and Wernicke’s area were not in 

close proximity to the recurrent tumor and were 
therefore of less concern from a neurosurgical 
standpoint (Fig. 5c). Consensus decision was to 
perform a repeat awake craniotomy and resect 
the recurrent tumor. During the standard awake 
craniotomy procedure, once the brain was 
exposed and the patient was roused, he was 
extremely combative and could not adequately 
follow the commands despite repeated attempts 
of inducing mild sedation using narcotics to 

a b

c d

Fig. 5 Examples of RSN (in red) superposed on 
T1-weighted images in two case examples. The somato-
motor (a) and language (b) RSNs are shown for case 1. 

Similarly, the somatomotor (c) and language (d) RSNs are 
shown for case 2. See text for more detail. (Adapted from 
Kamran et al. 2014)
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reduce pain and discomfort. Given the patient’s 
condition, mapping could not be accomplished. 
A block of tissue corresponding to the enhancing 
mass noted on the prior MRI examination was 
resected, furthest away from the speech and 
motor areas identified on preoperative 
rsfMRI. Postoperatively, there was no worsening 
of patient’s speech or motor functions. Biopsy 
results for the resected tissue were consistent 
with radiation necrosis with no evidence of tumor 
recurrence (modified from Kamran et al. 2014).

3.6.3  Case 3
Images from a 24-year-old right-handed male 
with anaplastic glioma in the subcortical left 
frontal lobe are presented in Fig. 6. Figure 6a, b 
displays the anatomy with postcontrast 
T1-weighted and FLAIR images. Figure  6c, d 
displays the language localization information 
from the 3DCNN and task fMRI overlying the 
anatomical images. The sagittal views of the two 
methods are very similar, although the 3DCNN 

(Fig. 6c) demonstrates more overlap of the lan-
guage localization with the tumor as compared to 
the task fMRI (Fig. 6d) (modified from Luckett 
et al. 2020).

4  Conclusion

This chapter presents an introduction to rsfMRI 
and to common RSNs that are identified across 
the brain. We briefly discussed data acquisition 
parameters and different data processing meth-
ods to preprocess and filter the noisy raw data. A 
literature review presented multiple studies that 
have used resting state for the localization of 
RSNs for pre-surgical planning and compared 
rsfMRI with task fMRI and direct ECS mapping. 
Finally, we reviewed three case examples of our 
experience on how using rsfMRI techniques can 
provide useful clinical information.

As these results demonstrate, RSNs mapped 
from rsfMRI data are useful for pre-surgical 

a b

c d

Fig. 6 Patient with high-grade glioma with anaplastic 
features in the subcortical left frontal lobe. (a) Contrast- 
enhanced T1 and (b) fluid-attenuated inversion recovery 
demonstrating the tumor and surrounding edema. (c) 
Probability map of language network from 3DCNN with 

mild overlap of the tumor and (d) probability map of lan-
guage from the task fMRI also showing mild overlap over 
the tumor. Deep learning results show probabilities >0.02 
for clarity. Task fMRI thresholds are varied in accordance 
with clinical practice. (Modified from Luckett et al. 2020)
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planning with the objective of decreasing mor-
bidity while maximizing complete resection of 
pathological tissue. Despite progress, further 
research is necessary to improve these tools and 
make them available in the operating room. 
Additional research is needed to explore the dif-
ferences between rsfMRI, task fMRI, and the 
gold standard of ECS mapping, and to better 
understand the clinical consequences of disrupted 
RSNs beyond just the motor and language sys-
tems. Related engineering developments should 
incorporate the pre-surgical MRI results into 
intraoperative neuro-navigation systems, includ-
ing the rsfMRI results in conjunction with white 
matter fiber bundle anatomy derived from diffu-
sion imaging.
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Abstract

Simultaneous recordings of electroencephalo-
gram (EEG) and functional magnetic reso-
nance imaging (fMRI) signals are technically 
demanding, but offer a unique view onto the 
spatiotemporal dynamics of large-scale 
epilepsy- related networks. In this chapter, we 
present a detailed methodological overview of 
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simultaneous EEG-fMRI, and provide exam-
ples of two clinical applications: (1) identifi-
cation of syndrome-specific functional 
correlates in idiopathic generalized epilepsies 
(IGE) and (2) localization of potentially epi-
leptogenic tissue in patients with pharmacore-
sistant focal epilepsy syndromes. Studies 
using EEG-fMRI have shown that there are 
bilateral areas of deactivation during general-
ized spike-wave discharges (GSW) in IGE 
within the thalamus, precuneus, anterior cin-
gulate cortex, and inferior parietal cortex. 
These results underscore the importance of 
thalamocortical interactions in GSW genera-
tion, as well as the role of the so-called default 
mode network in sustaining attention and con-
sciousness. In focal epilepsies, EEG-fMRI 
provides complementary information during 
the presurgical workup of refractory epilepsy, 
especially in patients with multifocal or non- 
lesional epilepsies. Connectivity analysis is 
used to identify coordinated responses of spe-
cific large-scale brain network, whose dynam-
ics are modulated by epilepsy and 
epilepsy-related treatment. With the recent 
advent of artificial intelligence technologies, 
identification of specific EEG fingerprints and 
their concordance with BOLD responses can 
be processed and analyzed without human 
interaction. Overall, simultaneous EEG-fMRI 
has become an invaluable tool to elucidate the 
neurophysiology of human epilepsy, and 
shows promise as a clinical tool for special-
ized epilepsy centers.

1  Introduction

The simultaneous acquisition of electroencepha-
lography and functional magnetic resonance 
imaging (simultaneous EEG-fMRI) bridges the 
gap between neurophysiology and neuroradiol-
ogy. It extends the application of clinical fMRI 
from externally driven, task-related protocols to 
the neurophysiologically driven prediction of 
hemodynamic responses. This advanced imaging 

technique was developed during the mid-1990s 
as a response to one of the most common and dif-
ficult problems in clinical neurology: i.e. how to 
localize the source(s) of epileptic activity in the 
human brain (Ives et al. 1993; Warach et al. 1996; 
Seeck et al. 1998; Goldman et al. 2000; Archer 
et  al. 2003b; Laufs 2012). The research agenda 
was motivated by the need to combine the com-
plementary strengths of the two techniques, i.e., 
the high temporal resolution of EEG and the high 
spatial resolution of blood oxygen level- 
dependent (BOLD) fMRI.  Significant progress 
has been made towards mitigating the weak-
nesses of the combined approach, e.g., the vari-
ous EEG artifacts induced by the scanner 
environment and the analytical difficulties that 
arise due to the often idiosyncratic hemodynamic 
responses associated with epileptiform activity. 
Since its introduction, about 380 papers have 
been published on simultaneous EEG-fMRI in 
adult and pediatric epilepsy patients.1 The tech-
nique is applied in many research areas, such as 
motor imagery (Formaggio et al. 2010), decision- 
making (Esposito et al. 2009), reward processing 
(Plichta et  al. 2013), spatial attention (Green 
et al. 2017), and brain oscillations during wake-
fulness (Goldman et  al. 2002; Jann et  al. 2009; 
Mayhew et al. 2013) and sleep (Picchioni et al. 
2011; Caporro et al. 2012). It has also spurred a 
number of methodological developments aiming 
to integrate multimodal data using advanced sig-
nal processing methods (Moosmann et al. 2008; 
Vulliemoz et  al. 2009; Caballero-Gaudes et  al. 
2013) or generative models of brain function 
(Daunizeau et  al. 2010, 2012). These efforts 
might lead to insights from which cognitive neu-
roimaging and neuroscience in general could 
benefit substantially (Debener et al. 2006). This 
research has also expanded our understanding of 
epilepsy as a network disorder, where specific 
cortical and subcortical networks constitute fun-
damental elements that contribute to the genera-
tion and spread of focal onset seizures throughout 

1 Number determined with a PubMed search using “((eeg- 
fmri) OR (eeg/fmri)) AND epilep*” from 01.01.1993 to 
30.06.2020.
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the human brain (Spencer 2002; Blumenfeld 
et al. 2004; Wiest et al. 2013).

Simultaneous EEG-fMRI thus has a direct 
impact on clinical epileptology, where it serves 
as an additional diagnostic tool during the preop-
erative workup of patients being considered for 
epilepsy surgery, and intense practical and theo-
retical development is ongoing (Rosenkranz and 
Lemieux 2010; Gotman and Pittau 2011; Moeller 
et al. 2013; An et al. 2013, 2015; van Graan et al. 
2015; Khoo et al. 2017; Shamshiri et al. 2019). 
The technique is clinically important since epi-
lepsy is one of the most common neurological 
conditions worldwide, with a prevalence of 0.5–
1% of the global population (~35–70 million 
patients) and an incidence of around 50 cases per 
100,000/year (Sander 2003). Somatic and psy-
chiatric comorbidities are common and lead to an 
increased risk of premature death (Gaitatzis et al. 
2004; Keezer et al. 2016). Indeed, evidence from 
community-based studies indicates that overall 
mortality in epilepsy cohorts is 2–3 times higher 
than in the general population. Causes of death 
are seizures in young patients with suboptimal 
pharmacological control (Gaitatzis and Sander 
2004; Hitiris et al. 2007; Watila et al. 2018), but 
also preventable causes such as drowning (Bell 
et  al. 2008) or suicide (Pompili et  al. 2006). 
Randomized controlled trials showed evidence 
that early surgery for patients with mesial tempo-
ral lobe epilepsy (TLE) is superior to medical 
therapy (Wiebe et al. 2001; Engel Jr et al. 2012). 
Although long-term outcomes after TLE surgery 
are fairly well characterized, data on long-term 
outcomes after extratemporal epilepsy surgery 
are less consistent with seizure-free rates and 
range from 27% to 46% (Téllez-Zenteno et  al. 
2005; de Tisi et al. 2011).

Theoretical concepts used in clinical practice 
and research divide the epileptic brain into differ-
ent zones: the seizure-onset zone, the epilepto-
genic lesion, the epileptogenic zone, the 
symptomatogenic zone, and the irritative zone 
(Rosenow and Lüders 2001; Lüders et al. 2006; 
Zijlmans et al. 2019). The epileptogenic lesion is 
the cortical region of the brain that, when stimu-
lated, produces spontaneous seizures or auras, 
whereas the epileptogenic zone is a theoretical 

concept defined as the area of cortex that is indis-
pensable for the generation of epileptic seizures. 
Currently, it cannot be imaged directly and only 
an outer bound of this zone can be defined retro-
spectively, if surgery has rendered a patient per-
manently seizure-free. The symptomatogenic 
zone is the region of the cortex that produces the 
initial ictal symptoms or signs. The irritative zone 
is defined as the area of cortical tissue that gener-
ates interictal epileptiform discharges. This zone 
thus has a functional definition and the interictal 
epileptiform discharges (IEDs) can be depicted 
in EEG. It thus forms the basis for investigating 
the simultaneous hemodynamic response of IEDs 
that approximately resemble the epileptogenic 
zone. In patients with cortical dysplasia, widely 
distributed spike-related BOLD responses were 
associated with widespread seizure-onset zones 
and less favorable outcome (Thornton et  al. 
2011). During surgical evaluation, EEG-fMRI 
has the potential to improve source localization 
in complex cases, especially in patients with an 
unclear focus on EEG (Zijlmans et  al. 2007). 
Other studies have shown that EEG-fMRI corre-
lation patterns are spatially accurate at the level 
of anatomical brain regions, reflecting an under-
lying network of IEDs (van Houdt et al. 2013).

In this chapter we provide the reader with a 
methodological overview of clinical EEG-fMRI, 
including typical findings in focal and general-
ized epilepsies, and with a special focus on pre-
surgical applications.

2  Data Acquisition 
and Analysis

When speaking about simultaneous EEG-fMRI 
recordings, we distinguish two types of EEG: 
scalp EEG and intracranial EEG (iEEG). Use of 
implanted electrodes means that patient safety is 
a much greater concern for iEEG-fMRI. Despite 
this, several studies have used iEEG at a field 
strength of 1.5  T (Vulliemoz et  al. 2009; 
Carmichael et  al. 2012; Sharma et  al. 2019). 
Similarly, several attempts to use simultaneous 
EEG-fMRI at ultrahigh magnetic field strength 
(i.e., 7 T) have been made (Jorge et al. 2015a, b). 
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In our review, we concentrate on the more widely 
applied scalp EEG-fMRI at 1.5 and 3  T.  Other 
authors have published comprehensive reviews 
on simultaneous EEG-fMRI including technical 
aspects (Lemieux et  al. 1997; Nunez and 
Silberstein 2000; Gotman et al. 2006; Ritter and 
Villringer 2006; Cunningham et  al. 2008; van 
Graan et al. 2015).

2.1  The Technology

Three types of magnetic fields are generated in 
MR scanners:

 1. The static and homogeneous magnetic field 
B0, which aligns the proton spins

 2. The gradient fields Gx, Gy, and Gz, which are 
used to fulfill the resonance condition in one 
voxel at a time and vary their orientation in 
space with frequencies in the kHz range

 3. The head coil, which produces the radio- 
frequency electromagnetic B1 field (MHz 
range) necessary for spin rotation (e.g., 90° 
pulses, 180° pulses)

The Maxwell’s equations (see, e.g., Jackson  
1998) demonstrate that the dynamically changing 
magnetic (MRI) and electric fields (EEG) are 
inseparably interconnected. This makes simulta-
neous EEG-fMRI acquisition more ambitious 
and cumbersome than fMRI or scalp EEG alone. 
If conductors such as the EEG electrodes and 
wires are introduced into MR scanners, the 
changing magnetic fields may induce currents by 
three different mechanisms (Lemieux et  al. 
1997):

 1. Wire loops may change the loop area perpen-
dicular to the B0 field by deformation or 
change of orientation.

 2. The gradient fields Gx, Gy, and Gz constantly 
change their spatial orientation relative to the 
wire loops.

 3. The radio-frequency B1 field may induce cur-
rents in extended wires (electric field compo-
nent) and loops (magnetic field component).

Strong induced currents may endanger 
patients and may cause burns due to focal heating 
of EEG electrodes and wires. In addition, the 
interaction between currents and magnetic fields 
may induce artifacts in both the EEG recordings 
and the functional and structural MR images. To 
guarantee patient safety and minimize artifacts of 
all kinds, special equipment and special data pro-
cessing algorithms are required. In the following 
sections, we review the necessary instrumenta-
tion and the different types of artifacts occurring 
in EEG and fMRI data. In each subsection we 
describe the technical attempts to minimize arti-
fact appearance and data processing algorithms 
to eliminate residual influences.

2.2  Patient Safety

An early publication by Lemieux et  al. (1997) 
addressed patient safety during simultaneous 
EEG-fMRI measurements. The authors identified 
the interaction between the radio-frequency elec-
tromagnetic fields produced in the head coil and 
the EEG wire loops as the primary safety hazard 
and concluded that “the recording of EEG signals 
during the acquisition of functional and anatomi-
cal images can be performed safely if necessary 
precautions are taken.” They recommended 
avoiding loops and crossing wires. In addition, 
serial resistors should be positioned close to the 
EEG electrodes to limit the currents. The resistor 
values depend on the instrumentation and must 
be large enough to limit heating and thus avoid 
localized burns. Optimal resistor values represent 
a trade-off between minimization of induced 
 currents and maximization of the EEG signal-to- 
noise ratio.

2.3  Technical Equipment

The first simultaneous scalp EEG-fMRI record-
ings were performed on 1.5  T scanners. Today 
the use of 3 T scanners is standard. Patient safety 
issues and most artifacts in EEG and MRI data 
become more frequent with increasing field 
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strength. This suggests that there is an upper limit 
to the field strengths that can be applied. While 
there are no special requirements for the MR 
scanner besides sufficient field strength and the 
ability to acquire high-resolution structural MRI 
data and BOLD sequences, this is different for 
the EEG equipment. For simultaneous EEG- 
fMRI specialized EEG caps, amplifiers and trans-
mission wires are necessary.

Various MR-compatible EEG caps are com-
mercially available, where the amount of metal in 
their contacts has been reduced. The rationale is 
to minimize the danger of focal heating at the 
contact points of stray electrodes and to reduce 
scanner artifacts in the EEG traces due to induc-
tion. In addition, it minimizes artifacts on MR 
images caused by local field inhomogeneities. 
MR-compatible EEG caps avoid wire loops by 
bundling wires tightly together in straight lines. 
The montage time may vary considerably 
between different types of EEG caps. For exam-
ple, proper montage of the EasyCap (EasyCap 
GmbH, Inning am Ammersee, Germany) using 
electrolyte gel may take 30–45 min depending on 
the patient’s hairstyle, whereas the Geodesic 
EEG system (Electrical Geodesics Inc., Eugene, 
Oregon, USA) using saline solution can be 
mounted much faster.

Standard EEG amplifiers may contain larger 
metal parts, which prevent them from being used 
in the high magnetic field inside the scanner 
room. More importantly, to ensure patient safety 
even during a potential device failure, specialized 
battery-supplied preamplifiers with galvanic iso-
lation from the power line are needed. Metal 
transmission wires for EEG signals are kept short 
since they would otherwise inductively pick up 
artifacts from the magnetic fields. To minimize 
this effect, EEG data is transmitted optically to a 
recording device stationed outside the scanner 
room via glass fibers.

2.4  Artifacts in EEG Data

EEG recorded inside MR scanners may contain 
two types of gross artifacts, gradient artifacts and 

movement artifacts including the ballistocardio-
gram (see below), which is a special case. 
Gradient artifacts are caused by the rapidly 
switching gradient fields Gx, Gy, and Gz and 
may be 50 times larger in amplitude during scan-
ning than in the background EEG (Gotman et al. 
2006). In early applications, they were avoided in 
large parts of the recording by scanning MR 
images only in response to visually or computa-
tionally identified EEG events (“spike-triggered” 
or “IED-triggered” EEG-fMRI). For continuous 
MRI scanning, one can take into account that the 
timing of the gradient artifacts is precisely known 
(during acquisition of the BOLD volumes) and 
that they have a stereotypical shape. This enables 
us to use a template removal strategy called aver-
age artifact subtraction (AAS) (Allen et al. 1998, 
2000). To avoid aliasing problems (given the 
high-frequency components of the scanner arti-
facts) the EEG data has to be sampled with very 
high frequency for this purpose (i.e., several kHz 
in contrast to frequencies of a few hundred Hz, 
which is ample for ordinary scalp EEG). 
Currently, two MATLAB toolboxes are available, 
which allow the combination of different removal 
algorithms for gradient artifacts: the classic 
FASTR package (Niazy et  al. 2005) which is 
complemented by FACET (Glaser et  al. 2013). 
Recently, a new EEG cap prototype was intro-
duced. It uses a layer of reference electrodes that 
pick up the scanner artifacts at almost identical 
positions, but are electrically isolated from the 
scalp (Steyrl et al. 2017, 2018). These simultane-
ously recorded reference signals can be used for 
online artifact subtraction or adaptive filtering of 
the EEG. Using the alpha rhythm amplitude ratio 
between closed and open eyes and the signal-to- 
noise ratio of visual evoked potentials as metrics, 
it was shown that a combination of classic AAS 
and adaptive filtering can reduce scanner (and 
also pulse artifacts, see below) most effectively.

Movement artifacts in EEG signals are caused 
by electrode, wire, and patient motion inside the 
strong magnetic field and are especially relevant 
when acquiring a long-term recording of EEG- 
fMRI, for example in sleep studies (Altmann 
et al. 2016; Bagshaw et al. 2017). To avoid these 
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artifacts we attempt to stabilize the patient’s head 
and to improve patient comfort—especially for 
EEG-fMRI recordings that take a long time. 
Foam pads and vacuum cushions are used to fix 
the head, EEG caps should be elastic, and con-
tacts in occipital regions should be cushioned to 
avoid pressure marks. As certain movement arti-
facts (e.g., swallowing, talking, and yawning) 
may mimic epileptiform EEG activity, it is advis-
able to use a movement detector so that 
movement- associated events can be excluded 
from the analysis. However, these devices require 
similar precautions to those that apply to the EEG 
equipment itself. The general advice is to immo-
bilize EEG wires by bundling them closely 
together (as in most commercially available EEG 
caps) and fixing the leads to the scanner in 
straight lines (e.g., by using suitable sandbags).

A special category of movement artifacts is 
the ballistocardiogram (BCG, sometimes also 
called a cardioballistogram or pulse artifact). The 
cardiac cycle induces periodic small amplitude 
displacements of the head and the EEG elec-
trodes due to scalp arteries pulsating inside the 
high magnetic field and this may induce electric 
currents. Since these displacements are time- 
locked to the heart rate, simultaneous measure-
ment of a high-quality electrocardiogram (ECG) 
or pulse oximetry makes it possible to remove the 
BCG by averaging and subtraction techniques 
similar to those used for gradient artifacts (Allen 
et  al. 1998). Furthermore, it has been demon-
strated that the relevant pulse information can 
also be extracted from the EEG itself and that an 
ECG might not be needed (Iannotti et al. 2015). 
In addition, techniques based on principal com-
ponent analysis (PCA) and independent compo-
nent analysis (ICA) can be employed (Srivastava 
et al. 2005). PCA and ICA assume that the BCG 
is uncorrelated with or statistically independent 
from brain activation, respectively. Thus the cor-
responding components can be eliminated, and 
cleaned EEG signals can be reconstructed.

Another artifact in the EEG signals is caused 
by the helium pump used for cooling of the 
superconducting coils that generate the static B0 

field. Similar to gradient artifacts and BCG, the 
timing (and to a lesser extent also the shape) of 
the artifact is known and could in principle be 
exploited for artifact reduction. However, a much 
simpler solution is to switch off the helium pump 
during short-term EEG-fMRI acquisition. 
Caution: It must be stressed, however, that 
neglecting to switch the pump on again after a 
short time might cause serious damage to the 
MRI scanner. Therefore, great care is essential 
when considering this as an option.

One also needs to remove any residual high- 
frequency artifacts in the EEG signals which are 
caused by incomplete artifact removal or acquisi-
tion of a electromyogram (EMG) rather than neu-
ronal activity. Therefore, as for any scalp EEG, 
the EEG recorded inside MR scanners should be 
passed through a low-pass filter with a cutoff fre-
quency of 25 or 30 Hz and can finally be downs-
ampled to a sampling rate of a few hundred Hz 
before further analysis. Whitham et  al. have 
impressively shown that scalp EEG includes 
large contributions from EMG at higher frequen-
cies, independent from the application inside the 
MR scanner (Whitham et al. 2007). If these fre-
quency bands are to be analyzed in scalp EEG, 
special care is needed to exclude artifact 
components.

2.5  Artifacts in fMRI Data

EEG artifacts in structural and functional MR 
images are generally less of an issue in simulta-
neous EEG-fMRI acquisition than imaging arti-
facts in EEG. Nevertheless, although minimized 
in size, currently available MR-compatible EEG 
equipment contains metal parts (electrodes and 
wires), which may distort MR images through 
two effects. First, conducting material may alter 
the magnetic field locally due to “susceptibility 
artifacts” and the possibility of eddy current 
induction. In the worst case, these artifacts can 
have an electrode-centered radius of 7.5 mm and 
can thus extend into the cortex (Lemieux et  al. 
1999). To minimize these effects, special 
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materials with lower magnetic susceptibility can 
be used (Allen et al. 2000).

Second, high-frequency currents in the EEG 
leads and electromagnetic radiation emitted from 
the electronics of the EEG preamplifier may 
reduce the signal-to-noise level of MR images. 
Proper magnetic shielding of the amplifier largely 
reduces this effect.

Similarly to EEG signals, patient movement 
impairs MR image quality. As already discussed 
above, movement can effectively be minimized 
by improving patient comfort. During the prepro-
cessing of fMRI data, the volumes are realigned 
according to the six estimated rigid-body move-
ment parameters (three translations, three rota-
tions). Despite realignment, the associated 
parameters (and occasionally also temporal 
derivatives or time-shifted copies) should be used 
as nuisance parameters in the data post- processing 
(Friston et  al. 1996). When head movement 
becomes too large (e.g., more than 1 mm transla-
tional displacement or 1-degree rotational dis-
placement), realignment is no longer reliable and 
the affected volumes or the whole data set might 
need to be discarded. After movement correction, 
spatial smoothing using a Gaussian kernel with 
6–8 mm full width at half maximum (FWHM) is 
applied to reduce noise.

2.6  Recording Procedure

Technical equipment for simultaneous EEG- 
fMRI recording is now available from various 
manufacturers. MRI scanners with field strengths 
up to 3 T and standard radio-frequency head coils 
can be used with multi-slice single-shot T2*-
weighted echo planar imaging sequences to 
record the BOLD fMRI time series. For later co- 
registration, a high-resolution anatomical 
T1-weighted sequence should also be acquired.

For EEG, a variety of EEG caps and battery- 
supplied amplifiers are on the market. Some 
options are designed to be used with electrode 
gel or sponges soaked in electrolyte solutions, 
and come with active or passive shielding. The 

number of available electrodes ranges from 32 
to 256. For efficient removal of pulse and eye 
movement artifacts, ECG and electro-oculo-
gram (EOG) should be recorded in parallel with 
EEG.

For data acquisition, the patients are posi-
tioned in the head coil using standard 
manufacturer- supplied cushions and earplugs 
and are asked to stay awake and keep their eyes 
closed. If necessary, electrode cables are fixed to 
the cap with bandaging material and sandbags 
prevent the wires in the scanner from moving 
during the recording. After off-line visual inspec-
tion of the measured EEG, channels with 
increased impedance and corrupt signals are 
excluded from further analysis.

2.7  Modeling the Hemodynamic 
Response

The BOLD signal represents an indirect mea-
surement of neuronal activity. Although its 
underlying mechanisms are still not fully under-
stood, it is clear that the cerebral blood volume 
(CBV) and the concentration of deoxygenated 
hemoglobin both contribute to changes in the 
BOLD signal; see, e.g., Kim and Ogawa (2012) 
for a review. The “balloon model” proposed by 
Buxton et al. (1998) and its variants qualitatively 
explain the BOLD changes in response to neuro-
nal activation (Buxton et al. 1998). In magnetic 
fields, oxygenated hemoglobin (HbO) and deox-
ygenated hemoglobin (“reduced” hemoglobin, 
HbR) behave differently. HbO molecules do not 
contain unpaired electrons and are therefore dia-
magnetic. In contrast, HbR has four unpaired 
electrons and is thus paramagnetic. In magnetic 
fields, the strong dipole moment associated with 
it induces local field inhomogeneities that depend 
on the HbR concentration. Locally, the proton 
spin precession will thus dephase faster, leading 
to shorter transversal relaxation time T2. In T2- 
and T2*-weighted MR images, the state of hemo-
globin oxygenation therefore acts as the body’s 
own contrast agent. Immediately after neurons 
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are activated, the oxygen metabolism and thus 
the HbR concentration increase locally (“initial 
dip” for t < 2 s). After a short time, the arterioles 
react by relaxing and widening, and the oxygen 
demand is overcompensated by increased influx 
of oxygenated blood. The concentration of HbR 
decreases, resulting in a localized increase in T2 
and thus stronger signal intensities. A positive 
peak of +2% to +3% signal intensity is reached 
around 6 s after the stimulus. Approximately 10 s 
after neuronal activation stops, the signal intensi-
ties slightly undershoot due to slower recovery of 
the CBV than of the cerebral blood flow (CBF) 
and return to baseline in about 15–20  s. The 
sequence of initial dip, signal peak, undershoot, 
and return to baseline is called the hemodynamic 
response function (HRF).

In the neocortex, the BOLD signal reflects 
peri-synaptic activity in the form of the local field 
potential rather than the spiking rate of individual 
neurons, but dissociations between BOLD, spik-
ing, and local field potential may occur under 
pathological conditions (Logothetis 2003; 
Logothetis and Wandell 2004; Ekstrom 2010). 
For example in patients with epilepsy, a linear 
relationship between epileptic discharges and 
hemodynamic responses has been observed in 
some studies, while others reported contradictory 
results (Bagshaw et  al. 2005; Mirsattari et  al. 
2006). Similar to many fMRI studies, in simulta-
neous EEG-fMRI the hemodynamic response of 
the BOLD signal to neuronal activation is mod-
eled by the canonical HRF (Friston et al. 1998) in 
the whole brain and linear correlations between a 
HRF-convolved predictor and each voxel time 
series are computed within the framework of the 
general linear model (GLM) (Glover 1999).

Although this procedure is straightforward, it 
has serious limitations. First, inter- and intrain-
dividual HRF variability is high (Buckner 1998; 
Aguirre et  al. 1998) and stems from multiple 
sources including nonneural (vascular, breath-
ing) signals, idiosyncratic responses of different 
brain areas to external stimuli, effects of the 
experimental session, task demands and cogni-
tive set, as well as influence of aging and medi-

cations (Kannurpatti et al. 2010, 2011). Second, 
the assumption of linearity, although a useful 
approximation, does not hold in all situations 
(Birn et  al. 2001; Birn and Bandettini 2005; 
Wan et al. 2006). It may be violated when sev-
eral stimuli occur with less than a few seconds’ 
separation as may be the case in epileptogenic 
tissue and IEDs. Additional analysis may be 
required to explore the link between IEDs and 
BOLD signals.

By modifying the HRF in epilepsy patients it 
has been shown that the BOLD “response” may 
occur prior to the spike in scalp EEG. Similar 
observations have been made in animal studies. 
Acquiring simultaneous electrocorticogram 
(ECoG) and near-infrared spectroscopy (NIRS)2 
during drug-induced spiking in adult rats has 
shown that hemodynamic changes may precede 
the electrophysiological changes even when 
measured with implanted electrodes (Osharina 
et  al. 2010). One possible explanation is that 
increased neural activity may already be occur-
ring in a non-synchronized way before it 
becomes observable in ECoG via the synchro-
nized spike, which may terminate the epileptic 
discharge, rather than being the main signature 
itself.

Going beyond model-based assumptions, 
exploratory data-driven techniques of fMRI anal-
ysis, such as ICA or temporal clustering analysis 
(TCA), are able to capture BOLD signal changes 
without imposing constraints on the HRF shape 
(McKeown et  al. 1998; Eichele et  al. 2009; 
Calhoun and Adalı 2012).

2 Like BOLD fMRI NIRS is sensitive to hemoglobin oxy-
genation. However, the mechanism is different. NIRS 
exploits the different absorption characteristics of oxy-
genated and deoxygenated hemoglobin. By measuring 
absorbance at least at two wavelengths in 
650 nm < λ < 1000 nm, separate quantification of the con-
centration of both chromophores becomes possible. The 
advantages of NIRS are its comparably low sensitivity to 
head movements and fast sampling. A major disadvantage 
is its insensitivity to deeper brain structures.
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2.8  Spike-Based Evaluation

The first simultaneous EEG-fMRI recordings in 
epilepsy patients were made by acquiring manu-
ally triggered single BOLD volumes 3 or 4 s after 
visual recognition of epileptic EEG spikes 
recorded in the static magnetic B0 field (Warach 
et  al. 1996; Seeck et  al. 1998; Krakow et  al. 
1999). At this delay, the hemodynamic response 
is assumed to be maximal. A direct comparison 
with non-spike-reference BOLD volumes 
allowed spike localization without the need for 
removal of gradient artifacts from the raw 
EEG. A disadvantage of this approach is that it 
requires continuous EEG reading or automated 
spike detection and is very inefficient when 
patients have only a few spikes.

In general, the measurability of synchronized 
neuronal activity by an EEG electrode at a certain 
distance depends on the orientation of the corti-
cal source dipole to the electrode surface. Only 
the perpendicular part of the dipole contributes to 
the EEG signal, implying that scalp EEG is (par-
tially) blind to large parts of the folded cortex. In 
addition, owing to the low conductance of the 
skull, in scalp EEG, sources are spread out tan-
gentially and high-frequency signals as well as 
spikes can be attenuated by a factor of more than 
50 with respect to direct measurement on the 
dura (Nunez and Silberstein 2000). This implies 
that spikes can easily remain undetected in back-
ground EEG, especially after application of all 
the (still imperfect) artifact removal techniques 
outlined above. As a result, the spike-triggered 
approach is overly conservative for two reasons. 
First, spikes detected on scalp EEG may repre-
sent only a fraction of the true epileptic activity. 
Secondly, the alleged “spike-free” reference 
epochs may in fact contain epileptic activity that 
has gone unrecognized.

The Geneva-London team developed a more 
modern approach to spike-based evaluation of 
EEG-fMRI (Grouiller et al. 2011). In short, their 
procedure is as follows. Using the same EEG 
equipment for long-term scalp monitoring of epi-
lepsy patients during presurgical evaluation as 

for EEG-fMRI, patient-specific average spike 
voltage maps can be generated with very good 
statistics. After preprocessing similar to the pro-
cedure outlined above, the correlation coefficient 
between topographic voltage maps of EEG 
recorded inside the MR scanner and average 
spike voltage map is calculated using a moving 
window approach. The time course of this corre-
lation coefficient is then used as a predictor for 
the BOLD responses in a GLM. Grouiller et al. 
showed that this approach significantly improved 
simultaneous EEG-fMRI data in a group of 
patients with previously inconclusive results, 
even when interictal spikes were absent on the 
in-scanner EEG (Grouiller et al. 2011).

This topography-based approach has been 
complemented by a template-based approach by 
Tousseyn et al. (2014). This procedure also starts 
with EEG recorded outside the scanner and 
builds a spike template as a multichannel time- 
amplitude map by spike-locked averaging over 
many interictal epileptic spikes and band-pass 
filtering between 1 and 30 Hz. After preprocess-
ing similar to the procedures described above, the 
spatiotemporal cross-correlation between the 
EEG recorded inside the scanner and the tem-
plate is calculated across all channels in a time- 
windowed manner. When the correlation exceeds 
a threshold determined from healthy controls, an 
event is triggered. The event series is finally con-
volved with the HRF and used as a predictor in a 
GLM to calculate the BOLD responses.

2.9  ICA-Based Evaluation

A different approach to analyze simultaneous 
EEG-fMRI data has been developed at our insti-
tution (Jann et al. 2008). After EEG preprocess-
ing as outlined above we run an ICA on the 
channels which are free of permanent artifacts 
(extended infomax algorithm (Delorme and 
Makeig 2004)). The primary justification for 
applying ICA (or PCA)-based techniques for 
EEG decomposition is to use them to remove 
artifacts (see above), which can be regarded as 
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statistically independent from neuronal activity. 
In practice, this technique can also isolate a sin-
gle component or a small number of components 
(“factors”), which contain epileptiform activity 
that coincides with IEDs and separate them from 
the remainder that does not. ICA separation on 
EEG recorded during MR scanning proved insuf-
ficient but could be considerably improved by 
including EEG recorded outside the scanner 
(Jann et al. 2008).

The ICA of these two datasets produces a 
small set of ICA components that have only a 
small spectral amplitude outside the scanner but 
are markedly increased inside the scanner. This is 
the expected behavior for factors representing 
scanner-related and BCG artifacts; see above. 
Factors associated with eye movements are also 
easily identified and excluded based on their ste-
reotypical signal shape and spatial distribution. 
The IED-related ICA factors are inspected visu-
ally and those showing signatures of epileptiform 
activity coinciding with IEDs are selected. 
Additionally the load of these factors onto the 
individual electrodes (e.g., scalp distribution) is 
considered and compared with the topographic 
voltage map during IEDs. Where more than one 
ICA factor represents epileptiform activity, only 
the one that most accurately mirrors the IED 
observed in the EEG is considered for further 
analysis, corrected, convolved with a double- 
gamma HRF (Glover 1999), and used as a predic-
tor for the BOLD signal of the fMRI. Voxel-wise 
correlations between the BOLD signal and the 
ICA-based predictor are computed using a 
GLM. The six motion parameters derived from 
the fMRI preprocessing are used as nuisance 
parameters in the GLM.

2.10  Evaluation Based on Artificial 
Intelligence

Over the past decade, artificial intelligence (AI) 
and machine learning (ML) have increasingly 
found their way into medical image analysis and 
neuroimaging. In a review of recent studies using 

deep learning (DL) in medical image analysis 
(Litjens et  al. 2017), MRI was the most fre-
quently used imaging modality, and the brain the 
most often imaged organ. The vast majority of 
tasks were image segmentation and classifica-
tion, and convolutional neural networks (Lecun 
et al. 1998) were the most prevalent architectures 
for image analysis. Regarding resting-state fMRI, 
classic ML techniques like support vector 
machines were used to classify epilepsy-related 
components identified by spatial ICA (Bharath 
et al. 2019).

Very recently, the application of DL for EEG 
analysis has also gained momentum (Craik et al. 
2019; Rim et  al. 2020). Besides detecting sei-
zures and event-related potentials, its main 
applications are the EEG-based classification of 
brain functionality, brain disease, emotion, sleep 
stage, and motion. The detection of focal epilep-
tiform discharges in scalp EEG has been 
addressed by Tjepkema-Cloostermans et  al. 
(2018) who evaluated several combinations of 
convolutional and recurrent neural networks. 
With the best- performing algorithm, they 
obtained an area under the receiver-operator 
characteristic curve (AUC) of 0.94 (sensitivity 
47.4%, specificity 98.0% and 99.9% in EEGs 
with focal epileptic discharges and normal 
EEGs, respectively). Recent studies on DL-based 
seizure detection have reported high or even very 
high performance accuracy (Hussein et al. 2019; 
Yuan et al. 2019).

ML applications to analyze simultaneous 
EEG-fMRI are still rare and focus on research 
questions such as revealing specific EEG finger-
prints of deep structures like the amygdala in 
scalp recordings (Meir-Hasson et al. 2014), clas-
sification of sleep patterns from resting-state 
fMRI alone (Altmann et al. 2016), and detection 
of visual brain activity (Ahmad et al. 2015, 2017). 
In a study about epilepsy Hao et al. (2018) used 
deep residual learning (He et al. 2015) to classify 
EEG recorded inside the MR scanner as contain-
ing either one or none of several possible patient- 
specific spike types. They then generated a GLM 
predictor similar to the methods described above. 
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The authors showed that the sensitivity with 
which a spike in the EEG could be detected was 
substantially higher than that of the template- 
based approach described by Tousseyn et  al. 
(2014). Since the false-positive rate was high 
(about five detections per minute) manual editing 
was still required to reject the erroneous detec-
tions. One advantage of this approach is that it is 
much less time consuming than manual annota-
tion of the full recording (only about 11% of the 
dataset needed to be checked). Moreover, Hao 
et al. were able to show that BOLD responses to 
manually annotated EEG were reproduced with 
the semiautomated method on an anatomical 
level in 73.7% of the cases and on a lobar level in 
89.5% of the cases. In some of the discordant 
cases, the BOLD responses of the semiautomated 
method were even more plausible than those 
based on manual annotations. Concordance of 
BOLD responses with the epileptogenic zone 
(EZ) defined by intracranial EEG was 76.9%.

2.11  Connectivity-Based 
Evaluation

A modern view of epilepsy suggests that it is a 
disorder of large-scale network dynamics 
(Bernhardt et  al. 2015; Gotman 2008; Spencer 
2002). Indeed, spike- or ICA-based analyses of 
EEG-fMRI data commonly reveal multiple brain 
regions that respond with coordinated BOLD sig-
nal increases or decreases to IED (see below). 
These coordinated responses are often interpreted 
in terms of networks; that is, if two regions 
respond similarly, they must be connected to the 
same large-scale brain network, whose dynamics 
are modulated and disrupted by IED (Gotman 
2008; Pittau et  al. 2014; Richardson 2012). In 
addition to the approaches presented above, 
EEG-fMRI experiments can also be evaluated 
using connectivity methods that seek to identify 
these network modulations more directly (Karl 
J.  Friston 2011). In this context, networks are 
usually identified in the fMRI part of the data and 
the EEG part is used to constrain network calcu-

lations in some meaningful way, e.g., by provid-
ing time windows of interest to help network 
interpretation, or dynamic signal features against 
which network connectivity can be compared.

fMRI data can be screened for two types of 
brain network connectivity: “functional” or 
“effective” connectivity (Friston 2011). 
Functional connectivity (FC) is defined as the 
“temporal coincidence of spatially distant neuro-
physiological events” (Friston 1994; Eickhoff 
and Müller 2015). In other words, two brain areas 
are functionally connected if their BOLD signals 
are correlated over time in a statistically signifi-
cant way. In fMRI, one of the easiest ways to ana-
lyze FC is to extract the BOLD signal from one 
particular region of interest (ROI, also called a 
“seed”), and correlate that signal with the signals 
of all the remaining voxels in the brain. Seed 
regions can be derived from various sources, e.g., 
neuroanatomical landmarks, template atlases, 
voxel coordinates reported in previous research 
papers, or clusters of activation obtained from a 
previous standard EEG-fMRI analyses. As an 
example, one of the earliest studies of FC used a 
seed on the left motor cortex to obtain a map of 
the sensorimotor network—in essence, a map of 
brain-wide time-series correlation coefficients 
(Biswal and Zerrin Yetkin 1995). Notably, these 
correlations are found in low-frequency BOLD 
signal fluctuations, typically below 1  Hz. 
Furthermore, they are susceptible to a plethora of 
confounders, in particular to noise introduced by 
participant motion, respiration, and cardiac pul-
sations (Power et  al. 2014; Parkes et  al. 2018; 
Kassinopoulos and Mitsis 2019). Careful prepro-
cessing of data is therefore necessary to obtain 
valid results. Another robust way to identify 
functional networks is to do an ICA of the fMRI 
data (instead of decomposing the EEG, as 
described in Sect. 2.9) and to then retain indepen-
dent components that reflect brain networks 
rather than noise components (Smith et al. 2011). 
The advantage of this approach is that it is data 
driven and thus relatively independent of ROI 
misspecifications or researcher biases. Moreover, 
it can be extended to “fuse” data modalities, e.g., 
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to find patterns of joint activity across both EEG 
and fMRI and potentially even genetic and 
behavioral data (Calhoun and Adalı 2012). It is 
therefore particularly suited for exploratory anal-
yses of large, multidimensional datasets (Smith 
et al. 2009; Allen et al. 2011; Elliott et al. 2018). 
ICA methods have been an indispensable tool to 
characterize brain networks from resting-state 
fMRI that can now be considered canonical 
(Damoiseaux et  al. 2006; van den Heuvel and 
Hulshoff Pol 2010).

Effective connectivity (EC), a newer develop-
ment, proposes to go even further by investigat-
ing causal relationships between brain regions 
using fMRI (Friston et al. 2003; Marreiros et al. 
2008). EC analyses do not use correlations to 
represent brain networks, but rather employ com-
plex, biologically informed models of how fMRI 
signals are generated from a network. Different 
EC models are usually compared using a 
Bayesian approach, allowing researchers to draw 
inferences on both model structure and model 
parameters (driving versus dampening influ-
ences). Because the potential space of causal 
interactions is enormous, precise a priori hypoth-
eses are required, which are instantiated in a few 
well-defined models, together with careful mod-
eling of group-level effects (Kahan and Foltynie 
2013; Zeidman et al. 2019). Overall, EC is con-
ceptually appealing because it offers a promising 
way to move beyond pure descriptive statements 
and towards genuine mechanistic insights, which 
could be exploited for targeted therapeutic inter-
ventions (e.g., deep-brain stimulation) (Moran 
2015; Papadopoulou et al. 2017). It might also be 
possible to extend the methods to assess EC over 
large numbers of regions (Frässle et  al. 2017; 
Razi et al. 2017) and even to integrate models of 
neuronal microcircuitry with models of BOLD 
responses—two developments that might be par-
ticularly useful for epilepsy research (Wei et al. 
2020). However, EC analyses are less straightfor-
ward to implement than FC and rest on statistical 
concepts that need considerable expertise. In 
addition, whether one can infer causality from 
fMRI data remains a somewhat controversial 
question (Mehler and Kording 2018).

3  Clinical Applications

Clinical applications of simultaneous EEG-fMRI 
in human epilepsy can be broadly divided into 
two categories. The first one is investigating 
BOLD correlates of epileptiform EEG signals in 
clinically well-defined epilepsy syndromes, such 
as absence epilepsy or mesial temporal lobe epi-
lepsy with hippocampal sclerosis. The aim of this 
line of investigation is not only to achieve a more 
complete syndromic description, but also to 
unravel pathophysiological mechanisms that 
could lead to a deeper understanding of epilepto-
genesis and perhaps even to a more refined, 
evidence- based classification of the epilepsies 
(Berg et  al. 2010). The second application is 
localizing epileptogenic foci during the preopera-
tive workup of children and adults with pharma-
coresistant epilepsies (Salek-Haddadi et al. 2006; 
De Tiege et al. 2007). Here, the focus is on the 
localization of the seizure-onset zone, and simul-
taneous EEG-fMRI has proven especially valu-
able when no epileptogenic lesion can be detected 
by conventional MRI protocols (Moeller et  al. 
2009), or when multifocal seizures are suspected 
(Zijlmans et al. 2007). We review both types of 
studies below.

3.1  Simultaneous EEG-fMRI 
in Genetic Generalized 
Epilepsy Syndromes

Genetic generalized epilepsies (GGE) comprise a 
group of heterogeneous syndromes in which a 
strong genetic component is suspected or has 
been identified. GGE are common and account 
for roughly 40% of epilepsy diagnoses. Their 
hallmark is generalized spike-waves (GSWD) in 
the EEG; these are synchronous, mostly symmet-
ric, bilateral paroxysmal, short-duration 
(<200 ms) high-amplitude potentials followed by 
a slow wave (Seneviratne et al. 2017). They can 
occur in isolation, but classically appear in short 
runs with frequencies around 3–4  Hz. Longer 
series of GSWD impair consciousness for brief 
periods, leading to the clinical picture of absence 
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seizures. These seizures are further characterized 
by sudden behavioral arrest, unresponsiveness, 
staring, and sometimes mild oral automatisms 
and/or bilateral eye blinks (Holmes et al. 1987; 
Panayiotopoulos et al. 1992). The co-occurrence 
of GSWD on EEG and absence seizures define 
childhood (4–8 years) and juvenile (9–13 years) 
absence epilepsy (AE). The syndromes represent 
~10% of all epilepsies in each age group, are 
readily amenable to pharmacological treatment, 
and, in general, have a good prognosis. Other 
syndromes studied include juvenile myoclonic 
epilepsy (JME) and benign epilepsy with centro-
temporal spikes (BECTS, or Rolandic epilepsy). 
JME is clinically important in this context, 
because up to one-third of patients can be refrac-
tory to treatment and this type of epilepsy can be 
accompanied by neurocognitive impairment 
(Kim et al. 2007; Stevelink et al. 2019).

GGE patients have participated in experimen-
tal EEG-fMRI studies which pursued three aims: 
(1) to identify the (syndrome-specific) networks 
associated with GSW discharges, (2) to map the 
neural correlates of attention and vigilance (as 
surrogates for consciousness), and, more recently, 
and (3) to validate complex biophysical models 
of brain connectivity using fMRI, like dynamic 
causal modeling (DCM). The first goal has been 
studied more extensively than the other two since 
the pathophysiology and neuroanatomy of 
GSWD and absence seizures are surprisingly dif-
ficult to understand (Meeren et al. 2005; Crunelli 
et  al. 2020). EEG-fMRI studies have provided 
crucial evidence that GSWD emerge in cortico-
thalamic networks and that frontal and sensorim-
otor cortices are key drivers of GSWD dynamics 
(Tangwiriyasakul et al. 2018).

One of the earliest simultaneous EEG-fMRI 
studies by Archer et al. investigated cortical and 
subcortical patterns of BOLD signal change at 
1.5  T in five patients (four of whom suffered 
from childhood AE) who had frequent GSWD 
during rest (Archer et al. 2003a). Their main find-
ing was a large area of GSWD-related BOLD 
deactivation in the posterior cingulate cortex (ret-
rosplenial cortex) that was highly consistent 
across patients, supplemented by more variable 

regions of BOLD activation in the angular gyrus 
and around the precentral sulcus bilaterally. 
Thalamic BOLD activation was seen in only two 
of the five patients and was not significant at the 
group level, either because of intrinsic variability 
of the BOLD response in subcortical structures 
or because of the low signal-to-noise ratio at low 
field strengths. Subsequent studies in adults and 
children with IGE have reliably identified tha-
lamic BOLD signal increases, and have con-
firmed the high degree of inter-individual 
variability in cortical and subcortical BOLD pat-
terns (Aghakhani et  al. 2004; Hamandi et  al. 
2006; Moeller et al. 2008a, b).

Notably, the set of symmetrical regions that 
were deactivated during GSWD in GGE, i.e., 
precuneus, inferior parietal cortex, and ventral 
medial prefrontal cortex, are core nodes in the 
now widely known default mode network 
(DMN). This network is highly active and func-
tionally strongly interconnected during conscious 
rest (Raichle et al. 2001; Greicius et al. 2003). It 
probably supports attentional and self-referential 
processes such as autobiographical memory or 
envisioning the future (Raichle and Snyder 2007; 
Buckner et al. 2008). The role of GSWD-related 
BOLD signal changes within the DMN is still 
poorly understood, but deviations of DMN activ-
ity are commonly seen in neurological disorders, 
e.g., Alzheimer’s disease, multiple sclerosis, and 
traumatic brain injury (Buckner et  al. 2008; 
Bonnelle et al. 2012; Rocca et al. 2012).

In Figs. 1 and 2 we present typical examples 
of GSWD-BOLD correlates from our own patient 
database. Figure 1 shows data from a 44-year-old 
patient who has had an unclassified GGE since 
childhood and poor seizure control despite medi-
cation. Panel a summarizes the general analysis 
strategy at our lab (see above for details), where 
the in-scanner EEG is analyzed using a temporal 
ICA to derive a predictor of the BOLD response 
that encodes the continuously fluctuating epilep-
tic activity (Jann et  al. 2008). Panel b shows a 
typical pattern of BOLD signal change, which is 
linearly correlated with epileptic activity. 
Widespread cortical deactivations corresponding 
to the DMN are evident, as well as a very focal 
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a

b

Fig. 1 Example of EEG-fMRI analysis and BOLD cor-
relates of generalized spike-wave discharges (GSWD) in a 
patient with genetic generalized epilepsy (GGE). Panel 
(a) shows 14 s of artifact-corrected in-scanner electroen-
cephalogram (EEG) and its associated independent com-
ponent analysis (ICA) factor (F06) that codes for 
GSWD. Red squares mark three time points (seconds 3, 
10, and 14) that contain frontally predominant (EEG elec-
trodes Fp1, Fp2) GSWD. Note the corresponding ampli-
tude oscillations in ICA factor F06. Panel (b) shows the 
statistical parametric maps (SPMs) of functional activa-
tions (BOLD+) and deactivations (BOLD−) linearly cor-

related to F06 (and therefore GSWD), overlaid on an 
anatomical scan (neurological convention, left in the 
image is left in the brain). Statistically significant signal 
increases are seen in the anterior cingulate cortex (warm 
colors), and widespread decreases in the precuneus, 
medial prefrontal cortex, inferior parietal, and dorsolat-
eral prefrontal cortices bilaterally (cool colors). SPMs 
have an uncorrected (unc) peak-level threshold at 
p < 0.001 (=−log(2)) and a corrected false discovery rate 
cluster-level (FDRc) threshold at p < 0.05 (k, critical clus-
ter size)
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signal increase in the anterior cingulate cortex. 
As in the study by Archer et al., no thalamic acti-
vations are seen in this case. Figure  2 shows a 
small case series that illustrates the wide inter- 
individual variability of GSWD-related (de)acti-
vation patterns.

Besides these observational case series, sev-
eral controlled experimental studies in patients 
with absence seizures (AS) have compared 
GSWD on EEG-fMRI with behavioral changes. 
These studies focused on the second goal men-
tioned above, i.e., correlating attentional states 
with GSWD and their metabolic correlates. AS 
patients typically show a transient impairment of 
consciousness that manifests in a sudden cessa-

tion of spontaneous behavior, blank stare, subtle 
motor automatisms, and reduced attention. 
Berman et al. investigated these changes in atten-
tion in a group of children with AS using 
 simultaneous EEG-fMRI during execution of 
two tasks, a continuous performance task (CPT), 
which required sustained attention to letter stim-
uli, and a simple repetitive motor task. CPT per-
formance dropped significantly more than motor 
task performance during AS (as recorded with 
the in- scanner EEG), and this behavioral impair-
ment was associated with the core corticotha-
lamic BOLD network found in the studies 
mentioned above and illustrated in our examples. 
This study was the first to establish a link between 

a

b

c

Fig. 2 Examples of the interindividual variability in 
BOLD correlates of generalized spike-wave discharges in 
patients with IGE.  Hot colors indicate BOLD-signal 
increase, cool colors show BOLD-signal decrease. All 
images are in neurological convention (left hemisphere is 
on the left side of the image). Panel (a) 29-year-old patient 
with generalized seizures. Strong signal increases are seen 
in the anterior cingulate cortex, and decreases in the pre-

cuneus and parietal lobes bilaterally. Panel (b) 15-year- 
old patient with brief visual symptoms followed by 
generalized seizures. Bilateral BOLD-signal decreases 
are seen in the thalamus, and unilateral decrease in the 
right occipital pole. Panel (c) 23-year-old patient with 
generalized seizures. BOLD-signal decreases localize 
onto the anterior cingulate cortex and precuneus 
bilaterally
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behavior and simultaneous EEG-fMRI signal, 
thus indicating that all areas visualized in obser-
vational studies with GGE patients (see above) 
are indeed relevant for the maintenance of 
attention.

A concomitant study by the same group ana-
lyzed the temporal dynamics of the BOLD 
response to GGE by shifting the HRF from 16 s 
before the onset of AS to 24 s after it in a large 
cohort of AE patients (n = 88) (Bai et al. 2010). 
They found bilateral BOLD increases in medial 
and orbital frontal areas as early as 14 s before 
AS onset, followed by a late increase in the thal-
amus (10 s after AS onset) that was paralleled by 
widespread BOLD decreases in the DMN and 
bilateral frontoparietal networks, which out-
lasted the AS by more than 20 s. Moreover, they 
found that HRF in selected regions (e.g., the 
thalamus or medial and orbital frontal cortex) 
was highly variable and did not necessarily con-
form to a “canonical” HRF.  These results sug-
gest that not all events accompanying AS are 
captured by scalp EEG, and that there might be 
additional between- and within-subject variabil-
ity in the neurovascular coupling between elec-
trical and metabolic activity in GGE, which is 
still poorly understood and cannot be captured 
with conventional HRF modeling (Bai et  al. 
2010). Benuzzi et  al. analyzed the intersubject 
variability of BOLD dynamics from 15 s before 
to 9 s after the GSWD in a mixed group of 15 
adolescents and adults with different GGE syn-
dromes (Benuzzi et al. 2012). At the group level, 
DMN regions (precuneus, bilateral inferior pari-
etal cortex) as well as the bilateral dorsolateral 
prefrontal cortex showed transient BOLD 
increases between 12 and 6 s before GSWD, and 
then an immediate BOLD decrease from GSW 
start to ~6 s afterwards. The thalamus (together 
with the cerebellum and anterior cingulate cor-
tex) was most active at GSWD initiation for a 
short time (roughly 3 s in their analysis). Notably, 
the individual patterns of the temporal evolution 
of these changes were highly variable. There 
were cases of very early or very late decreases in 
the DMN, short or prolonged increases in the 
thalamus, and different degrees of overlap 

between activated and deactivated areas (Benuzzi 
et al. 2012).

Finally, two studies analyzed the EC within 
the thalamocortical BOLD-GSW network, i.e., 
the dynamic couplings and influences of brain 
regions on each other (Friston 2011). This was 
accomplished by using dynamic causal modeling 
(DCM), an advanced biophysical modeling 
framework that allows (hidden) neural activity to 
be inferred based on observed BOLD responses 
(see Sect. 2.11). In one study, Vaudano et  al. 
found that the precuneus has a “permissive” or 
“gatekeeper” role in GSW generation within the 
thalamocortical network, which harks back to the 
idea that a cortical contribution is necessary 
(Vaudano et al. 2009). Daunizeau et al. took this 
observation one step further. Using simultaneous 
EEG-fMRI data from the same study, they 
showed that spontaneous fMRI signal fluctua-
tions explained frequency modulations of the 
EEG during GSWD (Daunizeau et al. 2012). This 
hints at a future area of research, where not only 
the spatial profiles, but also the temporal dynam-
ics of EEG and fMRI events, are to analyze epi-
leptiform activity.

In summary, simultaneous EEG-fMRI has 
produced abundant and novel findings on func-
tional correlates in GGE. A common theme is the 
involvement of thalamocortical functional net-
works in ictal and interictal GSW and a still 
incompletely understood intersubject variability 
in the spatial patterns and temporal dynamics of 
these networks. This variability is not only due to 
the different and sometimes heterogeneous popu-
lations studied, since it was also found in more 
tightly defined subgroups, e.g., children with AS 
(Moeller et al. 2008a; Bai et al. 2010). Therefore, 
it seems reasonable to assume that it might be 
biologically meaningful, indicating that GSWD, 
although relatively stereotypical on scalp EEG, 
might not reflect a unitary phenomenon but a 
complex set of brain network interactions. 
Simultaneous EEG-fMRI may thus serve as a 
biomarker for different GGE subtypes (even in 
syndromes that have been thought to be rather 
homogeneous on clinical grounds).
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3.2  Simultaneous EEG-fMRI 
in the Preoperative Workup 
of Pharmacoresistant Focal 
Epilepsies

Simultaneous EEG-fMRI can assist in the preop-
erative evaluation of patients who have surgically 
remediable epilepsy syndromes. This is clinically 
important, as roughly 30% of epilepsy patients 
have or develop pharmacoresistant disease 
(Kwan and Brodie 2000), i.e., seizures that can-
not be controlled after adequate treatment with 
two anti-seizure medications (Kwan and Brodie 
2001; Kwan et al. 2010). Epilepsy surgery can be 
highly effective in this group. The first random-
ized controlled trial on epilepsy surgery was con-
ducted for a carefully selected cohort of adult 
patients with mesial temporal lobe epilepsy 
(MTLE). It showed that the number needed to 
treat (NNT), i.e., how many patients need to 
receive therapy to obtain one good outcome or 
prevent a bad one, was two to render one patient 
free of seizures impairing awareness at 1 year 
post-surgery, and 3 to render one patient com-
pletely seizure-free (Wiebe et  al. 2001). In an 
illustrative example Wiebe (2004) compared 
these results to carotid endarterectomy, the 
widely used standard for symptomatic carotid 
stenosis. For the latter procedure, the NNT is 15 
to avoid one disabling ischemic stroke or death in 
patients with severe stenosis over a follow-up of 
2–6 years (Cina et al. 2000). No surgical compli-
cations occurred in patients participating in the 
randomized controlled epilepsy trial, whereas 
other studies have reported that surgical compli-
cations occur in 11% of patients, and that 3% of 
patients sustain new, permanent neurological 
deficits (Engel et al. 2003). However, the fact that 
successful surgery substantially reduces the risk 
of premature mortality outweighs these risks 
(Vickrey et  al. 1995; Sperling et  al. 1999; Bell 
et al. 2010). A recent study by De Tisi et al. fol-
lowed 615 adult epilepsy surgery patients over a 
median follow-up period of 8 years and found a 
favorable long-term outcome in about 65% of 
cases. Fifty-one percent of patients were seizure- 
free immediately after surgery and for a sustained 

period of time thereafter, and an additional 14% 
were eventually seizure-free after a complex 
sequence of remission and relapse (de Tisi et al. 
2011). Some 25% can be weaned off medication 
and can be considered as cured, but 40% of oper-
ated epilepsy patients still require anti-seizure 
drugs (ASD) to stay seizure-free (Téllez-Zenteno 
et  al. 2005). However, large-scale retrospective 
studies in MTLE patients (n = 376, 18 years of 
follow-up) have shown that even if ASD are con-
tinued, roughly 19% of patients in this category 
can safely switch from poly- to monotherapy, or 
reduce monotherapy dosage compared to those 
used preoperatively (Wieser and Häne 2003, 
2004). It is likely that owing to seizure freedom 
and decreased ASD side effects, quality of life 
will improve significantly in operated patients, 
even if they suffer from postoperative memory 
decline (Langfitt et  al. 2007). Consequently, 
patients occupy less healthcare resources and 
healthcare costs drop in the first 2 years after sur-
gery. Long-term comparisons of medical and sur-
gical costs between operated and non-operated 
pharmacoresistant epilepsy patients indicate that 
epilepsy surgery becomes cost effective in as few 
as 7 or 8 years (King Jr et al. 1997), although this 
may take as long as 35 years, depending on the 
type of analysis (Platt and Sperling 2002). 
Overall, these findings indicate that epilepsy sur-
gery can be highly beneficial. It provides relief 
from individual suffering, prevents further dis-
ability, and reduces healthcare costs to society as 
a whole (Begley et al. 2000). Pharmacoresistant 
patients should therefore be identified and offered 
surgery as early as possible (Kwan and Brodie 
2000; Engel Jr et al. 2012). There is still a delay 
of 18–23 years between development of pharma-
coresistance and referral to preoperative evalua-
tion, although recent data suggest that the delay 
might be slowly shortening (Haneef et al. 2010; 
Baud et al. 2018).

For epilepsy surgery to be successful, we must 
precisely identify the tissue to be resected and its 
spatial relationship to functionally relevant (elo-
quent) cortex. This requires data from multiple 
clinical and paraclinical sources, i.e., patient his-
tory, seizure semiology, neuropsychological 
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examination, ictal and interictal scalp and/or 
intracranial EEG, and functional and structural 
neuroimaging (Rosenow and Lüders 2001). 
While standard fMRI with motor, sensory, or 
cognitive paradigms is used to map eloquent cor-
tex (see chapter “Task-Based Presurgical 
Functional MRI in Patients with Brain Tumors” 
of this book), simultaneous EEG-fMRI is used as 
an additional tool to identify the irritative zone 
(IZ) and thus to restrict the EZ, i.e., “the mini-
mum amount of cortex that must be resected 
(inactivated or completely disconnected) to pro-
duce seizure freedom.” As mentioned in the 
introduction to this chapter, the EZ overlaps with 
the seizure-onset zone (SOZ) and the IZ that gen-
erate seizures and IED, respectively. The IZ can 
thus serve as a proxy for the SOZ and the EZ for 
clinical purposes, although the different zones 
may not be concordant. Every neuroimaging 
technique used in epileptology has particular 
strengths and weaknesses when trying to map 
and disentangle this complex topography. Scalp 
EEG for instance has a very high temporal reso-
lution, but is relatively insensitive to deep sources 
of epileptiform activity within the EZ. Positron- 
emission tomography (PET) and single-photon 
emission computed tomography (SPECT) require 
invasive application of radioactive tracers. 
Structural MRI has a high spatial resolution and 
can identify even subtle cortical epileptogenic 
lesions, but these may not overlap with either the 
IZ or the SOZ. Simultaneous EEG-fMRI is help-
ful in this regard, as it can show the metabolic 
correlates of deep-lying IZs (via IED on scalp 
EEG) and depict the relationship between IED 
focus and epileptogenic lesion (via co- registration 
with high-resolution anatomical images). This 
might be especially important where mapping of 
the different zones is complicated or equivocal, 
e.g., in patients with the SOZ outside the tempo-
ral lobes, in those with multifocal lesions, and in 
those in whom no epileptogenic lesion can be 
identified by standard MRI protocols (Téllez- 
Zenteno et al. 2005; Jeha et al. 2007; Bien et al. 
2009). A few studies have acquired simultaneous 
EEG-fMRI during the (fortuitous) occurrence of 
focal seizures (Sierra-Marcos et al. 2013), but in 
our view safety concerns, movement artifacts, 

and unpredictable nature of seizures limit the 
clinical applicability of this technique.

Several clinical observational studies indicate 
that local BOLD responses, as mapped with 
simultaneous EEG-fMRI, co-localize with the 
SOZ at the lobar level (Fig. 3 shows one example 
from our institution of how lobe-level localiza-
tion can be obtained, starting from surface EEG 
to whole-brain BOLD correlates). Krakow et al. 
investigated ten patients with focal pharmacore-
sistant epilepsies (Krakow et  al. 1999). BOLD 
correlates to IED could be found in six of the 
patients, and in all of them, the BOLD correlate 
was close to the SW maximum in the EEG. One 
large study analyzed 63 consecutive patients 
investigated with frequent IED (Salek-Haddadi 
et  al. 2006). Concordant or approximately con-
cordant BOLD correlates were found in 23 
patients (37%), 25 had no IED, and 11 did not 
show any BOLD correlates, despite the presence 
of IED. There might have been technical reasons 
for this low yield since the study was performed 
at 1.5  T with spike triggering, and higher field 
strengths (Federico et  al. 2005) as well as con-
tinuous imaging lead to better results (Al-Asmi 
et al. 2003). Despite its shortcomings, this study 
revealed a few interesting results. For instance, 
there was a pattern of precuneal deactivation in 
seven patients, reminiscent of the patterns found 
in GGE (see above). Also, the authors found that, 
in general, BOLD activations showed better con-
cordance with the presumed spike-wave (SW) 
focus than BOLD deactivations (the reason for 
which is still unknown). Finally, they found that 
most HRF had physiological waveforms, indicat-
ing that “standard” modeling approaches might 
be sufficient for clinical purposes. Kobayashi 
et al. investigated 35 patients with temporal lobe 
epilepsy and found concordant responses in 83% 
of them (Kobayashi et  al. 2006). Deactivations 
were again identified in roughly 50% of cases. 
Interestingly, these authors found 16 patients 
with neocortical BOLD correlates of whom 12 
had concordant bilateral temporal lobe clusters, 
indicating that simultaneous EEG-fMRI not only 
reveals EZ, but can also depict parts of the com-
plete epileptogenic network. In a follow-up study, 
these authors observed that this network extended 
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not only to bilateral mesial temporal structures, 
but also to interconnected areas such as the basal 
ganglia, inferior insula, and lateral temporal gyri 
(Kobayashi et  al. 2009). Notably, contralateral 

temporal lobe BOLD activity peaked later than 
the ipsilateral activity. Thus, these results demon-
strate that simultaneous EEG-fMRI, despite the 
low temporal resolution of the latter, might also 

Fig. 3 A standard EEG-fMRI analysis in a patient with 
left-sided mesial temporal lobe epilepsy. Panel (a) shows 
on the left an artifact-corrected in-scanner EEG trace with 
two interictal epileptiform discharges (IED, gray areas) 
and on the right the corresponding scalp topography, with 
a large negative deflection on the left frontotemporal 
region. Panel (b) displays the steps to obtain predictors for 
subsequent statistical modeling. IED can be modeled 
either as a continuous predictor using temporal ICA (red 

traces, see Fig. 1 and main text for details) or as single 
events (blue event markers). Convolution with a set of 
hemodynamic response functions (HRF) leads predictors 
that are included in a design matrix (panel c, left plot) 
together with multiple confounders that code for physio-
logical and movement-related noise. Statistical analysis 
across the whole brain revealed in this case distinct clus-
ters of BOLD-signal increase in the left temporal pole and 
left hippocampus (panel d)
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reveal aspects of the temporal dynamics of 
SW-associated functional networks.

One important question concerning the clini-
cal utility of simultaneous EEG-fMRI is how 
closely it aligns with two important gold standard 
measures: results from intracranial EEG and 
postsurgical outcome (Zhang et  al. 2012). This 
question has been addressed in several retrospec-
tive case reports and case series, which suggest 
overall that EEG-fMRI can be a clinically mean-
ingful aid to the localization of the SOZ. Seeck 
et al. published one of the first case reports of a 
patient in whom simultaneous EEG-fMRI activ-
ity was concordant with scalp EEG source analy-
sis and electrocorticography (ECoG) (Seeck 
et al. 1998). In the abovementioned case series by 
Krakow et  al. in which six patients showed 
BOLD correlates of focal SW, one localization 
was also confirmed by ECoG (Krakow et  al. 
1999). Laufs et al. also found excellent concor-
dance of simultaneous EEG-fMRI in one patient 
with a right frontocentral SOZ (Laufs et al. 2006). 
Interestingly, this patient did not show clear IED 
during the combined recording, and a focal 
abnormality of the EEG (localized delta activity) 
was used to derive the fMRI regressor. However, 
mixed results were reported in two studies by 
Bagshaw et al. (n = 4) and Bénar et al. (n = 5) 
(Bagshaw et  al. 2004; Bénar et  al. 2006). Both 

groups validated the findings of simultaneous 
EEG-fMRI against stereotaxic EEG (sEEG) and 
found concordant BOLD activations to focal SW 
in 3/4 and 4/5 patients, respectively, but also dis-
cordant BOLD correlates in one patient per study. 
More recently, Khoo et al. reanalyzed data on 37 
patients who had undergone EEG-fMRI and 
sEEG implantations (Khoo et  al. 2017). They 
found that BOLD responses to IED correctly 
localized the SOZ in 24 of the patients and that a 
classifier built on BOLD response statistics could 
help to identify the most relevant BOLD clusters, 
i.e., those most likely to correspond to the actual 
SOZ. Three further studies investigated the over-
lap between EEG-fMRI responses and postoper-
ative resections in relation to seizure outcomes 
(Thornton et al. 2010; An et al. 2013; Coan et al. 
2016). Although methods for defining the overlap 
differed, all of these studies showed that concor-
dance between the BOLD response and the resec-
tion zone was associated with postoperative 
seizure freedom, whereas discordant findings 
were associated with a less favorable outlook, 
indicating that EEG-fMRI might help in defining 
surgical targets. This could be particularly impor-
tant in focal epilepsy patients with frequent IED 
but discordant findings on standard EEG and 
MRI.  For instance, Ziljmans et  al. reviewed 29 
patients with simultaneous recordings who had 
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not been referred for surgery owing to insuffi-
cient certainty in focus localization or multifocal-
ity (Zijlmans et  al. 2007). In their study, 
preoperative reevaluation for four patients was 
considered worthwhile, and two underwent intra-
cranial studies that confirmed EEG-fMRI results. 
Moeller et al. studied another complex group––

patients with non-lesional frontal lobe epilepsy 
(Moeller et al. 2009). They found BOLD corre-
lates in 8/9 patients. In two patients who had 
undergone surgery, subtle cortical abnormalities 
just adjacent to the EEG-fMRI correlates could 
be identified on histopathology. Figure 4 displays 
one exemplar case from our own presurgical 

a c

1

1

2

2

3

3

4

4

b

Fig. 4 This figure shows how EEG-fMRI results can 
relate to intracranial EEG investigations and postsurgical 
resections in a patient with non-lesional left-sided mesial 
temporal lobe epilepsy. Panel (a) shows a coronal and 
axial slice of a patient with non-lesional left-sided mesial 
temporal lobe epilepsy (same patient as in Fig. 1, neuro-
logical convention). Color maps indicate clusters of blood 
oxygen level-dependent (BOLD) signal increases signifi-
cantly correlated with interictal epileptiform discharges 
(p < 0.05, corrected for multiple comparisons). Panel (b) 
shows the same clusters projected onto a postoperative 
anatomical MRI. The peak BOLD cluster is included in 

the resected area. Panel (c) shows the correspondence 
between IED-related BOLD clusters and intracranial EEG 
signals. The upper image shows a lateral view of the 
3D-rendered brain after resection. Green clusters repre-
sent intracranial electrode positions, derived from 
CT-MRI fusion. The lower image shows an axial cut 
through the upper border of the resection. Traces show the 
first 10 s of seizure evolution in the temporal pole (elec-
trodes 1 and 2) and the hippocampus (3). Note their prox-
imity to the hemodynamic IED correlates. In contrast, a 
distant electrode (4) does not show epileptiform activity
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program, in which EEG-fMRI results, iEEG 
investigations, and surgical resection showed 
broad concordance.

While most of the studies reviewed above 
aimed at finding BOLD correlates that were 
highly specific for individual patients, another 
line of research has tried to identify common epi-
leptogenic regions shared among multiple focal 
epilepsy syndromes. The rationale for this 
approach is that such common regions could be 
used as standard therapeutic targets, thus simpli-
fying treatment. Group analyses of EEG-fMRI 
data did reveal that a region anterior to the amyg-
dala, corresponding to the human piriform cor-
tex, seems to be activated by IED in most focal 
epilepsy syndromes (Flanagan et al. 2014). The 
piriform cortex is a brain region with widespread 
connectivity that was highly seizure-prone in ani-
mal experiments (Stripling and Patneau 1990; 
Löscher and Ebert 1996; Vaughan and Jackson 
2014). Interestingly, resection of the piriform 
cortex has recently been shown to be predictive 
of a good surgical outcome (Galovic et al. 2019).

In sum, the studies reviewed above testify to 
the complexity of results that can be obtained 
with simultaneous EEG-fMRI.  This technique 
clearly has its place in the presurgical workup of 
patients with focal epilepsy, and seems to be 
valuable especially in difficult cases (Pittau et al. 
2012a; Centeno et  al. 2017). However, the fact 
that mapping epileptogenic tissue with simulta-
neous EEG-fMRI still mainly depends on the 
detection of IED is an important limitation: over-
all, only 50% of patients with refractory epilepsy 
seem to have sufficient IED during scanning, and 
again half of the patients with refractory epilepsy 
will show an identifiable BOLD correlate 
(Gotman et al. 2004; Salek-Haddadi et al. 2006). 
Furthermore, the predictive value of IED in local-
izing the SOZ is not always easy to determine 
and it seems to depend on the neuroanatomical 
localization of the EZ and the pathophysiology of 
the underlying disease. This adds to the complex-
ity already presented by the overlapping zones 
(or rather networks and network components). 
For temporal lobe epilepsies, data indicate that 
IED on scalp EEG does predict the SOZ correctly 
in ~90% of cases (Blume et al. 2001). However, 

for extratemporal sites, e.g., the frontal or parietal 
lobes, the predictive power of IED is lower, as 
only ~20% of patients exhibit unilateral, clearly 
focal IED (Holmes et al. 2000). Thus, techniques 
that allow mapping of the EZ even without spikes 
are an important focus of further research on 
EEG-fMRI (Rodionov et al. 2007; Grouiller et al. 
2011). This could lead to a further important goal 
for simultaneous EEG-fMRI, i.e., guiding the 
placement of intracranial electrodes in patients 
with non-lesional or multifocal epilepsies 
(Zijlmans et al. 2007).

3.3  Connectivity Analyses

Broadly speaking, there are three areas in which 
connectivity analyses of EEG-fMRI data have 
provided insightful results: basic mechanisms of 
GSWD, effects of epileptic discharges (both 
focal and generalized) on intrinsic connectivity 
networks, and, finally, refinement of surgical tar-
gets. Examples of each of these are provided 
below.

In terms of GSWD mechanisms, EEG-fMRI 
studies have shown that GSWD do not emerge 
suddenly, as their appearance on scalp EEG 
would suggest, but rather that they are the result 
of network changes that precede them by around 
1 min––a fact that was known from rodent mod-
els, but less well recognized in humans (Crunelli 
et  al. 2020). In a recent study, Tangwiriyasakul 
et al. analyzed phase synchrony in visual, senso-
rimotor, and frontoparietal networks, using EEG- 
fMRI data acquired in 43 patients with a total of 
95 GSWD events (Tangwiriyasakul et al. 2018). 
They found that the frontoparietal network 
showed significantly low synchrony in non- 
discharge epochs, but increased its intrinsic con-
nectivity steeply before GSWD.  They also 
observed that the motor network was already 
highly synchronized 1 min before GSWD onset, 
suggesting some form of pre-ictal network prim-
ing. Interestingly, additional significant connec-
tions to the sensorimotor network were observed, 
involving the prefrontal and precuneus regions, 
as GSWD approached. These findings are in line 
with previous amplitude-based analyses and 
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suggest that persistently high sensorimotor net-
work synchrony, coupled with transiently low 
posterior network synchrony, may be a state pre-
disposing to GSWD onset (Bai et  al. 2010). 
Notably, increased sensorimotor connectivity on 
fMRI has been observed in first-degree relatives 
of GGE patients, both at rest and during motor 
tasks (Vollmar et al. 2011). This further supports 
the idea that increased excitability of motor areas 
could be a core feature of GGE pathophysiology. 
How do these network dynamics affect con-
sciousness? To address this question, Guo et al. 
prospectively investigated a group of 93 pediatric 
patients using EEG-fMRI and were able to cap-
ture more than 1000 AS with GSWD in 39 of 
them (Guo et  al. 2016). They found that rather 
than being associated with one particular net-
work, impaired consciousness was related to the 
intensity of signal changes in multiple networks, 
in this case the DMN, the sensorimotor network, 
and a frontoparietal attentional network.

The idea that epilepsy can alter multiple 
existing brain networks has received increasing 
support from EEG-fMRI studies (Shamshiri 
et  al. 2019). In a study of children with focal 
epilepsy, Shamshiri et  al. found that IED 
reduced FC in attentional networks, which could 
explain the cognitive problems seen in this pop-
ulation (Shamshiri et al. 2017). In patients with 
MTLE, unilateral IED disrupt the connectivity 
between hippocampus and DMN (Tong et  al. 
2019). It is noteworthy that connectivity altera-
tions seem to occur not only during focal IED, 
but even without them (Iannotti et al. 2016). In 
patients with MTLE, for instance, connectivity 
in limbic networks, DMN, and attentional net-
works is reduced prior to IED (Pittau et  al. 
2012b; Faizo et al. 2014; Burianová et al. 2017). 
A similar phenomenon was seen in Lennox-
Gastaut syndrome, a severe epileptic encepha-
lopathy: interactions between multiple cognitive 
networks were persistently abnormal after 
accounting for the effect of IED (Warren et al. 
2016). This suggests that connectivity altera-
tions are both a state and trait marker of 
epilepsy.

Finally, connectivity analyses could help 
refine surgical targets in patients with focal epi-

lepsy. Negishi et al. found that patients with later-
alized FC, as calculated from the maximum of 
the EEG-fMRI response, had better postsurgical 
outcome than those with less lateralized networks 
(Negishi et al. 2011). Similar to the findings with 
standard analyses, Lee et al. found that concor-
dance of SOZ with local connectivity was associ-
ated with a good postsurgical outcome (Lee et al. 
2014).

4  Future Directions

Epilepsy is a prototypical dynamic disease that 
affects a large-scale network and not only a cir-
cumscribed area of seizure generation. Normal 
brain function requires complex interactions 
between different, highly dynamic neural sys-
tems that rely on the integrity of structural and 
functional networks. Thus, a comprehensive 
evaluation of a patient with epilepsy requires not 
only the identification of the EZ, but also an 
understanding of its functional embedment in 
and interaction with an epileptic network as well 
as the potential structural abnormalities (the 
structural epileptogenic lesion) that predispose to 
seizure generation. Since the last edition of this 
textbook, remarkable advances have been made 
in this area. They include AI technologies which 
filter artifacts, FC analysis done via DL, and con-
current TMS-EEG-fMRI to monitor causal 
dependencies of signal propagation through 
cortico- subcortical networks (Hosseini et  al. 
2020).

Beyond advances in the application of EEG- 
fMRI as a diagnostic tool, various complemen-
tary structural and functional imaging 
technologies are currently being tested in clinical 
environments.

Perfusion imaging has become an important 
tool for investigating peri-ictal perfusion 
changes. It is for example used to differentiate 
ictal stroke mimics from acute ischemic stroke 
by showing focal areas of increased perfusion on 
computed tomography or MRI images. 
Moreover, perfusion imaging can detect abnor-
malities related to the symptomatogenic zone 
and to seizure spread. Arterial spin labeling 
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(ASL) is of particular interest, since it enables 
quantification of CBF without the need for intra-
venous gadolinium contrast and can be applied 
repeatedly during peri-ictal and seizure-free 
periods (Wiest and Beisteiner 2019). It holds 
promise for investigating within- and between-
subject differences associated with epilepsy-
induced state changes and baseline differences 
in regional CBF.  Recent ASL studies have 
revealed consistent downregulation of CBF in 
brain areas involved in seizure generation and 
propagation in the early postictal period as com-
pared to the intraindividual reference CBF dur-
ing seizure-free periods. Postictal perfusion 
decrease which overlaps partially or completely 
with the presumed SOZ has been consistently 
reported in patients with chronic focal epilepsy 
(Gaxiola- Valdez et al. 2017). This is in line with 
electric source imaging data on EEG and hypo-
metabolism of fluorodeoxyglucose-PET (Storti 
et al. 2014).

Image post-processing of structural MRI is 
another technique that shows clinical potential in 
epilepsy. It can assist in the identification of sub-
tle cortical abnormalities related to focal cortical 
dysplasia, and can automatically segment and 
parcellate the cortex to derive cortical thickness 
measures directly from T1-weighted (T1w) 
MRI.  A worldwide study of brain structural 
changes in patients with epilepsy using quantita-
tive MRI has identified robust structural brain 
alterations within and across epilepsy syndromes 
(Whelan et al. 2018). Automated post-processing 
techniques can help to identify region-wise corti-
cal thickness abnormalities on normal-appearing 
MRI scans that are labeled as non-lesional epi-
lepsy. Automated surface-based MRI morphom-
etry can nowadays be empowered with AI for 
automated lesion detection and identification of 
abnormal structural network patterns across 
cohorts from different centers and scanners (Jin 
et al. 2018). New methods using DL technologies 
allow fast and sensitive data analysis within a 
fraction of the time required by conventional 
surface- based morphometric methods and at no 
cost to the robustness (Rebsamen et  al. 2020). 
Analysis of large-scale gray matter alterations 
complements EEG-fMRI measurements and can 

help identify reconfigurations of structural net-
work topology in distinct epilepsy syndromes.

MRI-based methods that detect subtle fluctua-
tions in the electromagnetic fields, and are thus 
complementary to EEG-fMRI, are currently 
under investigation (Cassará et al. 2009; Du et al. 
2014; Sundaram et al. 2016). Some progress has 
been made with MRI using the stimulus-induced 
rotary saturation (SIRS) effect, but interference 
from the BOLD response still complicates such 
measurements (Sveinsson et  al. 2020). 
Experimental studies have suggested that MRI 
could detect oscillating magnetic fields directly 
using spin locking to investigate contrasts in pop-
ulations of protons with a Larmor frequency dif-
ferent from that of water. If neuronal signaling 
during epileptic discharges generates magnetic 
fields, these interact with the externally applied 
magnetic field and attenuate local MR signal 
intensity. Thus, if the Larmor frequency of the 
MR scanner is adjusted to frequency domains in 
the high-frequency and ultrahigh-frequency band 
that match pathological activities recorded in the 
epileptic brain in vivo, subtle MR signal attenua-
tion can be observed. Neuronal current imaging 
makes use of changes in ionic currents associated 
with synaptic and suprathreshold activity of the 
order of nanoamperes. The first technical report 
of effects on magnetic field perturbations in a 
small series of patients that underwent presurgi-
cal phase II workup noted a hemispheric concor-
dance in 7/8 patients (Kiefer et al. 2016). Notably, 
the effects of the spin-lock experiment were 
absent after successful epilepsy surgery (Engel 
class I), but remained detectable in patients with 
a less favorable outcome. While it has not yet 
made its way into clinical practice, this approach 
would certainly lead to further insights into 
human brain functional organization and open a 
new window for simultaneous recordings of EEG 
and biological fields with MRI.

5  Conclusions

Simultaneous EEG-fMRI is a methodically chal-
lenging technique and it is important to consider 
certain practical pitfalls. However, the capacity 
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of simultaneous EEG-fMRI to provide detailed 
three-dimensional whole-brain maps of epilepti-
form activity is unparalleled, making it an attrac-
tive tool for clinical and experimental 
investigations. Artifact rejection algorithms, sta-
tistical analysis techniques, and biophysical 
models for multimodal data fusion are evolving 
rapidly as is the range of applications. This is an 
exciting area of imaging neuroscience that, if 
properly validated, could have a considerable 
impact on our understanding and management of 
epilepsy patients.
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Abstract

In the last 20 years advances in Neurosurgery, 
Neuroradiology and Neuro-Oncology have 
dramatically changed management of brain 
tumors, especially of gliomas that are seated 
in eloquent areas and are carrying a higher 
risk for permanent postoperative neurological 
deficits.

This chapter aims to provide practical and 
clinically relevant information with a review 
of the current literature from glioma biology 
through MR diffusion basic principles, meth-
odology and clinical application of MR trac-
tography, so that the reader can get a 
throughout interdisciplinary impression of the 
state of the art.

In contrast to brain metastases and menin-
giomas, gliomas extensively infiltrate the 
extracellular space of the gray and white mat-
ter changing the anatomic and functional 
properties of the brain. MR diffusion imaging 
has great potentials to contribute to disclose 
the mechanisms of interaction between glio-
mas and the host tissue.

Diffusion tensor imaging (DTI) is the 
most established and validated clinical appli-
cation of MR tractography and it is increas-
ingly requested by neurosurgeons. More 
advanced diffusion MR acquisition schemes 
such as high-angular resolution diffusion 
imaging (HARDI) and more sophisticated 
tractography algorithms such as spherical 
deconvolution (SD) and Q-ball imaging 
(QBI) have been developed to overcome DTI 
limitations. The community is beginning to 
apply the advanced methods in presurgical 
mapping.

A detailed understanding of the relation-
ship between eloquent white matter fascicles 
and infiltrating gliomas is mandatory to cor-
rectly planning a resection and interpret the 
functional neurophysiological responses 
recorded during intraoperative monitoring 
(IOM) with electromyography (EMG), motor 
evoked potential (MEP), and direct intraoper-
ative electrical stimulation (IES). It should be 
emphasized that MR diffusion tractography 
provides anatomical, not functional 
information.

The neurosurgical community is increas-
ingly recognizing the value of MR diffusion 
imaging with tractography in evaluating 
patients with gliomas. MR tractography is a 
great educational tool for neurosurgeons and 
neuroradiologists. Presurgical visualization of 
eloquent fascicles in the proximity of a mass 
has been associated with a higher probability 
of total resection in low and high grade glio-
mas. Postoperative MR tractography is 
increasingly used to correlate postoperative 
deficits with white matter anatomy, and guide 
rehabilitation strategies.

This chapter presents optimized clinical 
presurgical HARDI protocols and tractogra-
phy methods for visualization of the major 
white matter tracts that are part of the motor, 
language and visuospatial attention systems. 
Practical examples of how to interpret MR 
tractography findings are given, illustrative 
cases with typical and atypical presurgical 
findings are presented. Complementary appli-
cations with functional MR imaging (fMRI) 
are highlighted. Finally, the clinical value and 
limitations of presurgical MR diffusion imag-
ing are discussed.
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Abbreviations

AC Anterior commissure
ADC Apparent diffusion coefficient
AF Arcuate fasciculus
AG Angular gyrus
ALA 5-Aminolevulinic acid
BA Brodmann area
BOLD Blood oxygenated level dependent
CC Corpus callosum
CL Linear anisotropy coefficient
CP Planar anisotropy coefficient
CST Corticospinal tract
DEC Directionally encoded color
dlPFC Dorsolateral prefrontal cortex
dODF Diffusion orientation distribution 

function
DSI Diffusion spectrum imaging
DTI Diffusion tensor imaging
DWI Diffusion weighted imaging
ECS Extracellular space
EOR Extent of resection
EPI Echo planar imaging
FA Fractional anisotropy
FAT Frontal aslant tract
FEF Frontal eye field
FLAIR Fluid attenuated inversion recovery
fMRI Functional magnetic resonance 

imaging
fODF Fiber orientation diffusion function
FST Frontal striatal tract
GBM Glioblastoma multiforme
HARDI High-angular resolution diffusion 

imaging
HGG High grade glioma
IES Intraoperative electrical stimulation
IFG Inferior frontal gyrus
IFOF Inferior frontal occipital fasciculus
ILF Inferior longitudinal fasciculus
IOM Intraoperative monitoring
IPL Inferior parietal lobule
ITG Inferior temporal gyrus
LGG Low grade glioma
M1 Primary motor cortex
MD Mean diffusivity
MEP Notor evoked potential
MFG Medial frontal gyrus

MLF Medial longitudinal fasciculus
MRI Magnetic resonance imaging
MTG Medial temporal gyrus
ND Neurite density
NODDI Neurite orientation dispersion and 

density imaging
ODI Orientation dispersion index
OR Optic radiations
PMC Premotor cortex
PMd Premotor dorsal
PMv Premotor ventral
PPC Posterior parietal cortex
QBI Q-ball imaging
ROI Region of interest
S1 Primary somatosensory cortex
SC Spherical anisotropy coefficient
SCF Subcallosal fasciculus
SD Spherical deconvolution
SFG Superior frontal gyrus
SLF Superior longitudinal fasciculus
SMA Supplementary motor area
SMG Supramarginal gyrus
SPL Superior parietal lobule
STG Superior temporal gyrus
T2WI T2-weighted image
TPFIA Temporo-parietal fiber intersection 

area
UF Uncinate fasciculus
vlPFC Ventrolateral prefrontal cortex
WHO World Health Organization
WM White matter

1  Introduction

In the last 25 years tremendous advancements in 
Neurosurgery, Neuroradiology and Neuro- 
Oncology have changed the management of brain 
tumors. Advancements in Neurosurgery include 
implementation of microscopic surgery, intraop-
erative monitoring (IOM) and imaging-guided 
methods in the operating theater (Keles and 
Berger 2004). Twenty-five years ago brain tumors 
infiltrating “eloquent areas” were considered 
“inoperable” by the majority of neurosurgeons. 
Implementation of modern surgical techniques 
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has widened the indications for brain tumor sur-
gery to include lesions located in the proximity of 
the primary motor cortex and of the optic radia-
tions, or infiltrating Broca and Wernicke areas of 
the language system. The aims of surgery in 
lower grade gliomas are maximal tumor resec-
tion according to “functional margins” and when-
ever possible to perform “supratotal resection” 
that extends beyond the areas with MR signal 
abnormalities. Achievement of these goals sig-
nificantly increases overall survival by delaying 
malignant transformation of diffuse gliomas. The 
aim of surgery in glioblastoma multiforme 
(GBM) is to remove up to 95% of the enhancing 
and solid component of the tumor in order to 
delay recurrence of the tumor. In the last two 
decades refinement of intraoperative functional 
mapping methods has resulted in much more 
 reliable identification of functional margins of 
the motor and language systems.

Advances in Neuroradiology, in particular in 
the field of functional MR imaging (fMRI) and 
MR diffusion tensor imaging (DTI) have changed 
the way surgeons evaluate patients before sur-
gery. Advanced neuroimaging methods can now 
provide morphological and functional informa-
tion about the alterations induced by the tumor on 
the hosting brain. This new information is quite 
important and relevant, especially when a diffuse 
infiltrating glioma is growing in an eloquent 
brain structure. It has been shown that presurgical 
mapping with fMRI and DTI may improve surgi-
cal targeting, guide surgical strategy and intraop-
erative assessments, reduce intraoperative time 
(Petrella et  al. 2006). It is a fact that neurosur-
geons are increasingly requesting fMRI and DTI 
as part of their routine presurgical evaluation. 
Functional maps are frequently used to discuss 
the aims of surgery with the patients and their 
family, before securing the consent to proceed.

Advances in Neuro-Oncology have been also 
quite impressive in the last decade. Substantial 
progresses have been made in the molecular clas-
sification of many brain tumors. Large-scale 
molecular profiling approaches have identified 
new mutations in gliomas which have allowed 
subclassification into distinct molecular sub-

groups with characteristic features of age, local-
ization, and outcome (Sturm et  al. 2012). 
Randomized clinical trials have demonstrated 
that molecular characterization allows identifica-
tion of subgroups of gliomas that are associated 
with distinct prognosis and predicted treatment 
response (Stupp and Hegi 2013). The diagnostic 
importance of isocitrate dehydrogenase (IDH) 
mutational status in diffuse gliomas was first for-
mally recognized within the updated fourth edi-
tion of the WHO Classification of Tumors of the 
Central nervous System in 2016 (Louis et  al. 
2016). The incorporation of IDH and other 
molecular biomarkers into an integrated diagno-
sis of gliomas provides a more reproducible and 
clinically meaningful classification of diffuse 
gliomas in adults (Brat et al. 2020; Eckel-Passow 
et  al. 2015). Thus molecular analyses have 
become a must of the standard diagnostic workup 
in all patients with a brain tumor (Thomas et al. 
2013). These advances in neuro-oncology 
emphasize the importance of tumor tissue sam-
pling for molecular studies.

All together the above-mentioned advances 
have changed treatment strategies for this dis-
ease, especially so when the lesion is located in 
the proximity of eloquent structures. In the early 
nineties it was quite common to follow a “wait- 
and- see” strategy or performing a stereotactic 
needle biopsy, while today radical tumor exeresis 
has become the standard of care. These advances 
have paved the way to a personalized treatment 
strategy that is going to influence the outcome of 
brain tumors in the years to come (Weller et al. 
2012).

2  Neuro-Oncology of Gliomas

2.1  Histology and Molecular 
Markers

Diffusely infiltrative gliomas are by far the most 
common type of primary brain neoplasms in 
adults and they are classified by genetics, tumor 
cell lineage and index of proliferative activity. 
The historical histopathological classification in 
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astrocytomas and oligodendrogliomas has 
become less important than the IDH-status. The 
IDH mutation is the earliest genomic event of 
tumorigenesis and it is almost always retained 
during tumor progression. In contrast to IDH- 
mutant gliomas, IDH-wildtype astrocytic tumors 
are distinct clinical and genetic entities with more 
aggressive clinical behavior and they have a poor 
prognosis (Louis et  al. 2016; Brat et  al. 2020). 
The age range of IDH-wildtype (sixth and sev-
enth decades) is higher than that of IDH-mutant 
gliomas (third and fifth decades).

The term glioblastoma (GBM), corresponding 
to WHO grade 4, should be reserved for IDH- 
wildtype diffuse astrocytic gliomas that have 
genetic and histologic features predictive of a 
highly aggressive clinical behavior. Among brain 
neoplasms GBMs have the highest proliferative 
activity and they may grow very quickly; they 
usually become symptomatic within a few 
months. GBMs have a dismal prognosis with a 
median survival time of 14 months, despite radio 
and chemotherapy (Stupp et al. 2005).

On the contrary, IDH-mutant gliomas have 
genetic and histopathologic features predictive of 
a less aggressive clinical behavior with longer 
survival times (median 3–5 years) and they occur 
in younger adults. IDH-mutant gliomas are sub-
divided into two subgroups: the astrocytic pheno-
type with co-mutation in TP53 and ATRX, and 
the oligodendrocytic phenotype with codeletion 
of 1p/19q chromosomes and TERT promoter 
mutation. These genetic abnormalities are mutu-
ally exclusive. Diffuse astrocytomas WHO-2 will 
ultimately progress to WHO-3 (anaplastic astro-
cytomas) and then to WHO-4. IDH-mutant, code-
leted WHO-2 and WHO-3 oligodendroglioma 
respond well to chemotherapy and they are asso-
ciated with a relatively longer survival time than 
IDH-mutant astrocytic tumors (Louis et al. 2007).

2.2  Pattern of Growth 
and Velocity of Expansion

One important property of gliomas is their skill 
to infiltrate extensively the extracellular space 

(ECS) in gray as well as in white matter (WM). 
Like “guerilla warriors” glioma cells abuse the 
host “supply” vessels rather than constructing 
their own for satisfying their oxygen and nutri-
ents requirements (Claes et al. 2007). This prop-
erty is found in IDH-mutant as well as in 
IDH-wildtype, implying that the invasive phe-
notype is acquired early in oncogenesis. Glioma 
cells have the capability to migrate and modu-
late the ECS. Glioma cells may follow different 
patterns of growth that depend on preexisting 
host tissue elements. This growth pattern has 
significant prognostic implications and it is a 
major factor in therapeutic failure. Different 
glioma subtypes may follow different patterns 
of infiltration that depend upon the “weapons 
and tools” used by the invading “guerilla cells” 
and by the interaction with the environmental 
factors of the host. Glioma cells of a particular 
subtype may be extremely successful to infil-
trate along myelinated WM tracts (intrafascicu-
lar growth), whereas tumor cells of other 
subtypes may accumulate in the subpial, peri-
vascular, or perineuronal space (Giese and 
Westphal 1996). Other subtypes preferentially 
infiltrate the gray matter’s neuropil in specific 
anatomic regions such as the insular cortex or 
the supplementary motor area in the superior 
frontal gyrus (SFG) (Duffau and Capelle 2004). 
The most extreme example of diffuse infiltrative 
growth is represented by gliomas infiltrating 
multiple lobes, subcortical nuclei or other ana-
tomic brain regions (Mawrin 2005).

Measuring the spontaneous velocity of dia-
metric expansion is important to predict patient’s 
overall survival. The velocity of diametric expan-
sion is faster in GBMs than in LGG; the latter 
have a spontaneous velocity in the range of 
2–8 mm/year with a mean of 5.8 mm/year (Pallud 
et al. 2013). While LGG may continue to grow 
and infiltrate brain tissue at a stable velocity, 
GBMs grow fast and usually dislocate or destroy 
adjacent WM fasciculi and gyri (Nimsky et  al. 
2005). We will see later how these differences in 
velocity of expansion may have important impli-
cations for the interpretation of functional and 
MR diffusion imaging data.
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2.3  Aims of Brain Tumor Surgery

Is surgery still the best treatment option for 
patients with a new diagnosis of brain tumor, 
despite the high costs and the relative high mor-
bidity risk? The role of surgery is crucial for 
determining the diagnosis controlling seizures 
and planning radio and chemotherapy. The infil-
trative nature of diffuse gliomas and their fre-
quent localization in so-called eloquent areas 
has historically limited the extent of resection 
(EOR) due to the high risk of causing permanent 
focal neurological deficits. The controversy 
about the value of surgery in patients with LGG 
and HGG has not yet been fully resolved. 
Stereotactic biopsy is associated with a substan-
tial risk of inaccuracy and sampling error. 
Currently, indications for biopsy are very lim-
ited in gliomas. Furthermore, biopsy has no 
therapeutic impact. Despite the lack of phase III 
study, most recent data strongly argue in favor 
of achieving a  maximal resection of the tumor. 
Accordingly, in the last two decades there has 
been a paradigm shift from a surgical approach 
that relied mainly on anatomical landmarks to 
one based on identification of eloquent brain 
structures. Observational and retrospective stud-
ies have provided indication that radical surgi-
cal resection may offer a survival advantage 
over stereotactic biopsy and subtotal resections. 
Different considerations apply to surgery in 
LGG and HGG.

In the past the “wait-and-see” approach in 
LGG was justified by the lack of prospective ran-
domized controlled clinical trials providing Level 
I evidence that extensive surgical resection had 
an impact on the quality of life and overall 
patients’ survival (Laws 2001; Laws et al. 2003). 
In the majority of clinical studies EOR was not 
objectively assessed on postoperative MRI scans. 
Only recently authors have begun to include sys-
tematic measurement of residual tumor measured 
on postoperative MRI scans. Clinical studies 
have demonstrated that EOR correlates with sur-
vival times. LGG patients with resection >90% 
will have significantly longer overall survival 
times (Smith et al. 2008). In addition, supratotal 
resection that extends beyond the areas of signal 

abnormalities will significantly increase time of 
progression-free survival (Yordanova et al. 2011).

Until a decade ago in patients with GBM it 
was an even more open question whether simple 
debulking was effective or whether the neurosur-
geons should strive to achieve maximal cytore-
duction. A randomized study demonstrated that 
elderly GBM patients treated with open craniot-
omy rather than stereotactic biopsy have longer 
overall survival times (171 vs. 85 days), but over-
all benefit of open surgery to patients seemed to 
be modest, since time of deterioration did not dif-
fer between the two treatment groups (Vuorinen 
et al. 2003). In the past more emphasis has been 
placed on the role of radio and chemotherapy 
than on surgery.

The issue of complete resection as a causal, 
not only prognostic factor for overall survival in 
patients with GBM has been readdressed in a ran-
domized phase III 5-aminolevulinic acid (ALA) 
study. This study investigated 5-ALA-induced 
fluorescence as a tool for improving EOR and 
provided a very high fraction of patients with 
postoperative MR imaging data acquired within 
72 h. Residual tumor measured in the postopera-
tive MRI scan was defined as tissue with a vol-
ume of contrast enhancement greater than 
0.175 cm3. Of the 243 GBM patients included in 
the ALA study 121 (49%) had incomplete resec-
tion and 122 (50.2%) had complete resection: the 
median overall survival was 11.8 months in the 
former and 16.9  months in the latter group 
(Stummer et  al. 2008). Long-term survivors 
(>24  months) were almost exclusively among 
patients of the complete resection group. It is 
known that neurosurgeons may be less aggressive 
during resections in the elderly and when the 
tumor is near critical areas. It was shown that the 
difference in survival remained stable and signifi-
cant when patients were restratified according to 
age (>60  years) in two groups, corroborating a 
causal effect of EOR on survival independent of 
age. The difference in survival among the two 
groups remained stable also when patients were 
restratified in two groups of patients with or with-
out tumors in eloquent locations. The EOR not 
only influences survival, but also the efficacy of 
adjuvant therapies. The ALA cohort study pro-
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vided for the first time Level 2b evidence that in 
GBM as a single factor survival depends on com-
plete resection of the enhancing tumor. This level 
of evidence is inferior to randomized studies 
(Level 1) yet superior to case-control studies 
(Level 3), case series (Level 4), or expert opin-
ions (Level 5).

The same authors (Stummer et  al. 2011) 
reported that extended resections performed 
using 5-ALA carry a greater risk of temporary 
impairment of neurological function; patients 
with a greater risk of developing permanent post-
operative deficits were those with preoperative 
symptoms such as aphasia unresponsive to ste-
roids. Infiltration and destruction of eloquent 
brain, rather than vasogenic edema, are likely 
responsible for these preoperative focal neuro-
logical deficits. This data emphasizes again the 
importance of identifying the anatomic boundar-
ies of the lesion with presurgical MR tractogra-
phy and ultimately the functional limits with 
subcortical intraoperative electrical stimulation 
(IES). The importance of EOR as a predictor of 
overall survival has been shown also in a series of 
107 patients with recurrent GBM when gross 
total (>95% by volume) resection is achieved at 
recurrence, overall survival is maximized regard-
less of initial EOR, suggesting that patients with 
initial subtotal resection may benefit from addi-
tional surgery (Bloch et al. 2012).

Detection of functional boundaries during sur-
gery should be achieved with the aid of intraop-
erative neurophysiology and supported by 
presurgical fMRI and MR diffusion tractography 
(Bello et al. 2010). When a temporary deficit is 
repeatedly elicited with direct subcortical IES in 
the proximity of the wall of the surgical cavity, 
the functional limits of the resection are reached 
and the resection in that part of the tumor should 
be stopped. Identification of the functional limits 
is critical especially in gliomas infiltrating the 
motor system, in particular when the tumor 
involves the corticospinal tract (CST) (Bello 
et al. 2014). There is very low possibility of func-
tion compensation in the CST network when fast 
(20  μm thick) fibers are damaged because the 
function cannot be transferred to a nearby or dis-
tant network (Robles et al. 2008). Other critical 

networks that if damaged are likely to produce 
permanent deficits are the inferior frontal- 
occipital fasciculus (IFOF), the arcuate fascicu-
lus (AF) and the subcallosal fasciculus (SCF) for 
the language system and the optic radiations 
(OR) for the visuospatial system. Damage or 
resection of several other long-range fascicles is 
likely to induce severe transitory neurological 
deficits followed by near to complete recovery in 
the matter of few weeks or months.

Another important parameter to determine is 
preoperative estimation of the residual tumor 
volume. Mandonnet et al. computed a probabi-
listic atlas of glioma residues with preoperative 
MR imaging data that allowed a preoperative 
estimation of the expected EOR.  The atlas 
enhances the anatomic regions where tumor can-
not be resected. In their series of 65 patients with 
LGG the success rate of the presurgical classifi-
cation for partial vs. subtotal resection was 82% 
(Mandonnet et al. 2007a). The residual volume 
was underestimated in 9 patients with partial 
resection, overestimated in 3 patients with subto-
tal resection. It is remarkable that the regions 
with the highest probability of residual tumors 
are essentially located in the WM. Regions with 
a probability of residual tumor greater than 70% 
include the CST, the IFOF and the AF.  Other 
regions with high percentage of residual tumor 
were found in the posterior aspect of the corpus 
callosum and the anterior perforated substance. 
The last two anatomic structures are not consid-
ered functionally essential, however they are 
either difficult to access or contain lenticulostri-
ate vessels. This study once again outlines the 
importance of identifying and safeguarding vital 
vascular and functional structures during tumor 
resection.

3  Magnetic Resonance 
Diffusion Imaging Methods

3.1  Conventional MR Imaging

Magnetic resonance imaging (MRI) is currently 
the method of choice for detecting brain tumors. 
MRI is very sensitive to detect alterations in 
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water content that are so common in brain tumors. 
Water accumulation alters the MR signal on T2- 
and T1-weighted MR images and it is one of the 
first macroscopic changes occurring very early in 
the natural history of the neoplasm. Water accu-
mulation precedes other metabolic and physio-
logic changes such as elevation of choline, 
cerebral blood volume (CBV), glucose uptake 
and protein synthesis that are detected, respec-
tively, by proton MR spectroscopy (H-MRS), 
perfusion MR imaging and positron emission 
tomography (PET). MRI accurately defines the 
size of the mass and its relationship with relevant 
anatomic landmarks. MRI identifies presence of 
blood products and/or abnormal vessels within 
the mass that are important for assessing tumor 
grade. MRI after intravenous contrast agent 
injection detects breakdown of the blood–brain 
barrier, a consistent sign of more aggressive 
behavior related to the presence of angiogenesis 
and immature vessels.

However, MRI has several limitations. Like in 
a guerilla war, visualization of the elusive 
 invasive front may be problematic. MR imaging 
may significantly underestimate the extent of dif-
fuse infiltrative glioma growth. Infiltrating gli-
oma cells can be found at biopsy beyond the 
hyperintense area on T2/FLAIR images 
(Ganslandt et al. 2005). Discrimination of infil-
trating tumor from vasogenic edema is often dif-
ficult. Radio and chemotherapy-induced changes 
may mimic tumor progression (pseudoprogres-
sion). Thus, evaluation of response to therapy 
may be problematic due to ambiguous and over-
lapping MR signal changes in pseudoprogression 
and recurrent tumor, pseudoresponse and true 
response.

Finally, one important limitation of conven-
tional MRI at magnetic field strength of 1.5 and 
3.0 T is that it is blind to orientation of WM path-
ways. At ultrahigh field strength (7.0  T and 
above) only the major WM tracts can be recog-
nized on T2-weighted MR images; in addition 
susceptibility imaging is a very sensitive method 
able to detect the orientation of myelinated WM 
bundles (Duyn 2013; Sati et al. 2013).

3.2  Diffusion Tensor Imaging

MRI with diffusion-weighted sequences mea-
sures the effects of tissue microstructure on the 
random walks of water molecules (Brownian 
motion) in the brain. When molecules can diffuse 
equally in all directions diffusion is called isotro-
pic, when molecules can diffuse only along a spe-
cific direction it is called anisotropic. Isotropic 
diffusion occurs if there are no barriers like in the 
cerebrospinal fluid or when the barriers are ran-
domly oriented like in the gray matter. Anisotropic 
diffusion occurs when there are oriented barriers 
that favor movement of water along rather than 
across them. In tissues with an orderly oriented 
microstructure, such as the WM, diffusivity of 
water varies with orientation since water mole-
cules are likely to encounter different obstacles 
and barriers according to the direction in which 
they move (Chenevert et  al. 1990; Doran et  al. 
1990). In WM water diffuses fastest along the 
principal orientation of the bundles (parallel dif-
fusivity), and slowest along the cross-sectional 
plane (radial diffusivity). In the WM the degree 
of anisotropy depends primarily on membrane 
density, mainly in the form of intact axonal 
membranes.

In 1994 Basser et al. showed that the classic 
ellipsoid tensor formalism could be deployed to 
measure anisotropy in the human body (Basser 
et  al. 1994). The tensor not only describes the 
magnitude of the water diffusion, but also the 
degree and the principal directions of anisotropic 
diffusion. Mathematically the tensor describes 
the shape of the ellipsoid with three eigenvalues 
that represent the diffusivities along the three 
orthogonal axes and three eigenvectors that pro-
vide orientation. The three eigenvalues are num-
bered in decreasing order by magnitude 
(λ1 > λ2 > λ3). DTI is currently the most robust 
and efficient method to analyze diffusion MR 
data. DTI has become so popular because it pro-
vides several unique insights into tissue micro-
structure. It quantifies mean diffusivity (MD) 
and diffusion anisotropy, which are useful indi-
ces of WM integrity; with the eigenvector (ε1) 
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providing the orientation information that 
enables for tractography.

Multiple imaging parameters informative 
about tissue microstructure can be calculated 
from a single DTI acquisition. Fractional anisot-
ropy (FA) measures the eccentricity of water 
molecules displacement. Anisotropy is found in 
other body tissues such as peripheral nerves, kid-
neys, skeletal and cardiac muscles; however neu-
ral bundles show the greatest degree of anisotropy, 
with parallel diffusion on the order of 2–10 times 
larger than perpendicular diffusion. In the healthy 
human brain the intravoxel orientation coherence 
of WM bundles is probably the most relevant fac-
tor affecting FA (Pierpaoli et al. 1996). FA is a 
scalar value that describes the degree of anisot-
ropy of a diffusion process. FA ranges between 
zero and one and its values are displayed in gray 
scale maps. A value of zero means that diffusion 
is free or equally hindered in all directions 
(λ1 = λ2 = λ3), the ellipsoid reduces to a sphere. 
A value of one means that diffusion occurs only 
along one direction and it is hindered or restricted 
along other directions (λ1 > 0; λ2 = λ3 = 0); the 
ellipsoid reduces to a line. This means that the 
diffusion is confined to that direction alone.

FA is a scalar metric that measures the degree 
of anisotropy, but does not indicate the shape of 
the diffusion ellipsoid. Voxels with similar FA 
value may have different shapes (Alexander et al. 
2000). When linear diffusivity prevails 
(λ1 ≫  λ2  =  λ3) anisotropy has the shape of a 
cigar, when planar diffusivity prevails 
(λ1  =  λ2 ≫  λ3) it has the shape of a Frisbee. 
While both linear and planar anisotropy coeffi-
cients (CL and CP) are responsible for increased 
FA, their relative values indicate the shape of the 
ellipsoid. CL specifically highlights the region of 
tubular tensors, whereas CP indicates regions of 
planar tensors. We will see later how anisotropy 
shape coefficients at the periphery of a mass may 
provide relevant information about the modality 
of growth of the lesion and how they may affect 
DTI tractography.

MD, parallel (λ1), and radial diffusivity 
((λ2  +  λ3)/2) provide information about the 

integrity of WM bundles. These indices have 
become quite popular and they have been particu-
larly used in the evaluation of neurological diseases 
such as multiple sclerosis, Alzheimer disease, other 
dementias, and psychiatric disorders.

The orientation of the largest eigenvalue can 
be color coded to provide directionally encoded 
color (DEC) maps. By convention, bundles ori-
ented along the z axis (cranio-caudal) of the MR 
scanner are displayed in blue, those coursing in 
the x direction (right to left) in red and those 
coursing in the y direction (anterior to posterior) 
in green. DEC maps provide a simple and effec-
tive way to visualize orientation information con-
tained in DTI and they clearly show the main 
projection (blue), commissural (red) and associa-
tion (green) WM pathways (Pajevic and Pierpaoli 
1999). On DEC maps it was possible to identify 
unambiguously the major projection, commis-
sural and association pathways in the brain of 
123 mammalian species (Assaf et al. 2020).

3.3  DTI Metrics and Brain Tumor 
Microstructure

How do the above parameters relate to changes in 
tissue microstructure? In imaging protocols for 
clinical research the spatial resolution of DTI is 
usually in the range of 2.0  ×  2.0  ×  2.0  mm. 
Despite the apparent low spatial resolution, DTI 
is used as a probe to investigate tissue micro-
structure and it is sensitive to molecular water 
displacements on the order of 5–10 μm. There are 
three main longitudinally oriented structures that 
could hinder water diffusion perpendicular to 
neural bundles: (1) microtubules and neurofila-
ments of the axonal cytoskeleton, (2) the axonal 
membrane (axolemma), and (3) the myelin 
sheath surrounding the axons. Additional con-
founders are fast axonal transport and streaming, 
and B0 susceptibility. Multiple studies have 
shown that there are no major differences in dif-
fusion measurements between myelinated and 
unmyelinated bundles, thus the axolemma is the 
primary determinant of anisotropic diffusion of 
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water. Therefore anisotropy should not be con-
sidered myelin specific. Notwithstanding, myelin 
can modulate the degree of anisotropy.

It is more intuitive to correlate changes in par-
allel and perpendicular diffusivities rather than 
changes in FA to WM pathological lesions. 
Injuries with collapse of the axolemma are likely 
to determine a decrease in parallel diffusivity. 
Myelin loss and axonal increased permeability to 
water will likely determine an increase in radial 
diffusivity, despite integrity of axonal membranes 
(Beaulieu et al. 1996).

Glioma cells migration and growth cause 
more complex microstructural changes in the 
brain tissue. Glioma cells remodel the extracel-
lular matrix by destroying the surrounding tissue 
through secretion of matrix-degrading enzymes, 
such as the plasminogen activator and the family 
of matrix metalloproteinases. In the majority of 
tumor types widening of the ECS, changes in cel-
lular size, destruction of axonal membranes, and 
a general disruption of the normal brain architec-
ture are associated with accumulation of water in 
large amounts. Studies have shown a dramatic 
increase in the ECS volume of gliomas even 
 during the early infiltration stage (Zamecnik 
2005). These microstructural changes lead to 
higher water diffusivity (i.e., increased MD) and 
reduction in diffusion anisotropy (i.e., decreased 
FA), especially in the early avascular stage of 
growth that is typical of LGG. The above histo-
pathological changes will likely be associated 
with minimal decrease in axial diffusivity and 
variable increase in radial diffusivity due to 
enlargement of the ECS and glioma cell infiltra-
tion. Overall the increased amount of water in the 
ECS appears to be the dominant factor leading to 
increased MD and decreased FA.  However, the 
enlarged ECS is not filled with water alone. In 
LGG a dense network of glioma cell processes 
may hinder diffusion even of small molecules. In 
GBM the expansion of ECS is associated with 
the overproduction of aberrant glycoproteins 
(i.e., tenascin) in the extracellular matrix that not 
only stabilize the ECS volume, but also serve as a 
substrate for adhesion and subsequent migration 

of the tumor cells through the enlarged 
ECS. Tumor invasion in WM will likely interrupt 
thousands of axons thus decreasing tissue 
anisotropy.

Gliomas have a propensity for microscopic 
infiltration of WM bundles well beyond their 
macroscopic borders. Microscopic glioma cells 
infiltration extends outside of the area of 
T2-signal hyperintensity and it is typically unde-
tectable by conventional MR imaging. In areas 
with T2-signal hyperintensity tumor infiltration 
may be indistinguishable from peritumoral vaso-
genic edema that has a similar propensity to dif-
fuse along WM bundles. DTI has been the focus 
of extensive studies that have attempted to answer 
this relevant clinical question that has important 
therapy implications. Unfortunately, so far DTI 
results have been remarkably inconsistent on this 
topic. The degree of peritumoral edema may be 
highly variable among tumor types; the degree of 
glioma cell infiltration along WM bundles also 
may vary considerably, potentially influenced by 
multiple factors that are playing a key role in 
extracellular matrix alteration and in ECS vol-
ume expansion such as tumor location, biology 
and genetics. Early reports suggested that the 
infiltrating component might be discriminated 
from tumor-free perilesional vasogenic edema on 
DEC maps (Field et  al. 2004), however this 
method was not considered reliable. Price et al. 
advocate using the isotropic (p) and anisotropic 
(q) components of the diffusion tensor instead of 
FA to characterize glioma microstructure. The 
authors demonstrated that it was possible to dif-
ferentiate areas of solid, high cellular tumor from 
areas of tumor infiltration on the basis of the 
anisotropic component q, but not necessarily the 
latter from areas of perilesional vasogenic edema 
(Price et al. 2006).

Perhaps the partial failure of the classic DTI 
parameters (i.e., MD, FA, parallel and radial dif-
fusivities) to reliably characterize the many types 
of microstructural changes occurring in gliomas 
should come as no surprise and raise a specificity 
issue. FA and the other diffusion imaging param-
eters are sensitive but not enough specific to 
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detect complex microstructural changes. Future 
research should focus into more advanced multi-
compartmental models taking into accounts the 
many factors involved (Zhang et  al. 2012; 
Papadogiorgaki et al. 2013).

3.4  MR Tractography

DTI fiber tracking or tractography is a natural 
extension of diffusion ellipsoid imaging 
(Conturo et  al. 1999; Mori et  al. 1999; Basser 
et al. 2000). It is the process of integrating voxel-
wise tract orientations into a trajectory that con-
nects remote brain regions. In WM regions (i.e., 
corpus callosum, CST, and OR) where the fasci-
cles are compact and parallel the diffusion ellip-
soid is prolate. The orientation of the principal 
eigenvector does not change much from one 
voxel to the next. We can use a mathematical 
procedure (algorithm) to generate a trajectory 
connecting consecutive coherently ordered ellip-
soids within the brain, a muscle or another 
fibrous tissue. Starting from a “seed point” voxel 
trajectories are generated in all directions until 
“termination” criteria are satisfied. We can 
choose one seed point and form a tractogram 
with all streamlines going through that seed 
point, or delineate two ROIs and generate a trac-
togram with all streamlines connecting those 
two brain regions. The algorithm requires two 
important assumptions that are known as the FA 
and the angle thresholds. Trajectories cannot 
extend to voxels with FA values that are close to 
background noise, because the degree of uncer-
tainty of the ellipsoid orientation would be too 
high, thus we use a FA threshold >0.15–0.20.  
Trajectories are interrupted when in consecutive 
voxels the angle formed by the intersection of 
their respective principal eigenvectors is smaller 
than a set angle (i.e., angle threshold <35°–45°), 
because it is assumed that the majority of WM 
fascicles do not U-turn. The algorithm aims to 
generate trajectories through the data field along 
which diffusion is least hindered. The trajectory 
or streamline is the basic stone of deterministic 

tractography and it cannot be divided into 
smaller units. It has no direct relationship with 
any biological structure (axon, bundle, or fasci-
cle) even though it reproduces its macroscopic 
trajectory in 3D space.

Strategies for generating diffusion tracto-
grams vary greatly among algorithms and they 
can be broadly classified into local or global, 
model based or model free, deterministic or prob-
abilistic. Deterministic tractography methods are 
the most intuitive and they are based upon 
streamline algorithms where the local tract direc-
tion is defined by the major eigenvector of the 
diffusion tensor as described above (Conturo 
et al. 1999; Mori et al. 1999). Mathematically a 
streamline can be represented as a 3D-space 
curve, as described by Basser et al. (2000). One 
limitation of the deterministic method is that any 
errors in calculations of the streamlines will be 
compounded as the streamline progresses from 
the seed to the termination point. The accuracy 
and variance of the tract reconstruction are a 
function of the algorithm, the signal-to-noise 
ratio, the diffusion tensor eigenvalues, and the 
tract length.

Limitations of fiber tracking performed with 
the streamline approach motivated the develop-
ment of probabilistic tracking algorithms (Jones 
2008). The aim of probabilistic tractography is 
to develop a full representation of the uncer-
tainty associated with any assumption that might 
be made. Given a model and the data, probabilis-
tic tractography provides a voxel-based map of 
high and low confidence (values given in per-
centage) that the trajectory of least hindrance to 
diffusion will connect the seed with the target 
point. From a mathematical point of view, the 
assumptions and the comparisons that can be 
made in studies across individual subjects and 
groups are more complete and flexible with 
probabilistic than with streamline tractography. 
Notwithstanding, streamline tractography is 
 easier to implement in clinical practice and its 
more intuitive approach has contributed to its 
popularity among neuroanatomists and 
neuroradiologists.
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A DTI tractography atlas for virtual in  vivo 
dissection of the principal human WM tracts 
using a deterministic approach is very useful and 
practical for beginners (Catani and Thiebaut de 
Schotten 2008). The greatest success of fiber 
tracking is its use for in vivo dissection of major 
WM fascicles in individual healthy and patho-
logical human brains. Tractography is also of 
value for segmenting WM pathways and provid-
ing quantitative measurements for comparison 
across subjects or groups.

3.5  Limitations of DTI and MR 
Tractography

The tensor is the most robust diffusion model, 
however it has several limitations when it is 
applied to brain WM. DTI provides two types of 
new contrasts: diffusion anisotropy and fiber ori-
entation, which carry rich anatomical informa-
tion about WM complexity. However, when 
interpreting MR diffusion data it is very impor-
tant to understand well the inherent limitations of 
each method: (1) MR diffusion measurements 
are very sensitive to noise, motion and brain pul-
satility, therefore to scanning time; (2) diffusion 
anisotropy carries information at the microscopic 
cellular (protein filaments and microtubules, cell 
membranes, and myelin) and macroscopic (ves-
sels, glial cell networks, and population of bun-
dles with different orientation) level that is 
averaged over a relative large voxel volume. 
Partial volume effects may become a problem in 
WM regions with more than one bundle such as 
the paraventricular zones, where FA is low and 
the degree of uncertainty in the estimation of 
bundle orientation increases. (3) DTI does not 
measure any specific parameter for the intraax-
onal restricted water pool. (4) The calculation of 
the tensor assumes that fiber structures are homo-
geneous within a voxel but this assumption is not 
true when there are two or more fiber popula-
tions: one orientation cannot represent accurately 
the orientations of two fiber populations! Two 
strategies have been proposed to reduce this 

problem: increase spatial image resolution by 
reducing the voxel size or extract information 
with higher angular resolution from each voxel 
and abandon the simple tensor model. (5) DTI- 
based tractography algorithms cannot determine 
if bundles are crossing or kissing. (6) Diffusion 
MR cannot differentiate the directionality of 
axons within bundles. (7) At the spatial resolu-
tion currently used in clinical MRI, diffusion 
cannot track streamlines thru the gray matter, 
thus it cannot track the trajectories of WM bun-
dles to their cortical terminations.

One of the major limitations of the classic ten-
sor model is that for each voxel it provides only a 
single fiber orientation: this is a major obstacle 
for tractography and connectivity studies. Using 
spherical deconvolution methods with a spatial 
resolution of 2 × 2 × 2 mm3 it has been estimated 
that the proportion of WM voxels containing 
more than one bundle (crossing fibers) is about 
90% (Jeurissen et al. 2013). These findings sug-
gest that the DTI model may be inadequate to 
measure the complexity of fiber trajectories in the 
WM.

In voxels with more than one fiber population 
the orientation measured with classic DTI is the 
average of the orientations of all bundles present 
in that voxel. As a result, the shape of the diffu-
sion ellipsoid in voxels with crossing fibers may 
appear either prolate or oblate. A prolate (stretch 
out, linear) object has the shape of a spheroid 
generated by an ellipse rotating about its longer 
axis with the polar radius much greater than the 
equatorial radius (λ1 ≫ λ2 = λ3), while an oblate 
(flatten, planar) object has the shape of a spheroid 
generated by rotating an ellipse about its shorter 
axis with the equatorial radius much greater than 
the distance between the poles (λ1 = λ2 ≫ λ3). A 
geometric analysis of DTI measurements in the 
human brain using a three-phase tensor shape 
diagram demonstrated that there is a tensor shape 
hierarchy between different WM tracts in the 
order of commissural, deep projection and asso-
ciation WM tracts (Alexander et  al. 2000). The 
CC and the CST show the greatest linear shape, 
while the AF and the subcortical WM tracts show 
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a significant planar component of their tensor 
measurements. The causes of planar diffusion in 
the brain are not perfectly understood. Bundles 
arranged in sheets could explain planar diffusion 
(Wedeen et al. 2012); however, a more likely ori-
gin is presence of crossing WM tracts within the 
large voxels typical of the DTI experiment. The 
linear shape of CC and CST may outline the 
compacted nature of the bundles in the central 
segment of those tracts, whereas the planar shape 
of the AF at the level of the centrum semiovale 
may reflect that most voxels contain AF and CC 
crossing fibers.

The shape of the diffusion ellipsoid of the 
voxels in the proximity of a focal lesion can be 
affected by mass effect. Especially in voxels near 
the borders of fast growing gliomas the ellipsoid 
can become oblate with undefined principal ori-
entation. It is important to evaluate the shape of 
the ellipsoid when interpreting tractography 
results in the proximity of a mass, because it 
might provide a warning sign about false positive 
results. Oblate voxels are confusing for tractogra-
phy because the difference between λ1 and λ2 is 
minimal and noise will cause the principal eigen-
vector to have random orientation in the plane: 
tracking might go either way in oblate voxels.

Detection of WM bundles within a tumor and 
surrounding areas of vasogenic edema may be 
also problematic. Intraoperative direct electrical 
stimulation has detected presence of functioning 
WM tracts within areas of T2-signal hyperinten-
sity especially so in LGG.  It is assumed that a 
significant number of electrically competent and 
signal conducting axons are preserved despite 
infiltration by glioma cells. Tumor infiltration 
alters MR diffusivity along WM bundles and it 
may distort their geometry. The increased free 
water content may artificially decrease FA, thus 
leading to false negative results if FA decreases 
below the FA threshold that is commonly used 
for tractography. It may be responsible for false 
positive results due to increasing degree of 
uncertainty in estimating the orientation of the 
principal eigenvector. DTI studies have shown 
interruption of streamlines inside the tumor or 

areas of vasogenic edema, especially when FA 
threshold was set at >0.15 (Bastin et  al. 2002; 
Bizzi et al. 2012). This issue raises a sensitivity 
issue for MR tractography with a relative high 
rate of false negative results in areas of decreased 
FA, high diffusivity and T2-hyperintensity that 
are especially common in LGG.  Other authors 
have validated with IES the tractography find-
ings obtained with FA threshold (>0.10) through 
regions of tumor infiltration (Bello et al. 2008). 
An alternative approach is to use advanced diffu-
sion multicompartmental models such as Neurite 
Orientation Dispersion and Density Imaging 
(NODDI) method (Zhang et al. 2012) that will 
be discussed in detail in the next section. NODDI 
is a practical high-angular resolution diffusion 
imaging (HARDI) method with two shells for 
estimating the microstructural complexity of 
dendrites and axons in  vivo on clinical MRI 
scanners. NODDI allows separation of the 
restricted intraaxonal compartment from the iso-
tropic and hindered compartments and provides 
estimates of two parameters that are more spe-
cific than FA: neurite density and orientation 
index.

3.6  Crossing Fibers and the Need 
for Advanced MR Diffusion 
Imaging Methods

It is important to understand well the limitations 
of MR tractography, especially when the method 
is applied in the interest of neurosurgical patients. 
Tractography can determine the trajectories of 
major WM fascicles but it cannot infer in which 
direction the signal is transmitted along each 
pathway. It cannot track streamlines to their cor-
tical termination and it may fail at fiber crossing 
because the DTI model can recover only a single 
fiber orientation in each voxel. It is a user- 
dependent method based on a priori anatomic 
knowledge. It is also important to be aware that 
tractography does not provide functional infor-
mation. IES is the only method able to test WM 
function and generate a subcortical functional 
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map that has proven to maximize tumor resection 
and minimize hazards.

The ambiguity in determining fiber orienta-
tion in a voxel containing more than one fascicle 
is related to the model applied with DTI, but it is 
not a limitation of diffusion MRI in general. DTI 
models the dispersion of water molecules using a 
Gaussian distribution, thus the assumption is that 
the scatter pattern during the diffusion time has 
an ellipsoid shape. Voxels contain hundreds of 
thousands of axons that are organized in bundles 
and fascicles that can have a wide range of com-
plex configurations. The fibers within each voxel 
may be parallel, fanning, bending, and crossing 
at an acute or perpendicular angle. DTI is accu-
rate to represent parallel fibers, but it cannot dis-
tinguish them from fanning and bending fibers, 
except for a lower FA value. In voxels with cross-
ing fibers at an acute angle the principal orienta-
tion measured with DTI is misleading, as the 
mean fiber orientation that has a prolate shape 
does not correspond to the direction of any fiber. 
In voxels with orthogonal crossing fibers DTI 
fails to identify the two fascicles and its best 
approximation is an oblate ellipsoid that contains 
none of the useful directional information.

In the past decade there has been a lot of effort 
to move beyond DTI and solve the crossing fiber 
problem. Development of new models and algo-
rithms that exploit more sophisticated imaging 
acquisition schemes such as HARDI has been 
addressed (Seunarine and Alexander 2009). The 
field is very complex and a detailed description 
of the many advanced methods goes beyond the 
purpose of this chapter.

Model-based approaches, such as the multi- 
tensor model, resolve fiber crossing by modeling 
distinct fiber populations separately. The model- 
based approaches assume that the voxel contains 
distinct populations of fibers and that diffusing 
molecules do not exchange between fiber popula-
tions. The multi-tensor model is a generalization 
of DTI that replaces the Gaussian model with a 
mixture of Gaussian densities. The “ball and 
stick” model assumes that water molecules 
belong to one of two populations: an isotropic 
component that does not interact with fibers and 
diffuses freely in the voxel and a restricted com-

ponent that diffuses inside and immediately 
around axons (Behrens et al. 2003). The compos-
ite hindered and restricted model of diffusion 
(CHARMED) proposed by Assaf describes the 
restricted fiber population with a cylinder and the 
hindered population in extracellular space with 
an anisotropic Gaussian model (Assaf et  al. 
2004). The model-based methods do not natu-
rally distinguish fanning and bending configura-
tions from parallel fiber populations.

The aim of non-parametric methods is to esti-
mate from diffusion MRI measurements the fiber 
orientation diffusion function (fODF) that pro-
vides more insight into the underlying fiber con-
figuration. These methods do not rely solely on 
parametric models of diffusion, but try instead to 
reconstruct the fODF without placing modeling 
constraints on its form. Diffusion spectrum imag-
ing (DSI) and Q-ball imaging reconstruct a func-
tion called the diffusion orientation distribution 
function (dODF). Spherical deconvolution (SD) 
methods recover a more direct estimate of the 
fODF.

DSI attempts to measure the scatter of diffu-
sion directly and makes no assumptions about tis-
sue microstructure or its shape (Wedeen et  al. 
2008). The acquisition requirements are the 
major limitations of DSI: standard protocols 
require long acquisition times with 500–1000 
measurements at the expense of image resolu-
tion; stringent hardware with very strong gradi-
ents is required in order to apply very short 
pulses. The acquisition requirements in Q-ball 
imaging are more manageable than DSI.  In its 
original work Tuch showed that Q-ball can 
resolve fiber crossing consistently using an 
acquisition scheme with 252 gradient directions 
at a b  =  4000  s/mm2 (Tuch 2004) although the 
approximation of the dODF introduces some 
blurring, which may reduce angular resolution 
and precision of peak directions.

The SD algorithm has the advantage of rela-
tively short acquisition times, which are close to 
standard DTI clinical protocols, reduced compu-
tational times compared to some of the other 
methods, and the ability to resolve crossing fibers 
with a good angular resolution (Dell’Acqua et al. 
2010). SD is based on the assumption that the 
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acquired diffusion signals from a single voxel can 
be modeled as a spherical convolution between 
the fiber orientation distribution (FOD) and the 
fiber response function that describes the com-
mon signal profile from the WM bundles con-
tained in the voxel (Tournier et al. 2004). A major 
limitation of SD is its susceptibility to noise, 
which often results in spurious peaks in the 
recovered fODF.  Acquisition requirements are 
compatible with clinical protocols: 64 directions 
with b = 2000–3000 s/mm2 with a total scan time 
of 16  min. DTI and SD reconstructions can be 
obtained from the same dataset.

NODDI combines a three-compartmental tis-
sue model with a two-shell HARDI protocol opti-
mized for clinical feasibility. NODDI adopts a 
tissue model that distinguishes three types of 
microstructural environment: intracellular 
(restricted), extracellular space (hindered), and 
cerebrospinal fluid (isotropic) compartments 
(Zhang et  al. 2012). Each environment affects 
water diffusion in a unique way and gives rise to 
a separate normalized MR signal. The intracel-
lular compartment refers to the space bounded by 
the membrane of neurites and it is modeled as a 
set of sticks. NODDI provides measurements of 
several parameters, among which the two most 
innovative are neurite density and an index of ori-
entation dispersion that defines variation of neu-
rites orientation within each voxel. These 
parameters have great potential to provide rele-
vant information for brain tumor tissue character-
ization and may be particularly efficient to track 
fibers in voxels with an increased amount of 
water such as those with vasogenic edema and 
glioma infiltration. Tractography can be per-
formed using the SD algorithm, the NODDI or 
the DTI model from one HARDI acquisition 
scheme.

3.7  Clinically Feasible Brain 
Mapping Imaging Protocols 
and Pre-processing 
Requirements

It is mandatory to acquire diffusion data with 
relatively high spatial and angular resolution in 

order to perform a state of the art tractography 
study. High spatial resolution plays in favor of 
tractography because it reduces the gap in size 
between voxels and fascicles. High-angular reso-
lution increases the discrimination of crossing 
fascicles at an acute angle. Unfortunately, 
improved spatial resolution always comes at the 
expense of longer acquisition times and lower 
signal-to-noise ratio. It is important to verify the 
capability of the MR unit in order to reach a good 
compromise between spatial resolution, signal- 
to- noise ratio and total acquisition scan time. In 
clinical practice the isovolumetric voxel size 
should be no larger than 1.5 mm when acquiring 
data with 1.5  T or even better with 3.0  T MR 
units. One common strategy to improve the angu-
lar resolution and the signal-to-noise ratio of the 
HARDI acquisition scheme is to acquire a data-
set with 32 or 64 gradient directions and a b value 
in the range of 1500–3000 s/mm2. MR units with 
strong gradients (high maximum amplitude and 
fast slew rate) are beneficial to keep the TE to a 
minimum value. Especially if fMRI is also 
acquired, scan time inferior to 20 min is recom-
mended in order to keep the total time of the 
study session within 45 min.

DEC maps are very useful for preliminary 
interpretation of clinical studies in patients with 
disease, especially when used by experienced 
users. Low angular resolution DEC maps can be 
acquired with DTI acquisitions that use a mini-
mum of 6 gradient directions and b value of 
800  s/mm2; however, the examiner should be 
aware that performing tractography with a low 
quality dataset may increase the likelihood of 
errors.

For NODDI acquisition scheme the following 
imaging parameters are recommended: two shells 
(b value of 700 and 2000 s/mm2) with similar TR 
and TE, and respectively, 20 and 64 gradient 
directions will result in a total scan time of about 
20 min.

Clinical MRI diffusion studies are performed 
by acquiring single-shot echo-planar images 
(EPI) with diffusion sensitizing gradients of dif-
ferent strengths and orientations that are applied 
for a relative long time in order to achieve the 
desired b value. EPI read-out is very sensitive to 
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static magnetic field (B0) inhomogeneity that pro-
duces nonlinear geometric distortion primarily 
along the phase-encoding direction. Susceptibility 
artifacts are more pronounced at air–tissue inter-
faces and are most obvious in the orbitofrontal 
and mesial temporal regions, near the sphenoid 
sinus and the temporal petrous bone. In addition, 
patient bulk motion and additional image distor-
tion induced by eddy currents, that do not cancel 
out when diffusion gradients are applied for a 
relative long time, cause additional artifacts on 
DWI.  Analysis of diffusion imaging studies 
requires correction for patient motion and for 
susceptibility and eddy current artifacts. The 
many acquired DWIs have to be spatially aligned 
to avoid systematic errors in the parametric maps 
computed from misaligned DWI (Rohde et  al. 
2004). Several software are available for correct-
ing DWI artifacts and confounds (Jenkinson et al. 
2012; Leemans et al. 2009; Pierpaoli et al. 2010). 
Their use for pre-processing of DWI is strongly 
recommended in order to obtain reliable DTI 
measurements.

Since March 2012 the American Society of 
Functional Neuroradiology (ASFNR) has 
released and updated a document with ASFNR 
Guidelines for Clinical Application of Diffusion 
Tensor Imaging that is available on its website 
(https://www.asfnr.org/clinical- standards).

4  Functional Systems 
of the Brain 
and the Connectome

Current view is that the brain is hierarchically 
organized in terms of anatomical structure and 
function. The brain is a highly integrated system 
and for teaching purposes it may be divided into 
three distinct systems that function as a whole: 
the sensory, the motor, and the associative 
systems.

The sensory systems are in charge of process-
ing special somatic sensations coming from the 
outside world: visual, auditory, tactile, and ves-
tibular systems. Other sensory systems are spe-
cialized in processing visceral input: the olfactory, 
gustatory, and limbic systems. They are orga-

nized in primary sensory and unimodal cortical 
areas that continuously exchange information. 
Most sensory information is routed to the cere-
bral cortex via the thalamus. Only olfactory 
information passes through the olfactory bulb to 
the olfactory cortex in the uncus, bypassing the 
thalamus. The sensory systems converge to so- 
called multimodal areas that are located in the 
associative cortices of the parietal, temporal, and 
frontal lobes.

The motor system is responsible for purpose-
ful movement; it plans for action, coordinates 
and executes the motor programs. The primary 
motor cortex (M1) plans and executes move-
ments in association with other motor areas 
including the PMd, PMv, SMA, PPC, and several 
subcortical brain regions. The PPC plays an 
important role in generating planned movements 
by modulating the input received from the three 
sensory subsystems that localize the body and 
external objects in space. The PPC modulates 
planned movements, spatial reasoning, and 
visuospatial attention. The dlPFC is in charge of 
executive functions, including working memory, 
cognitive flexibility, and abstract reasoning. The 
dlPFC integrates sensory and mnemonic infor-
mation and the regulation of intellectual function 
and action. Cognitive flexibility is the ability to 
switch between thinking about two different con-
cepts and to think about multiple concepts 
simultaneously.

The associative system integrates current 
states with past tense states to predict proper 
responses based on a set of stimuli. The many 
association areas are located in the prefrontal, 
parietal, and temporal regions of both cerebral 
hemispheres; they permit perception and form a 
cohesive view of the external world. The associa-
tion areas relate the information to past experi-
ences, before the brain makes a decision and 
generates a motor response. The association areas 
are organized as distributed networks, and each 
network connects areas distributed across widely 
spaced regions of the cortex.

Network science does quantitative analysis of 
different aspects of connectivity that are peculiar 
of a complex system (Sporns 2014). Virtually all 
complex systems form networks of interacting 
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parts composed of multiple and redundant neural 
circuits that process and transfer the information 
either serially or in parallel. A network is made of 
a group of elementary macro (or micro) compo-
nents that are closely connected and work as a 
unit. At the macroscale level nodes and pathways 
are the basic components of the network. At the 
microscale level the components are neurons, 
dendrites, axons, and synapses. Understanding 
such complex systems will require knowledge of 
the ways in which these components interact and 
the emergent properties of their interactions.

The visuospatial, motor, and language sys-
tems are of great interest for presurgical mapping 
because they are in charge of functions that are 
essential for human life. These systems may 
share similar elementary components; however, 
their networks display peculiar different and 
organized patterns. Each network of a functional 
system is dedicated to a specific sensory, motor 
or cognitive modality and it includes several spe-
cialized nodes that have different roles in pro-
cessing information. The primary sensory cortex 
is the brain area containing neurons that receive 
most of their information directly from the thala-
mus. The distance from the body sensory recep-
tors at the periphery defines secondary and 
tertiary cortical sensory areas. These are uni-
modal and multimodal association areas that play 
an important role in integration and modulation 
of the input signals reaching the cortex, and in 
planning of motor actions. Secondary motor 
areas located in the SMA and in the PMv and 
PMd cortices compute programs of movement 
that are conveyed to the primary motor cortex, 
where are located the cortical pyramidal motor 
neurons that project directly to the spinal cord.

The organization of functional systems fol-
lows several principles. The information con-
veyed within each network is processed and 
transformed at every node level. Information may 
be amplified, attenuated, integrated with 
 information conveyed from other nodes of the 
same system. There are two main groups of neu-
rons at each stage of the information processing: 
projecting neurons and local interneurons. The 
projecting neurons convey the information to the 
next node stage in the system. Each brain region 

may contain nodes of multiple functional sys-
tems. Axons leaving the node of a functional sys-
tem are bundled together in a fascicle that projects 
to the next node. Bundles belonging to different 
networks and systems can course temporarily 
within the same fascicle. Short and long bundles 
may enter and exit at various locations along the 
course of a fascicle. All the nodes of the sensory 
and motor systems have a somatotopic organiza-
tion that is repeated throughout the network. In 
this way an orderly neural map of information is 
retained at each successive level of processing in 
the brain. Visual, auditory, somatosensory, and 
motor maps are built at different stages of their 
respective networks.

Most functional systems are hierarchically 
organized. In the primary visual cortex an indi-
vidual neuron may fire only when it receives the 
signal input from a very specific outside stimu-
lus. Following the same principle multiple neu-
rons in the primary visual cortex converge on 
individual cells in the association cortical areas. 
At very advanced stages of information process-
ing, individual cortical neurons are responsive to 
highly complex information.

In the following sections the functional orga-
nization of the three functional systems that are 
more clinically relevant for presurgical mapping 
are addressed.

4.1  The Motor System

The task of the motor system is to maintain per-
formance of basic functions such as balance, pos-
ture, locomotion, reaching, and communication 
through speech and gesture by moving body 
parts, limbs, and eyes. The motor system pro-
duces movement by translating neural signals 
into contractile force in muscles. The agility and 
dexterity of an athlete or of a piano player reflect 
the capabilities of his motor system to plan, coor-
dinate, and execute motor programs that have 
been learnt and practiced many times until they 
can be executed automatically for the most part.

According to modern theories the motor sys-
tem acts as a distributed network. The neurons of 
origin of the network are located in at least five 
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distinct cortical areas of each hemisphere: M1, 
PMv, PMd, prefrontal, and parietal areas. 
According to their targets the descending fibers 
are divided into four groups: the ventromedial 
and dorsolateral brainstem pathways, the corti-
cobulbar, and the CSTs (Lemon 2008). It is 
important to emphasize that the CST originates 
from cortical areas that have different functions: 
M1, PM, SMA, the cingulate motor area, the pri-
mary somatosensory cortex (S1), the posterior 
parietal cortex, and the parietal operculum. M1 
contains the greatest density of neurons giving 
rise to CST and corticobulbar tract. The human 
CST consists of about one million axons, of 
which about 49% originate in M1, 19% in the 
SMA, 21% in the parietal lobe (S1 and posterior 
parietal cortex), 7% in the PMd, and 4% PMv 
(Fig.  1). The axonal projections of the cortical 
motor neurons converge in the corona radiata, a 
fan-like array of descending and ascending fibers 
connecting the cortex with thalamus, basal nuclei, 

and spinal cord. More ventrally the descending 
tracts enter the internal capsule maintaining a 
somatotopic distribution: fibers originating from 
PMv, PMd, and SMA and prefrontal fibers origi-
nating from the frontal eye field areas course in 
the anterior third of the posterior limb, whereas 
the fibers originating in M1 course in the inter-
mediate third. In the midbrain the fibers of the 
corticobulbar tract and CST become even more 
compact and enter the cerebral peduncles. At this 
level the frontal projections are located medially 
while tracts originating in the parietal, temporal, 
and occipital lobes are located more laterally in 
this order. In the pons the tracts course between 
the transverse pontine fibers, before beginning to 
cross to the contralateral side in the decussation 
of the pyramids at the level of the medulla oblon-
gata. This contingent of the CST continues its 
course in the lateral columns of the spine. 
However, about 10% of the fibers of the CST 
continue their journey to the spine in the ipsilat-
eral anterior columns and will cross side only 
when they reach their target. The CST terminates 
widely within the spinal gray matter, presumably 
reflecting control of nociceptive, somatosensory, 
reflex, autonomic, and somatic motor functions. 
These peculiar features explain why a single neu-
roanatomical pathway can mediate multiple 
functions (Lemon and Griffiths 2005).

There are striking differences across species 
in the organization of the descending pathways, 
and in particular of the CST.  Some higher pri-
mates have unique direct projections to spinal 
motor neurons that bypass part of the integrative 
mechanisms of the spinal cord in order to gener-
ate motor output. Tracing studies with retrograde 
transneuronal transport of rabies virus from sin-
gle muscles in rhesus monkeys have identified 
cortico-motoneuronal cells located in the caudal 
region of M1 that is buried in the central sulcus. 
This area is the lowest threshold site within M1. 
These cortico-motoneuronal cells make mono-
synaptic connections with motoneurons in the 
spine (Rathelot and Strick 2009). The cortical 
territories occupied by cortico-motoneuronal 
cells for different muscles overlap extensively 
within this region of M1. The findings of these 
tracing studies are against a focal representation 

PMC Lateral
view

Medial
view

PPC
SIMI

SMA

Fig. 1 The corticospinal tract arises from M1, S1, SMA, 
PMd, and PMv. Approximately 49% of the one million 
axons arises from M1, 21% from S1. The remaining 30% 
of the fibers originate from the PMC, the region immedi-
ately rostral to the precentral gyrus: 19% arises from 
SMA, 7% from PMd, and 4% from PMv. The descending 
axonal projections converge in the corona radiata, then 
enter the internal capsule maintaining a somatotopic dis-
tribution: corticobulbar fibers are located within the genu, 
corticospinal fiber in the middle third of the posterior limb 
of the internal capsule with the face-hand-foot represented 
in the anterior-posterior direction. The PPC does not con-
tribute to the CST but modulates its activity. (Modified 
from http://what- when- how.com)
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of single muscles in M1. The axons originating in 
dorsal M1 may have connections with other 
muscles in addition to the one it was injected 
with the rabies virus. Thus, the overlap and inter-
mingling among the different populations of neu-
rons may be the neural substrate to create a wide 
variety of muscle synergies (Rathelot and Strick 
2006) and may indeed represent a resource for 
neuroplasticity. The extent of CST projections 
from cortico- motoneurons in this newly recog-
nized M1 area correlates with index of dexterity, 
skilled use of hands and digits across species. 
Recent studies suggest that the monosynaptic 
cortico- motoneuronal system is related to volun-
tary control of relatively independent finger 
movements. Preservation of the axons originat-
ing from M1 monosynaptic neurons is mandatory 
in order to maintain highly skilled movements in 
patients with a brain tumor infiltrating the CST or 
growing in its proximity.

The CST also carries M1 axons that form syn-
apses with interneurons in the spinal cord. This 
indirect pathway is coursing more rostral and it is 
important for coordinating larger groups of mus-
cles in behaviors such as reaching and walking. 
The motor information provided by the cortico- 
motoneuronal system via the CST is significantly 
modulated by information originated in second-
ary cortical motor areas. In the macaque it has 
been shown that electrical stimulation of the PMv 
could produce powerful stimulation of the M1 
outputs to the spine. This neuronal circuit may 
represent an important parallel route through 
which a secondary motor area could exert its 
motor effects (Cerri et al. 2003). In addition, the 
output of M1 is modulated by neurons located in 
other motor regions located in the thalamus, basal 
nuclei, and cerebellum. The activity of these sub-
cortical structures is also very important for the 
execution of smooth movements.

Mapping of the CST in the operating room is 
not a trivial procedure. Subcortical direct IES of 
the CST with the 60 Hz bipolar probe evokes the 
unnatural and synchronous stimulation of many 
fascicles and may well exert mixed excitatory 
and inhibitory effects on target neurons. On the 
contrary, subcortical direct IES with the monopo-
lar probe is capable to discriminate the different 

components of the CST that is so important for 
brain surgery (Bello et al. 2014).

In summary, in the motor system neuronal 
information is processed in a variety of discrete 
networks that are simultaneously active. In the 
particular case of the CST the signal carrying 
motor information is conducted along fibers that 
are originating in different parts of the neuronal 
network and are converging into the CST that 
eventually carry them to a common target in the 
brainstem or in the spinal cord.

For the many different functions it carries, the 
CST is probably the most complex and important 
pathway of the entire human brain. For sure it is 
the most important and eloquent structure that 
must be safeguarded in brain surgery. Lesions 
along the CST cause a pyramidal disconnection 
syndrome with neurological signs that vary 
according to lesion location and the interval from 
time of onset. Motor deficits can range from 
hemiparesis to hemiplegia. Lesions cause a 
breakdown in fine sensorimotor control of the 
extremities, implying a deterioration not only in 
motor function, but also in the capacity to inter-
rogate correctly the sensory feedback from the 
limb (Lemon and Griffiths 2005). Implicit in 
modern concepts of a distributed motor network 
is that neurological signs resulting from lesions 
to a descending pathway cannot be interpreted 
any longer as simply being due to the removal of 
the lesioned pathway. Soon after an acute injury 
of the CST, activity-dependent, fast neuroplastic 
changes occur and the clinical outcome must be 
interpreted as the consequence of compensatory 
changes of the motor network as a whole, includ-
ing the response of uninjured fibers.

4.2  The Language System

Language is a native, uniquely human trait that 
we learn without any formal teaching or training. 
As humans we use language automatically to 
communicate, however language is not the only 
mean we use for communication. People learn to 
use a highly structured stream of sounds or signs. 
In contrast, non-human primates and many other 
animals from bees to whales are able to commu-
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nicate with sounds and signs, but they are unable 
to combine words to construct larger utterances. 
Despite intense training, the ability of binding 
words to build a linguistic sequence does not 
exist in other primates. Language emerges spon-
taneously in all children of the human species 
and it has a universal design that is based on two 
components: words and grammar. A word is an 
arbitrary association between a sound and a 
meaning. Grammar has three subsystems: mor-
phology defines the rules for combining words 
and affixes in larger words; syntax consists of 
rules for combining an inventory of words into 
phrases and sentences; phonology consists of 
rules combining sounds into a consistent pattern 
that is characteristic of a specific language. In 
particular, syntax is a specific cognitive system of 
rules and operations that distinguishes language 
from other means of communication.

The relationship of specific brain regions with 
the language system has been more difficult to 
localize than for the motor and sensory systems. 
Interest in the structures responsible for the 
human ability to process speech and language 
dates back at least to the time of the Greek phi-
losophers. Historically, it was the German neuro-
anatomist Franz Joseph Gall (1758–1828) who 
pioneered the study of the localization of mental 
functions in the brain. Gall suggested that lan-
guage was located in the left frontal lobe. 
However, in 1861 the French neurologist Paul 
Broca began to explore the brain anatomy of lan-
guage with the invention of the “lesion method.” 
During an autopsy Broca located the stroke lesion 
in the left inferior frontal gyrus. In 1874 the 
German Carl Wernicke described the clinical 
case of a few patients with a deficit in language 
comprehension. All patients with comprehensive 
aphasia had lesions in the posterior half of the left 
superior temporal gyrus. Joseph Jules Dejerine 
and his wife Augusta made also important contri-
bution to the field of aphasia research. They 
understood the importance of the association 
fibers that formed an intricate network that con-
nected the cortical language centers, including 
Broca and Wernicke areas, and the visual image 
center in the angular gyrus. The concept of an 
interconnected language zone separated the 

Dejerines from the doctrine of the French neu-
rologist Jean-Martin Charcot (1825–1893), who 
postulated the existence of largely autonomous 
centers for different language modes (Miraillé 
1896).

Knowledge about the neural basis of language 
processing accelerated 100  years later with the 
advent of neurophysiology first and more recently 
of advanced brain imaging methods (Price 2010; 
Friederici 2011). In the last two decades the clas-
sic theory of language localization proposed by 
Wernicke and Geschwind has been intensely 
revised thanks to the large amount of imaging 
data collected with neurophysiology (event- 
related potential, magnetoencephalography, and 
IES) and neuroimaging (fMRI and DTI). In the 
seventies of the twentieth century it was found 
that neurological patients with Broca aphasia fol-
lowing stroke not only had deficits in language 
production but they also showed problems in lan-
guage comprehension when confronted with 
grammatically complex constructions. Patients 
with Wernicke aphasia not only had deficits in 
comprehending the meaning of utterances, but 
they also had problems in word selection during 
speech production. These observations led to the 
theory that Broca’s area subserves grammatical 
processes during both speech production and 
comprehension. Similarly, the revised language 
theory suggested that Wernicke’s area supports 
lexical-semantic processes (Caramazza and Zurif 
1976). We predict that in the years to come neu-
rosurgical patients will provide a new important 
source of data, especially now that mapping of 
brain function before and during removal of a 
focal brain lesion is recommended according to 
state of the art medical practice guidelines.

In particular, three important discoveries were 
made. First, it was confirmed that language is 
strongly lateralized to the left cerebral hemi-
sphere. This finding was also confirmed with 
fMRI that showed that language is lateralized to 
the left in about 96% of right-handed subjects 
(Pujol et al. 1999). Only 4% of right-handed indi-
viduals show a symmetric blood oxygenated 
level dependent (BOLD) response during a lan-
guage task. The BOLD response is also lateral-
ized to the left in about 76% of left-handers; it is 
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symmetric in 14% of them, whereas it is lateral-
ized to the right side in the remaining 10%. More 
recently, the asymmetry of the language network 
has been demonstrated also with deterministic 
DTI tractography: the direct AF segment con-
necting Broca with Wernicke territories is found 
only on the left side in 62% of right-handed 
healthy subjects; it is bilateral but left lateralized 
in 20% and symmetric only in 17.5% of subjects 
(Catani et  al. 2007). The second discovery was 
that three different aphasic syndromes were asso-
ciated with damage to three specific brain struc-
tures: (1) Broca aphasia with damage to pars 
opercularis of the inferior frontal gyrus; (2) 
Wernicke aphasia with damage to the posterior 
part of the superior temporal gyrus; (3) conduc-
tion aphasia with damage to the AF that was 
thought to be a unidirectional pathway carrying 
information from Wernicke to Broca area. The 
third important discovery was that both Wernicke 
and Broca areas were presumed to interact with 
heteromodal high-order associative areas in the 
frontal, parietal, and temporal lobes.

In the first anatomic classic model of language 
proposed by Wernicke in 1874 there were two 
cortical centers: Broca area was dedicated to 
speech production and Wernicke area to auditory 
comprehension. Wernicke thought that the two 
centers were indirectly connected by fibers pass-
ing through the external capsule and relaying in 
the insula. It was Dejerine that proposed that the 
AF was connecting directly the two centers. The 
classic model was later modified by Geschwind 
in 1970 who emphasized the importance of a 
third cortical center located in the angular gyrus 
(Geschwind 1970).

Recent studies in patients with stroke, head 
injury, and neurodegenerative diseases (i.e., 
Alzheimer and frontal temporal dementia) have 
uncovered other cortical and subcortical regions 
that belong to the language network. Patients 
with damage to the left temporal pole (Brodmann 
area, BA38) may have difficulty to retrieve names 
of unique places and persons, but can retrieve 
names of common things. With damage to the 
mid-portion of the left MTG (BA20 and 21) 
patients have difficulty to recall both unique and 
common names, without any associated gram-

matical and phonemic deficit. Damage to the pos-
terior part of the left inferior temporal gyrus 
(BA37) instead causes a deficit in recalling words 
of tools and utensils. The precentral gyrus of the 
left insula is another language-related area that 
was not included in the classic models. Patients 
with stroke lesions in the anterior insula show 
articulatory planning deficits: a difficulty in pro-
nouncing phonemes in their proper order 
(Dronkers 1996). Other two areas that were 
recently considered part the language network 
are located in the mesial surface of the frontal 
lobe. The SMA in the left SFG and the left ante-
rior cingulate cortex (BA24) play an important 
role in the initiation and maintenance of speech. 
Damage to these areas, especially after surgery is 
often associated with akinesia and mutism lead-
ing patients to fail to communicate by words, 
gestures, or facial expression. These patients usu-
ally recover within a few days (Krainik et  al. 
2003).

Aphasias are classified in to three major syn-
dromes and few sub syndromes. In Broca apha-
sia the damaged network is involved in both the 
assembly of phonemes into words and the assem-
bly of words into sentences. The network is 
thought to be concerned with relational aspects 
of language, which include the grammatical 
structure of sentences and the proper use of verbs. 
The cortical areas damaged in Broca aphasia are 
frontal BA44, 45, 46, 47, parietal areas BA39 and 
40 and the insula. In Wernicke aphasia the dam-
aged network is involved in generating speech 
sounds and in associating the sounds with con-
cepts. Wernicke area is no longer considered the 
center of auditory comprehension as it was con-
ceived in the Wernicke–Geschwind model 
(Geschwind 1970). Aphasic patients with lesions 
in the posterior third of the STG and MTG (BA 
22) often shift the order of individual sounds and 
make frequent phonemic paraphasias. These 
patients also make semantic paraphasias that are 
errors in selecting words with substitution of one 
full word with another that has a meaning 
 relation. In conduction aphasia the damaged net-
work is required to assemble phonemes into 
words and coordinate speech articulation. 
Patients with conduction aphasia cannot repeat 
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sentences word for word, cannot easily name 
pictures and objects, they make phonemic 
paraphasias, but can produce intelligible speech 
and comprehend simple sentences. Related 
lesions involve the STG, SMG and AG, the insula 
and the adjacent WM.  Until recently there was 
not much evidence in the literature that a simple 
disconnection of the AF alone could cause con-
duction aphasia, as it was originally suggested by 
Monakow and later by the Dejerines (Dejerine 
and Dejerine-Klumpke 1895). Only recently 
Bizzi and colleagues showed with DTI tractogra-
phy that preoperative mild conduction aphasia in 
glioma patients is strictly associated with involve-
ment of the AF (Bizzi et al. 2012).

The large amount of neuroimaging data 
becoming available is providing new opportuni-
ties for testing innovative models of the language 
network (Fig. 2). In 2004 Hickock and Poeppel 
outlined a dual-stream model of speech process-
ing with a dorsal stream mapping acoustic speech 
signals to the articulatory subnetworks in the IFG 
and a ventral stream processing signals for com-
prehension. The model assumed a widely distrib-
uted network with a strongly left-lateralized 

dorsal pathway and a largely bilateral organized 
ventral pathway (Hickok and Poeppel 2007). The 
dorsal stream will connect cortical nodes of the 
articulatory subnetwork located in the left domi-
nant posterior IFG (pars opercularis and triangu-
laris), ventrolateral premotor cortex, and anterior 
insula with the sensorimotor interface nodes 
localized in the posterior STG and AG. The ven-
tral stream will connect a combinatorial subnet-
work located in the anterior MTG and inferior 
temporal sulcus (ITS) with a lexical interface 
node located in the posterior MTG and ITS and 
with the articulatory subnetwork already 
described.

In 2012 Friederici proposed a functional ana-
tomical model of the language network that was 
focused on different processing steps from audi-
tory perception to comprehension (Friederici 
2012). One novelty of this model was that par-
ticular attention was dedicated to definition of the 
structural connections between the cortical nodes 
of the network. In this model of sentence compre-
hension several hubs or nodes are connected via 
the dorsal and ventral pathways. Transformation 
of sounds in words and phrases occurs within 
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Fig. 2 (a) Modern theories about language have recog-
nized that there is a lot of network redundancy in the sys-
tem. Several models have been proposed, with some 
differences in connectivity, but all models acknowledge 
the importance of a dual-stream system with dorsal and 
ventral networks. The models that are heavily influenced 
by in humans DTI and post-mortem blunt fiber dissection 
methods suggest as many as five pathways relevant for 
language: the direct segment of the AF (red), the posterior 
segment of the AF (yellow), and the third segment of the 
SLF-III (green) are part of the dorsal pathway; the inferior 
fronto-occipital fasciculus (IFOF, orange), UF (cyan), and 
ILF (magenta) are part of the ventral pathway. The MLF 

is notably absent in this model. (b) Models that are heav-
ily influenced by autoradiographic tract-tracing studies in 
the macaque monkey suggest as many as six dissociable 
fiber tracts. The autoradiography data also suggest the 
existence of a MLF (yellow), but dispute the existence of 
an IFOF. The extreme capsule (blue), UF (red), MLF and 
ILF (orange) are part of the ventral pathway connecting 
the inferior part of the frontal lobe with the temporal, pari-
etal, and occipital lobes. The AF (violet) and SLF-III 
(green) are part of the dorsal pathway. Numbers refer to 
the corresponding Brodmann’s areas for putative termina-
tions and connections. (Modified from Dick AS et  al.  - 
Brain 2012: 135; 3529–3550)
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50–80 ms after acoustic and phonological analy-
sis taking place in the middle portion of the 
STG. Once the phonological word form is identi-
fied, its syntactic and semantic information are 
retrieved in the anterior STG/STS. This subnet-
work operates in the anterior temporal lobe as 
comprehension moves from phonemes to words 
and phrases. Lexical-semantic integration occurs 
in the MTG. Information transfer within this tem-
poral subnetwork is likely provided by short- 
range bundles within the IFOF.

A second language subnetwork elaborates 
syntactic and semantic data and requires nodal 
processors in the anterior (BA47 and 45 for 
semantic processing) and in the posterior (BA44 
for syntactic processing) IFG. Information trans-
fer between the anterior temporal and IFG is 
assumed to be supported by ventral pathways: 
semantic information is conveyed via the IFOF 
connecting the pars orbitalis and triangularis 
(BA47 and 45) with the temporal and occipital 
cortices; syntactic information is conveyed via 
the UF connecting pars opercularis (BA44) with 
the anterior temporal cortex (Anwander et  al. 
2007). Patients with lesions involving the ventral 
language stream have been reported to have 
semantic and syntactic comprehension deficits 
(Tyler et  al. 2011). A third subnetwork of the 
model proposed by Friederici is in charge of inte-
grating semantic/syntactic processing at a hierar-
chical level in order to achieve sentence 
comprehension. Thus, elaborated information is 
bidirectional exchanged between the IFG, the 
posterior MTG (BA22 for semantic processing) 
and the AG (BA39 for syntactic processing). The 
connection from the IFG to the AG likely occurs 
via the direct or indirect route of the AF, whereas 
it is still under debate whether the connection to 
the MTG occurs via the ventral (IFOF) or the 
dorsal (AF) pathway.

The contribution of the dorsal and ventral WM 
pathways connecting the frontal and temporal 
speech regions is central to understanding how 
the cortical areas interact to produce a seamless 
language system. One emerging concept is that 
the AF is involved primarily in phonology, articu-
lation, and syntax and the IFOF is mainly impli-
cated in semantics. While authors vary in their 

claims concerning the extent of functional spe-
cialization, all authors argue for some degree of 
functional differentiation. The authors of a recent 
study performed in 24 patients with chronic 
stroke in the left hemisphere suggested that seg-
regation of function for the dorsal and ventral 
pathways is limited to the phonological and 
semantic tasks (Rolheiser et  al. 2011). On the 
other hand, morphology and syntax require a 
synergy between the AF and the IFOF rather than 
a segregated system. In this DTI study both dor-
sal and ventral bundles were associated with syn-
tactic performance in both comprehension and 
production tasks. Comprehending syntax utilizes 
equally both the AF and IFOF, while syntactic 
production is predominantly permitted via the 
AF. By defining the WM architecture as a syn-
ergy, the overall determinant of task performance 
is not dictated by which WM tract is involved, but 
by how prefrontal and posterior temporal cortical 
speech regions use and integrate a constant flow 
of very complex linguistic information.

4.3  The Visuospatial Attention 
System

What you see is determined by what you attend 
to. Visuospatial attention is a complex dynamic 
process that involves filtering relevant informa-
tion from our spatial environment. We simultane-
ously attend to and look at objects in a visual 
scene by means of saccadic eye movements that 
rapidly bring the fovea onto stimuli of interest. 
The processing of visual stimuli appearing in the 
attended spatial location will be enhanced, while 
stimuli appearing in other parts of the visual field 
will be suppressed. Visuospatial attention is nec-
essary for selecting and inhibiting visual infor-
mation over space, because the environment is 
overloaded with far more perceptual stimuli that 
our brain can effectively process. Visuospatial 
attention allows people to select, modulate, and 
sustain focus on the information that is most rel-
evant to their own behavioral goals. The selected 
item may enter visual working memory and/or 
become the target of a movement.
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There are multiple forms of attention to exter-
nal and internal stimuli (Chun et  al. 2011). 
External attention refers to the selection and 
modulation of sensory information: visual, audi-
tory, olfactory, tactile, and gustatory. Each of 
these attention systems selects locations in space, 
or modality-specific output. The visual attention 
system is by far the most developed in humans 
while in other animals the auditory or the olfac-
tory attention systems may be in charge of guid-
ing the behavior of the animals in response to 
environmental stimuli. Internal attention refers to 
the selection, modulation, and maintenance of 
internally generated information, such as task 
rules, responses, long-term memory, or working 
memory. Visuospatial attention also interacts 
with other attention processes.

The concept of spatial selective attention 
refers operationally to the advantage in speed and 
accuracy of processing for objects lying in 
attended regions of space as compared to objects 
located in non-attended regions (Posner 1980). 
When several events compete for limited pro-
cessing and comprehending capacity and control 
of behavior, attention selection may resolve the 
competition.

fMRI studies in humans have shown that the 
anatomical structures which are activated during 
the performance of attention-related functions 
are located in the parietal and frontal lobes and 
form multiple functional parietofrontal networks 
(Corbetta and Shulman 2002). The posterior pari-
etal cortex (PPC) and the frontal eye field/dorso-
lateral prefrontal cortex are nodes of a dorsal 
attention network that is active during the orien-
tation period. The temporo-parietal junction and 
the ventrolateral prefrontal cortex are nodes of a 
ventral attention network that is active when sub-
jects have to respond to targets presented in unex-
pected locations. The ventral network is in charge 
of detecting unexpected but behaviorally relevant 
events and is responsible for maintaining atten-
tion on goals or task demands that are a top-down 
process. Physiological studies have found that 
the activity of the frontal and parietal nodes is 
coordinated during execution of a visual attention 
task but show distinctive dynamics. In the pari-
etal cortex bottom-up signals appear first and are 

characterized by an increase of fronto-parietal 
coherence in the gamma band (25–100  Hz), 
whereas in the PFC top-down signals emerge first 
and tend to synchronize in the beta band (12–
30 Hz) (Buschman and Miller 2007).

In the monkey brain the activity of neurons ded-
icated to visuospatial attention has been recorded 
simultaneously in the parietal and frontal cortices. 
Axonal tracing studies have shown that parietal and 
prefrontal neurons are directly and extensively 
interconnected through a system of fascicles run-
ning longitudinally in the centrum semiovale, dor-
sally to the AF and laterally to the CST.  Three 
distinct parietofrontal long-range segments of the 
SLF that had been previously described in the rhe-
sus monkey (Petrides and Pandya 1984) have been 
recently demonstrated also in the human brain 
using MR tractography with the SD algorithm 
(Thiebaut de Schotten. 2011a, b).

The dorsal and first segment of the SLF (SLF- 
I) connects BA5 and 7 in the PPC including the 
dorsal bank of the intraparietal sulcus with BA8 
and 9 in the SFG; the SLF-II connects BA39 and 
40 in the inferior parietal lobule (IPL) including 
the ventral bank of the intraparietal sulcus with 
BA8 and 9  in the MFG; the ventrally located 
SLF-III segment connects the AG (BA40) with 
the BA44, 45 and 47  in the IFG.  The SLF-I 
 connects the cortical nodes of the dorsal attention 
network activated during the voluntary orienting 
of spatial attention toward visual targets, while 
the SLF-III overlaps with the ventral network 
that is activated during the automatic capture of 
spatial attention by visual targets and damaged in 
people with visuospatial neglect (Fig.  3). The 
middle SLF-II segment connects the parietal 
nodes of the ventral network with the prefrontal 
nodes of the dorsal network and it may represent 
a direct communication between the two net-
works. The SLF-II may act as a modulator for the 
dorsal network, redirecting goal-directed atten-
tion mediated by the SLF-I to events identified as 
salient by the SLF-III, as suggested by Corbetta 
in the fMRI study cited above (Corbetta and 
Shulman 2002).

The parietofrontal network is bilaterally rep-
resented with some degree of asymmetry variable 
among the three segments. By measuring the vol-
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umes of the tracts reconstructed with tractogra-
phy in 20 healthy subjects Thiebaut de Schotten 
et  al. found that the SLF-I is symmetrically 
represented in the two hemispheres, the SLF-III 
is right lateralized and the SLF-II shows a trend 
of right lateralization, but with substantial inter-
individual differences that are correlated to 
behavioral signs of right hemisphere specializa-
tion (Thiebaut de Schotten et al. 2011a).

An acute stroke damaging the fronto-parietal 
network will affect the ability to process visuo-
spatial information and it usually will manifest 
with neglect. In most of the patients the deficits 
are transitory and become apparent only with 
clinical tests that elicit hemispatial neglect. 
Patients with visual neglect fail to pay attention 
to objects presented on the side of space contra-
lateral to a brain lesion. While it is undisputed 
that right lesions provoke more severe and dura-
ble signs of neglect than strokes in the left hemi-
sphere, identification of eloquent anatomic 
structures that, if injured, will cause visual 
neglect has fostered an intense debate in recent 
years.

Visual neglect has been associated with right 
hemisphere lesions in gray matter structures 
(parietal, frontal, or temporal cortices), in the 

basal nuclei or in the thalami. More recently, 
visual neglect has been associated with isolated 
WM injury that was possible to assign to specific 
fronto-parietal WM tracts with the aid of tractog-
raphy. In a 55  -years-old man with transient 
visual neglect tractography was essential to 

Fig. 3 A schematic representation of the parietofrontal 
visuospatial attentional networks based on fMRI (Corbetta 
and Shulman 2002) and MR tractography data (Thiebaut 
de Schotten et al. 2011a, b). The major cortical nodes are 
located in the vlPFC and dlPFC, IPL, and SPL. The three 
segments SLF-I (red), SLF-II (yellow), and SLF-III 
(green) are believed to connect the parietal and frontal 
nodes of the dorsal with the ventral attention networks. 
(Figure as originally published in (Ciaraffa et al. 2012))

Fig. 4 Fifty-five years-old right-handed male presenting 
with acute onset of severe left visual neglect and left 
hemiparesis. MR DWI showed small multiple acute isch-
emic infarcts in the right cerebral WM and no evidence of 
infarcts in GM.  DTI tractography was instrumental to 
accurately localize one infarct to the SLF-III (green) that 
is a component of the large-scale networks controlling 
visuospatial attention. Another infarct was localized in the 
stem of the AF (AF-direct in red, AF-posterior segment in 
yellow); the IFOF (orange) and UF (cyan) were not 
involved. This case report supports the hypothesis that 
neglect may result from disruption of a distributed atten-
tion network (Ciaraffa et al. 2012)
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determine that a small acute ischemic WM infarct 
involved the SLF-III (Fig.  4) (Ciaraffa et  al. 
2012).

Signs of transient neglect were evoked also in 
two neurosurgical patients during resection of 
right hemisphere LGG while they were asked to 
bisect 20-cm horizontal lines. Patients deviated 
rightward upon subcortical direct IES of the 
SMG and of the posterior STG, but made no mis-
takes when the FEF and the anterior part of the 
STG were stimulated. However, in one patient it 
was the stimulation of the SLF-II underneath the 
IPL that evoked the strongest deviation rightward 
(Thiebaut de Schotten et  al. 2005). The impor-
tance of SLF-II damage was replicated with IES 
in other six neurosurgical patients with right 
hemisphere gliomas (Vallar et al. 2014) and it is 
further supported by studies in right hemisphere 
stroke patients with chronic unilateral neglect, 
where maximum lesion overlap was along the 
trajectory of the SLF (Doricchi and Tomaiuolo 
2003; Thiebaut de Schotten et al. 2008). The use 
of a DTI-based atlas of the human brain allowed 
a detailed analysis of WM lesion involvement in 
another study in 38 patients with chronic neglect. 
Results revealed that damage to the SLF-II (and 
to the SLF-III with lesser significance) was the 
best predictor of chronic persistence of left visuo-
spatial neglect (Thiebaut de Schotten et al. 2014). 
Taken together these tractography studies sup-
port the importance of parietofrontal disconnec-
tion in the pathogenesis of neglect and they 
outline the important contribution of tractogra-
phy studies in assigning lesion location to spe-
cific WM tracts.

4.4  The Connectome

The human nervous system is an assembly of an 
average of 86 billion of projecting neurons and 
local interneurons (Azevedo et  al. 2009), wired 
together by countless, slender axons, and 
 dendrites to form a very dense wiring diagram. 
Recently this diagram has been renamed “the 
connectome.” This term, like genome, implies 
completeness. A connectome is not made by few 
or even many connections. It is all the connec-

tions of an individual brain. The connectome of a 
human being is unique; it has many similarities 
and many differences with the connectome of 
other individuals. Unlike the genome, which is 
relatively fixed from the moment of conception, 
the connectome changes throughout life. Neurons 
adjust and rewire their connections by strength-
ening or weakening them, by creating and elimi-
nating synapses.

More than 100 years ago, Ramon y Cajal pre-
dicted that one of the main factors guiding the 
evolution of the brain was a trade-off between 
rapid information transfer and the cost of wiring 
(Ramon y Cajal 1995). The costs of building and 
running a bigger brain network are metabolically 
more expensive, but are also quite rigorously 
controlled to be as low as possible for any given 
function (Bullmore and Sporns 2012). The results 
of a recent study with diffusion MRI in 123 spe-
cies of mammals confirmed that the connectome 
and the wiring cost are conserved across mam-
mals (Assaf et al. 2020). This conservation prin-
ciple holds for all mammals, independent of 
brain size, suggesting a selective evolutionary 
pressure in favor of efficient connectivity and 
wiring costs. This conservation principle applies 
not only to inter- but also to intraspecies varia-
tions of the connectome. How is global connec-
tivity maintained despite the large diversity in 
brain size and shape across mammals? The 
results of Assaf and colleagues’ study found that 
species with fewer (commissural) interhemi-
spheric connections have more efficient intra-
hemispheric connectivity. The results suggested 
that intrahemispheric connectivity compensates 
for poorer interhemispheric connectivity, main-
taining the overall connectivity. The conservation 
principle may play a role also during ontogeny of 
the connectome. A recent study showed that 
patients with agenesis of the corpus callosum 
have stronger intrahemispheric connections 
(Owen et al. 2013). Agenesis of the corpus cal-
losum is one of the most common human brain 
malformations and it can be considered a proto-
typical human disorder of axon guidance, one in 
which fibers that would normally have crossed 
the midline as part of the corpus callosum instead 
form Probst bundles, large white matter tracts 
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that course anterior-posterior parallel to the inter-
hemispheric fissure within each cerebral 
hemisphere.

Neuroanatomical localization is critical to 
understanding the brain. The Human 
Connectome Project (HCP) began in 2010 with 
the goal to develop improved neuroimaging 
methods and to acquire a data set of unprece-
dented size and quality for mapping the normal 
human macroscale connectome. Better maps of 
the brain’s areas and their connections may also 
improve our ability to understand and treat neu-
rological and psychiatric disorders (Glasser 
et al. 2016). In the last two decades, comprehen-
sive connectivity maps or connectomes have 
been generated with functional and diffusion 
MR imaging data, electroencephalography 
(EEG) and magneto-electroencephalography 
(MEG) acquired in healthy human subjects and 
other organisms. These brain graphs have 
revealed topological principles of brain network 
organization. There is now strong evidence that 
human brain networks have small-world prop-
erties of high clustering and high global effi-
ciency, a modular community structure and 
heavy-tailed degree distributions that indicate a 
number of highly connected nodes or hubs 
(Achard and Bullmore 2007).

Virtually all systems require the integration 
of distributed neural activity. Network analysis 
of human brain systems has consistently identi-
fied regions called “hubs” that are critically 
important for enabling efficient neuronal sig-
naling and communication (Van den Heuvel 
and Sporns 2013). Hub nodes mediate many of 
long-range connections between brain mod-
ules, and are efficiently interconnected to form 
a “rich club” (Van den Heuvel and Sporns 
2011). The high level of centrality of brain hubs 
also renders them points of vulnerability that 
are susceptible to disconnection and dysfunc-
tion in brain disorders. It has been shown that in 
many neurological diseases focal lesions are 
concentrated in the highly  connected hubs of 
the human connectome (Crossley et al. 2014), 
also known as the “anatomical rich club” (Van 
den Heuvel and Sporns 2011). Lesions may be 
concentrated in hubs purely because of their 

greater topological value. Some diseases might 
affect brain regions with uniform probability 
but lead to symptoms when the lesion happened 
to damage a hub. Regarding presurgical map-
ping for brain tumor surgery it is important to 
describe the relationship of the tumor with crit-
ical hubs and long-range connections because 
these are crucial components of eloquent 
systems.

5  Mapping WM Tracts for Brain 
Surgery

5.1  Brain Tumor Semeiotic of FA 
and Directionally Encoded 
Color Maps

Diffusion imaging with DEC maps and MR trac-
tography is increasingly requested by neurosur-
geons because its clinical relevance has been 
proven. In the motor system DTI has become 
more popular than functional MRI because it is 
capable of identifying CST trajectories. MR trac-
tography nicely illustrates the dorsal and ventral 
language pathways. When a mass dislocates the 
OR tractography provides necessary information 
in order to plan the surgical approach to the 
lesion. DEC maps are immediately available at 
the console and they can be very practical and 
useful to determine the relationship of a mass 
with adjacent tracts. Expert users can identify the 
course of the main fascicles already on DEC 
maps. Notwithstanding, it is fiber tracking that 
best illustrate the trajectory of a tract in 3D and 
its relationship with the tumor.

On DEC maps and with tractography it is pos-
sible to determine whether the main WM tracts 
are normal, dislocated, abnormal, or interrupted 
(Jellison et al. 2004). In the first section we have 
already pointed out that diffuse infiltrating slow- 
growing gliomas behave biologically differently 
from fast expanding GBMs. LGG rarely dislo-
cate WM tracts. LGG infiltrate bundles that 
remain functional as it was demonstrated by 
IES.  On the contrary HGG, metastases, and 
meningiomas have the tendency to displace or 
destroy bundles. Knowledge of this difference in 
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behavior is important preoperatively in order to 
identify the trajectory of eloquent WM tracts in 
relationship to the tumor.

It is quite common to observe a tract dislo-
cated by a mass becoming more visible on FA 
and DEC maps because it is compressed and thus 
more compact with elevated FA. For instance, the 
CST dislocated by a mass can show paradoxical 
increased FA value and maintain a blue hue 
regardless of whether it is shifted (Fig.  5). 
Gliomas growing in the temporal and occipital 
lobes are likely to displace the OR in the opposite 
direction from their point of origin. Presurgical 
MR tractography will show the trajectory of the 
OR with exquisite detail and it will be useful to 
neurosurgeons in planning the point of entry for 
the corticotomy (Fig. 6). Gliomas infiltrating the 
perisylvian cortex are likely to displace dorsally 
the direct segment of the AF. The position of the 
AF stem or isthmus in the deep temporal occipi-
tal WM is easy to recognize and it is a practical 
landmark on axial DEC maps. The AF stem is 
color coded in blue and it is frequently dislocated 
posteriorly by aggressive tumors. Gliomas tend 
to dislocate the AF stem posteriorly and the fron-
tal arm of the direct AF segment dorsally. A slow- 
growing tumor growing in the IFG nearby Broca 
area is likely to dislocate the frontal arm of the 
direct AF posteriorly without interrupting its 
major trajectories. Patients with LGG infiltrating 
Broca area are unlikely to have speech deficits 
(Plaza et al. 2009). A mass originating in the ven-
tral precentral gyrus may dislocate the AF medi-
ally. More aggressive gliomas originating in 
ventrolateral precentral cortex (BA6) may ini-
tially dislocate the AF medially, then as they 
expand they may interrupt its trajectories causing 
conduction aphasia (Bizzi et al. 2012).

Intraoperative DTI has been used to show 
shifting of the CST tract during tumor resection. 
In a series of 27 patients with glioma the authors 
used DEC maps to find that dislocation of the 
CST may occur either inward or outward. The 
authors underscored that intraoperative updating 
of the DTI results is important (Nimsky et  al. 
2005). A WM tract that is compressed by a mass 
may turn out to be easier to track especially when 
FA is increased. This phenomenon is likely due 

to decreased radial diffusivity with minor changes 
in axial diffusivity. Tracts that are usually more 
difficult to visualize such as the OR and the con-
tingent of CST fibers projecting to M1 of the 
face/mouth area may be enhanced when they are 
compressed by a large mass (Fig. 7).

A WM tract is considered abnormal on DEC 
maps when it is coursing throughout an area of 
T2-signal hyperintensity, with altered FA and 
MD but it shows native orientation (color hue). 
Despite early reports suggesting that DEC maps 
might separate diffuse infiltrating gliomas from 
tumor-free vasogenic edema (Jellison et  al. 
2004), this differentiation is not reliable. The 
expansion of the ECS deployed by infiltrating 
glioma cells and the increased water content sec-
ondary to vasogenic edema may likely appear 
with similar and overlapping DTI abnormalities.

LGGs have a predilection to infiltrate associa-
tive unimodal and multimodal cortices in the 
insula, temporal pole, orbitofrontal, and SFG 
(Duffau and Capelle 2004). Insular gliomas eas-
ily infiltrate adjacent IFOF fibers coursing in the 
ventral floor of the extreme capsule and the UF in 
the temporal pole. Cancer cells may grow around 
and move along WM fascicles and infiltrate adja-
cent frontal and temporal lobes: a swollen tempo-
ral stem is a hint that the glioma cells are using 
the WM tracts as infrastructures to infiltrate addi-
tional territory. On axial DEC maps the trajecto-
ries of the IFOF in the temporal stem and the 
extreme capsule is coded in green. Only rarely 
LGGs may dislocate the IFOF and the UF. On the 
contrary, GBMs originating in the anterior aspect 
of the left temporal lobe are more likely to dislo-
cate or interrupt rather than infiltrate the 
IFOF. MR tractography identifies the trajectories 
of the IFOF and UF when they are dislocated. 
Unfortunately, heavy tumor infiltration or vaso-
genic edema may result in significant MD 
increase with FA drop. In this scenario MR trac-
tography fails to detect residual bundles because 
FA decreases below the threshold and the eigen-
vector may become undetermined. The possibil-
ity of false negative findings should be raised in 
the radiology report to the neurosurgeon. It is 
important to keep in mind that MR tractography 
does not provide functional information and that 
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Fig. 5 (a) Sixty-five years-old right-handed female with 
recent onset of severe comprehensive aphasia. MRI 
showed a large enhancing mass deep seated in the left pos-
terior temporal lobe. DEC maps with tractography showed 
that the mass dislocated anteriorly and medially the left 
CST (white arrows) and posteriorly the left AF (yellow 
arrow). In the upper box MR tractography of the direct 
segment of the AF with DEC streamlines. In the lower 

boxes form the left side are sagittal, coronal and axial 
DEC maps with the margins of the mass outlined. A GBM 
WHO-IV was removed at surgery. (b) DTI tractography 
of the three segments of the AF (direct in red, anterior in 
green, posterior in yellow) displayed in 3D over DWI in 
the axial plane is confirming that the GBM dislocated the 
AF posteriorly

Fig. 6 Seventy-six years-old male with GBM WHO-IV 
surrounded by abundant perilesional vasogenic edema in 
the right occipital lobe displacing the OR dorsally. Note 
the asymmetry with the right OR (light green) displaced 

dorsally relative to the left OR (yellow) on multiple 
T2-weighted MR images with overlaid streamline tractog-
raphy performed with spherical deconvolution. The mass 
is colored in blue
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Fig. 7 (a) Thirty-six years-old male with astrocytoma 
WHO-II. The three segments of the left AF (direct seg-
ment in red, posterior segment in yellow, and SLF-III in 
green) and two components of the CST projecting respec-
tively to M1 (yellow) and S1 (cyan) in the area of the face/
mouth are displayed over a sagittal T2-weighted MRI 
(upper row). Note in sagittal, coronal, and axial 
T2-weighted MRI (second row), FA maps (third row) and 
DEC maps (bottom row) that the large mass is infiltrating 
the left insula and the whole temporal lobe and it is dis-
placing the CST medially and the AF dorsally. Presurgical 
tractography was useful to show that eloquent fascicles 
(AF and CST) were outside of the mass, thus a complete 

resection could be attempted after detection of the func-
tional limits with IES mapping. Diffusion data were 
acquired with HARDI (64 gradient directions, b = 2000, 
2  ×  2  ×  2  mm3) and tractography was performed with 
spherical deconvolution algorithm. (b) Tractograms of the 
CST and AF are displayed over a coronal T2-weighted 
MRI (left panel). The severe mass effect paradoxically 
enhanced detection of the CST fibers projecting to the 
face/mouth area. This contingent of fibers is usually 
poorly visualized with normal anatomy due to crossing 
fibers, even with spherical deconvolution algorithm. 
Lateral view of the tractograms from below showing CST 
streamlines crossing the AF (right panel)

a
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IES is the only method that is reliable in testing 
WM function and to detecting presence of func-
tional bundles inside a tumor.

A WM tract is considered interrupted when 
the FA value drops below the FA threshold used 
for tractography and its trajectories are lost in 
the area of the tumor. From a biophysical per-
spective, this scenario occurs when diffusion 
becomes isotropic inside the tumor or the main 
orientation of anisotropy is not coherent any-
more with the native orientation of the tract of 
interest. A threshold of FA > 0.2 is usually rec-
ommended for tractography in healthy tissue; 
however, it has been shown that lowering the 
threshold to FA > 0.1 can help to identify resid-
ual trajectories inside a tumor (Bello et al. 2008) 
with the trade-off of raising the chance of false 
positive results. From a neuro-oncological per-
spective, interruption of a tract may be due to 
three conditions: tissue destruction, heavy gli-
oma cell infiltration, or vasogenic edema. In the 
first condition tractography would provide a true 
negative result, in the second a result that 
requires validation with IES or histopathological 
examination of the surgical specimen, while in 
the case of vasogenic edema would provide a 
false negative result. It has been shown that 
vasogenic edema may be associated with false 
negative results that should not be confused with 
bundle destruction (Bizzi et  al. 2012; Ducreux 
et al. 2006). We have already mentioned that the 
use of advanced diffusion imaging methods that 

use multicompartmental models such as NODDI 
(Zhang et al. 2012) has potential to better address 
this critical issue.

The appearance of a ring of increased anisot-
ropy at the periphery of the mass is another con-
troversial condition that has been described in 
brain tumors. The cause for high FA values at the 
interface between the mass and the surrounding 
brain tissue is not well understood. Few studies 
have investigated tensor shape indices in the 
periphery of focal lesions. Significantly higher 
CL values have been reported near the enhancing 
ring of GBM rather than of metastasis (Wang 
et  al. 2009). The authors of another study sug-
gested that CL and CP can distinguish true from 
pseudo WM trajectories inside an abscess cavity 
(Kumar et  al. 2008). CL and CP mean values 
measured within the abscess cavity were signifi-
cantly different compared with those of WM 
tracts; however, FA, MD, and CS values over-
lapped. High CP with low CL inside an abscess 
cavity indicates that the shape of the diffusion 
tensor is predominantly planar, whereas it is lin-
ear in WM tracts. These geometrical DTI indices 
may be used for differentiating true from pseudo 
WM tracts inside the abscess cavity and in gen-
eral at the periphery of a tumor. The finding of 
high FA and CP inside a tumor should be consid-
ered non-specific, while high FA and CL may 
indicate the possibility of residual WM tracts 
within a glioma. Elevated FA and CL at the 
periphery of a mass should suggest the proximity 

b

Fig. 7 (continued)
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Fig. 8 (a) Parametric maps available from DTI dataset of 
the same case illustrated in Fig. 7: fractional anisotropy 
(FA), linear, planar, and spherical anisotropy shape coef-
ficients (CL, CP, CS) and direction encoded color (DEC) 
maps. A large mass such as this astrocytoma may disrupt 
the architecture of the WM around it. When CL is high 
(bright) there is usually one dominant tract such as the 
CST in the medial boundary of the lesion in this case. 
When CP is high there may be two crossing fibers such as 

the AF and the CST in the dorsal boundary. CL and CP 
maps are often more informative than FA alone. (b) 
Parametric maps available from NODDI dataset of the 
same case illustrated in Fig. 7: neurite density (ND) and 
orientation dispersion index (odi). The very low ND value 
within the mass is suggesting that unlikely there should be 
residual fibers within the tumor; odi is elevated within the 
mass showing a paucity of oriented sticks (fascicles)

a
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of a compacted WM tract that can be identified 
with the aid of DEC maps (Fig. 8a). Finding of 
elevated CP around the periphery of a mass, 
especially if associated with elevated MD, should 
raise suspicion for pseudo WM tracts. In this last 
scenario elevated planar diffusivity might be an 
epiphenomenon of mass effect at the interface 
between the tumor and the brain tissue, espe-
cially when there is accumulation of water in the 
ECS (i.e., vasogenic edema). NODDI measures 
innovative parameters such as neurite density and 
orientation dispersion index that may also help to 
characterize tumor infiltration and vasogenic 
edema within and around a mass (Fig. 8b).

5.2  Mapping Strategies with MR 
Tractography

The main aims of mapping WM structures in 
neuro-oncology are (1) presurgical planning; (2) 
intraoperative guidance during direct subcortical 
IES and tumor resection; (3) postoperative evalu-
ation after tumor resection.

The advantage of using tractography for pre-
surgical mapping is to show in 3D-space the rela-
tionship of the trajectory of the fascicles of 

interest with a focal lesion and other anatomical 
landmarks. The neurosurgeon will select the best 
route to reach the lesion without damaging elo-
quent tracts, and will choose which tract to test 
with IES in the operating room. Among neuro-
surgeons there is consensus that the CST, AF, 
IFOF, UF, and OR are the most clinically relevant 
fascicles for presurgical mapping.

The general principle of tractography is to use 
the orientation information provided by the ten-
sor, the fODF, or the dODF. The most commonly 
used directional assignment corresponds to the 
major eigenvector of the diffusion tensor. Starting 
from one or more “seed” ROI and propagating 
the trajectories according to the tractography 
algorithm until the tracts are terminated gener-
ates a streamlined tractogram. Specific geometri-
cal and anatomical constraints are used to extract 
the trajectories that meet specific connection cri-
teria. Geometrical constraints (FA threshold) are 
used to terminate tracking in voxels with very 
low FA and undetermined fiber orientation or to 
avoid unrealistic trajectories with very sharp 
turns (angle threshold). Rules based on Boolean 
logic (i.e., true or false) can be applied to select 
(“IN”) or exclude (“OUT”) specific streamlines 
or pathways.

b

Fig. 8 (continued)
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It is tradition since the early days of determin-
istic tractography to filter out spurious stream-
lines that are known to represent artifacts from a 
priori knowledge. Spurious tracts represent false 
positive streamlines that are mainly due to errors 
to estimate tract orientation with diffusion imag-
ing in the presence of crossing, bending, and fan-
ning fibers. The number of spurious tracts is 
variable, it changes with WM fascicles and it 
depends on the quality and spatial resolution of 
the HARDI dataset. The number of spurious 
tracts is usually small in the proximity of a LGG, 
whereas it may increase significantly in the hemi-
sphere ipsilateral to a HGG, especially when the 
mass is aggressively growing and disarranges 
WM architecture.

It is important to use a precise and correct ter-
minology when describing imaging findings in a 
radiology report. Diffusion MR tractography pro-
vides anatomical (structural) information that has 
no functional content. Fasciculus and bundle are 
anatomic terms: a multitude of axons or fibers 
form bundles of different diameters; several bun-
dles form a fasciculus. The words streamline and 
trajectory should be used when describing results 
in MR tractography studies. The words pathway 
and stream are used mainly in functional imaging 
studies depicting information flow.

5.3  Motor System

5.3.1 Corticospinal Tract
The CST is the most eloquent of all WM struc-
tures and damage to the CST leads to permanent 
motor and speech deficits. Mapping of the CST is 
requested when a lesion is located in the paracen-
tral region, SMA, PMd, PMv, and in the proxim-
ity of its course at the level of the thalamus, basal 
nuclei, or brainstem. The CST carries axons 
organized in bundles projecting from the M1 
(49%), post-central and PPC (21%), SMA-proper 
(19%), PMd (7%), PMv (4%). IES of the CST is 
best performed with the high-frequency monopo-
lar probe rather than with the low-frequency 
60 Hz bipolar probe (Bello et al. 2014). It is man-

datory to identify all components of the CST in 
order to avoid postoperative motor deficits 
(Fig. 9). The typical course of the CST and the 
somatotopic organization of its fascicles is 
important to know in order to predict potential 
deficits during removal of a lesion. In M1 the 
tongue and face areas are located ventrally and 
laterally to the hand area, the leg and foot are 
located dorsally and medially in the paracentral 
lobule. After leaving the cortex the CST curves 
slightly backwards, then it bends forward before 
entering the posterior limb of the internal cap-
sule. Along this way the somatotopic fibers twist 
about 90° counter-clockwise so that the tongue 
and face bundles descend anteriorly and the foot 
and leg bundles posteriorly. At the level of the 
internal capsule the hand bundles occupy the mid 
portion of the CST.

Tracking of the CST should be performed 
with a two ROIs approach using streamline or 
probabilistic tractography. Delineation of the 
seed ROI is usually performed on b0 (i.e., T2WI) 
or FA maps in multiple axial slices in the 
 precentral and post-central gyri, posterior third of 
the SFG (i.e., SMA) and MFG (i.e., PMd and 
PMv). The ROI should include the subcortical 
WM since fiber tracking does not reach the corti-
cal layers. The ROI in M1 should extend from the 
mouth to the foot area. Delineation of the target 
ROI should be done at the level of the pons in the 
ipsilateral tractus pyramidalis (blue on DEC 
maps) that is anterior to the pontocerebellar fibers 
(red on DEC maps) and lemniscus medialis (blue 
on DEC maps). Some authors prefer to delineate 
the target ROI in the ipsilateral cerebral peduncle 
of the midbrain or in the posterior limb of the 
internal capsule. After connecting the two ROIs 
the tractogram should be inspected for a priori 
anatomic consistency.

Spurious streamlines should be removed with 
“out-ROI” filters with the aim to show the back-
bone of a “clean tractogram.” Spurious tracts to 
the contralateral CST are frequently found along 
the trajectories of the CC and of the pontocere-
bellar peduncles. Spurious tracts are due to arti-
facts of fiber tracking in voxels with crossing 
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fibers. The number of spurious tracts is variable 
and depends on the quality and spatial resolution 
of the HARDI dataset, however some spurious 
tracts should always be expected in the above 
regions. Out-ROIs are usually needed in the mid- 
sagittal plane and in the middle cerebellar 
peduncles.

Tracking the backbone of the CST from the 
hand knob area (omega sign) in M1 to the pons is 

relatively easy. Unfortunately streamline DTI 
tractography usually fails to reconstruct stream-
lines originating in the tongue, face, leg, and foot 
areas due to the presence of crossing fibers with 
the CC and the SLF at the level of the centrum 
semiovale (Mandelli et al. 2014). Implementation 
of HARDI acquisition scheme with more 
advanced algorithms such as SD (Dell’Acqua 
et  al. 2013), multi-tensor (Yamada et  al. 2007), 

a

Fig. 9 (a) Thirty-one years-old male with cavernous 
angioma (white circle) seated in the deep WM below the 
left SMG. The medial margin of the focal lesion is abut-
ting the left CST.  Diffusion data were acquired with 
HARDI (64 gradient directions, b = 2000, 2 × 2 × 2 mm3) 
and tractography was performed with spherical deconvo-
lution algorithm. Tractography of the CST components 
originating from M1 (green), SMA (orange), PM dorsal 
(cyan), and S1 (yellow). The components of both cortico-
spinal tracts (CST) are displayed over axial FA map at the 
level of the central sulcus (upper row, left panel) and coro-

nal T2-weighted MRI (lower row, left panel); anterior and 
posterior views of both CST in the middle panels; lateral 
and medial view of the left CST on the right panels. (b) 
Tractography showing that the components of the left 
CST projecting to M1 (green) and S1 (yellow) are adja-
cent to the medial margin of the cavernous angioma. 
Intraoperative view (left upper corner) showing direct 
subcortical electrostimulation of the floor of the surgical 
cavity with the monopolar probe: a current of 8  mA 
evoked MEP responses of the right hand and leg confirm-
ing that the CST was very close to the angioma
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Q-ball, and probabilistic tractography (Bucci 
et al. 2013) allows depiction of additional trajec-
tories that are originating from the face, tongue, 
and foot regions of M1.

5.3.2  SMA Connectivity
The SMA is at the center of a rich network of 
WM connections with motor, language and lim-
bic structures. The connectivity of the SMA is of 
particular interest for brain tumor surgery since it 
is one of the favorite areas infiltrated by LGG 
(Duffau and Capelle 2004). The “SMA syn-
drome” characterized by transient contralateral 
akinesia and mutism with a usually complete 
recovery in 6–12  months can follow surgery in 
this area. Immediate severe postoperative deficits 
can be quite stressful for the patient. Knowledge 
of the connections of the SMA can provide new 

insights on the genesis of the SMA syndrome; 
assessment of the extension of infiltrating tumors 
can assist the neurosurgeon in predicting the 
postoperative course of patients.

The SMA is located in the medial posterior 
third of the SFG and it is functionally and con-
nectively divided into two parts by a virtual line 
arising from the AC and perpendicular to the 
AC-PC line. The SMA-proper and pre-SMA play 
a different role with regard to motor function. 
The SMA-proper is more directly related to the 
execution of movement, while the pre-SMA is 
involved in planning and preparation of higher 
motor control. Differences in connectivity of the 
two regions provide an anatomical basis for 
explaining these functional aspects. The SMA- 
proper is a component of the CST network and it 
sends fibers through the corona radiata and the 

b

Fig. 9 (continued)
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internal capsule to the spinal cord, while the pre- 
SMA has no direct connection with the cord. The 
SMA-proper is thought to play a role in the direct 
execution of movement due to this corticospinal 
projection. Neuroradiologists should pay particu-
lar attention to track also streamlines projecting 
from the SMA-proper to the spine when mapping 
the CST.

In a post-mortem dissection and tractography 
study Vergani et al. identified five main types of 
connections: (1) short U-fibers in the depth of the 
precentral sulcus, directly connecting the SMA- 
proper with M1, especially at the level of the 
hand region; (2) U-fibers connecting SMA with 
the cingulate gyrus; (3) an intralobar frontal tract 
connecting the SMA with pars opercularis BA44 
and BA6 (this fascicles has been named by Catani 
the “frontal aslant tract” (Catani et al. 2012)); (4) 
fibers connecting the SMA with the striatum; (5) 
SMA callosal fibers connecting homologous 
areas (Vergani et al. 2014). Both the SMA-proper 
and the pre-SMA have direct connections with 
the head and body of the caudate nucleus. The 
presence of striatal connections has been demon-
strated in a DTI study by Lehericy et al. (2004). 
This cortico-striatal connection is part of a wider 
network that reverberates back to the cortex 
through the thalamus. It is believed that this 
cortico- basal nuclei-thalamo-cortical network 
may be implicated in different aspects of motor 
control, including initiation, sequencing, and 
modulation of voluntary movements. A predomi-
nance of striatal fibers on the left side in right- 
handed individuals provides evidence for this 
pathway to play an important role in language.

5.4  Language System

Mapping of the language system is requested 
when a lesion is located in the perisylvian region 
of the dominant hemisphere: insula, dorsal aspect 
of the frontal, temporal, and parietal lobes and in 
the adjacent WM pathways. Modern theories 
about language have recognized that there is a lot 
of network redundancy in the system. The impli-

cations of a dual-stream system with dorsal and 
ventral networks cannot be overemphasized. The 
AF is the main component of the dorsal network 
that is considered critical in syntactic analysis 
and modulation of acoustic speech signal to the 
articulatory loop located in the ventrolateral part 
of the frontal lobe. The IFOF, UF, and inferior 
longitudinal fasciculus (ILF) are the main fasci-
cles of a ventral perisylvian network that is con-
sidered critical for lexical and semantic 
processing occurring in the anterior temporal 
lobe. The ventral network is involved in process-
ing sound into meaning and comprehension. 
However, there are other aspects of language that 
may rely on a more extended language network 
with additional fascicles like the middle longitu-
dinal fasciculus (MLF) connecting the STG with 
the IPL, the frontal aslant tract (FAT), and the 
subcallosal fascicle connecting language sites 
with the SMA.

5.4.1  The Dorsal Pathway: Arcuate 
Fasciculus

The AF is an essential component of the language 
system connecting regions devoted to formal 
aspects of language in temporal-parietal areas 
with regions involved in intentional and social 
communication in prefrontal areas (Catani and 
Bambini 2014). According to Catani the AF has 
three main cortical projections in the ventrolat-
eral prefrontal (Broca), IPL (Geschwind), and 
posterior third of the temporal (Wernicke) lobe 
(Catani et al. 2005): (1) a direct (long segment) 
pathway connecting Broca with Wernicke territo-
ries, (2) an anterior segment connecting Broca 
with the IPL; (3) a posterior segment connecting 
Geschwind territory with the posterior third of 
the MTG. The three nodes are used in tractogra-
phy as seed points to track the trajectories of the 
three segments that form the AF. Macroscopically 
the direct segment has two arms that converge in 
a stem (isthmus) that is located in the deep WM 
of the posterior temporal lobe. The fronto- parietal 
arm courses lateral to the corona radiata in the 
centrum semiovale, then it bends ventrally; the 
temporal arm of the AF courses along a cranio- 
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caudal axis lateral to other long-range fascicles 
that are coursing in the deep WM underneath the 
AG and STG: they are the MLF, IFOF, and 
OR. The fronto-parietal and temporal arms of the 
AF-direct converge to form a stem (blue on DEC 
maps) that is an important landmark for tractog-
raphy. The anterior and posterior AF segments 
are lateral to the direct segment; on DEC maps 
the streamlines of the anterior segment are green, 
those of the posterior segment are predominantly 
blue and green.

Tracking of the three segments of the AF 
should be performed with a two ROIs approach 
using streamline or probabilistic tractography 
with delineation of three seed ROIs on sagittal 
slices in the posterior IFG including BA6 and 
PMd (Broca territory), posterior third of MTG 
(Wernicke territory), and IPL (BA39/40, 
Geschwind territory). DEC and FA maps are 
quite useful in delineating seed and target ROIs. 
The ROI in the IPL and in the posterior IFG 
should include only a small layer of subcortical 
WM, while ROI delineation in the MTG should 
include the deep WM and in particular the AF 
stem.

The three tractograms should be inspected for 
a priori anatomical consistency after connecting 
each pair of ROIs. Spurious streamlines should 
be removed with “out-ROI” filters with the aim to 
illustrate the backbone of a “clean tractogram.” 
Spurious tracts are often found overlapping with 
the trajectories of the CC and IFOF, due to fiber- 
tracking artifacts in voxels with crossing fibers. A 
statistical significant leftward asymmetry has 
been reported for the volume and number of 
streamlines of the direct segment of the 
AF.  Furthermore, left lateralization has been 
shown in males, while a bilateral distribution has 
been shown in females. Individuals with more 
symmetric distribution performed better at 
remembering words using semantic association. 
These findings suggest that the degree of lateral-
ization of the long segment of the AF is heteroge-
neous in the normal population and, paradoxically 
bilateral representation, not extreme lateraliza-

tion might ultimately be advantageous for spe-
cific cognitive functions (Catani et al. 2007). In 
addition, it was shown in a longitudinal DTI 
study that the volume of the direct segment of the 
AF in the right hemisphere is an important pre-
dictive factor for recovery of language after 
stroke in the left dominant hemisphere (Forkel 
et al. 2014a).

In the past the terms AF and SLF have been 
used as synonyms, but we agree with Catani that 
the equivalence of terms is anatomically incor-
rect despite some overlap between the fascicles. 
The term SLF should refer to a group of three 
longitudinal tracts connecting the dorsolateral 
cortex of the frontal and parietal lobes. The third 
segment of the SLF (SLF-III) overlaps with the 
anterior segment of the AF, while SLF-I and 
SLF-II are not components of the language net-
work. The posterior segment of the AF runs along 
the cranio-caudal axis and it connects the AG 
with the posterior third of the MTG. It should not 
be confused with the MLF that runs longitudi-
nally along the anterior-posterior axis of the SFG.

5.4.2  The Ventral Pathway: IFOF, UF, 
and ILF

The IFOF is a long association fascicle connect-
ing the frontal with the temporal, parietal, and 
occipital lobes (Catani et  al. 2002). The IFOF 
carries visual information from occipital areas to 
the temporal lobe and it is likely to play an impor-
tant role in visual object recognition, and in link-
ing object representation to their lexical labels 
(Catani and Mesulam 2008). Macroscopically 
the IFOF has two arms that converge in the tem-
poral stem: the frontal arm projects to the IFG, 
MFG, dorsolateral prefrontal cortex, orbitofron-
tal cortex, and frontal pole; the temporo-parieto- 
occipital arm provides short-range bundles to the 
anterior temporal and insular cortex, long-range 
bundles to the posterior STG and MTG, and to 
the parietal and occipital cortex. Anatomically 
the IFOF can be subdivided into three segments: 
frontal, intermediate temporal, and parieto- 
occipital. Anatomic dissection of 14 post-mortem 
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human cerebral hemispheres using the Klingler 
method has identified two components of the 
IFOF: a dorsal component connecting the frontal 
areas with the superior parietal lobule and poste-
rior portion of the superior and middle occipital 
gyri and a ventral component connecting the 
frontal areas with the ventral part of the temporal 
lobe (fusiform gyrus, temporo-occipital sulcus, 
and inferior temporal gyrus) and with the inferior 
occipital gyrus (Martino et al. 2011). IFOF termi-
nations have been demonstrated with post- 
mortem dissections within the SPL, superior, 
middle, and inferior occipital gyri (Martino et al. 
2010). The ventral fibers of the IFOF partially 
overlap with the OR projecting into the superior 
and inferior banks of the calcarine sulcus. 
Caversazi et al. used Q-ball residual-bootstrap to 
reconstruct the IFOF using one single ROI delin-
eated in the extreme capsule and thresholds of 
FA > 0.15 and <60° angle (Caverzasi et al. 2014). 
The authors were able to duplicate the above 
reported post-mortem findings. In comparison 
with classic DTI-based tractograms more 
extended projections of the anterior arm of the 
IFOF were found with Q-ball imaging in the lat-
eral and medial orbitofrontal gyri, pars orbitalis 
and triangularis, rostral portion of the MFG, and 
even in the SFG. More extended projections of 
the posterior arm of the IFOF were found to proj-
ect to the lingula, pericalcarine and lateral occipi-
tal cortices, cuneus, and caudal portion of the 
fusiform gyrus. Trajectories of the dorsal compo-
nent were found to project to the AG and 
SPL. The anatomy of the IFOF projections to the 
occipital lobe was consistent among the 20 
healthy subjects with greater than 75% overlap 
along its entire course.

At the level of the temporal stem the IFOF 
occupies the posterior and dorsal two-thirds of 
the stem and the streamlines can easily be distin-
guished from those of the UF coursing in the 
anteroventral and lateral part of the stem. As the 
IFOF exits the temporal stem it runs in the ventral 
part of both the external and extreme capsules, 
encasing the inferior part of the claustrum 

(Ebeling and von Cramon 1992). The extreme 
capsule should not be considered a tract but a 
gross anatomy-defined WM structure. The inter-
mediate segment of the IFOF runs in the roof of 
the temporal horn, superior and lateral to the 
OR.  Within the posterior temporal region the 
IFOF trajectories run lateral to the tapetum and 
medial to the MLF, AF-direct, and posterior seg-
ment of the AF.

In the macaque monkey the IFOF is less 
developed than in humans, as monkeys lack the 
MTG and their IFOF connects primarily to poste-
rior occipital areas (Forkel et  al. 2014b; 
Schmahmann et al. 2007; Thiebaut de Schotten 
et al. 2012). In the monkeys the IFOF overlaps to 
some extent with the extreme capsule and this 
explains why it has been reported with that name 
in the literature (Petrides and Pandya 1988; 
Schmahmann and Pandya 2006). Other authors 
have adopted the monkey anatomic terminology 
also for human studies and refer to the extreme 
capsule as the direct connection between the pre-
frontal areas and the MTG (Saur et  al. 2008, 
2010).

Tracking of the IFOF is performed with a two 
ROIs approach using streamline or probabilistic 
tractography with delineation of the seed ROI in 
the temporal stem (green on DEC maps) and the 
target ROI in the deep WM of the occipital lobe 
at the level of the calcarine fissure. The seed ROI 
is delineated in multiple axial slices, whereas the 
target ROI in one coronal slice is perpendicular to 
the IFOF trajectories. The tractogram should be 
inspected for a priori anatomical consistency 
after connecting the two ROIs. In the human 
brain the IFOF is an easy tract to reconstruct with 
tractography because it runs longitudinally in the 
anterior-posterior direction and it is the dominant 
tract along most of its course. Spurious stream-
lines should be removed with “out-ROI” filters. 
Brain tumors expanding in the temporal or pari-
etal lobe are likely to dislocate its trajectories or 
even to disrupt its course by increasing the num-
ber of spurious streamlines. A statistical signifi-
cant rightward asymmetry has been reported for 
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the volume and number of streamlines of the 
IFOF (Thiebaut de Schotten et al. 2011b).

The role of the IFOF in semantic processing is 
supported by IES mapping studies showing with 
high reproducibility that stimulation of the fasci-
cle throughout its course from the frontal to the 
occipital lobe evokes semantic paraphasias 
(Duffau et al. 2008a). The anterior (frontal) arm 
of the IFOF should be detected with IES and rep-
resents the functional boundary in glioma infil-
trating the pars opercularis of the IFG, the PMv 
or PMd areas of the dominant hemisphere. The 
intermediate and temporo-occipital segments of 
the IFOF represent the functional boundary in 
gliomas infiltrating the insula and the deep tem-
poral lobe.

The UF is a hook-shaped bundle connecting 
the frontal lobe with the anterior temporal lobe. 
Macroscopically the UF has two arms that con-
verge in the temporal stem: the frontal (dorsal) 
and the temporal (ventral) arms. From the stem 
the UF fans out into the frontal and temporal 
lobes. At the level of the temporal stem and in the 
proximity of the anteroventral portion of the 
extreme and external capsules the UF and IFOF 
look like very compacted bundles with the UF 
located ventral and anterior to the IFOF.  In the 
frontal lobe the UF bundles project to the lateral 
and medial orbitofrontal cortex; in the temporal 
lobe the bundles project to the pole, amygdala, 
anterior part of the hippocampus, anterior third of 
STG and MTG (Martino et al. 2011).

The UF is part of the limbic system and it is 
likely involved in emotion and memory. It also 
plays a role in lexical retrieval, semantic associa-
tions, and specific aspects of naming. In a series 
of 44 patients who underwent awake surgery for 
removal of a left frontal or temporal glioma, 
removal of the UF in 18 patients resulted in long- 
term deficit of famous face naming, but not of 
picture naming of objects (Papagno et al. 2010, 
2016). Patients were able to retrieve biographical 
information about people they could not name. 
Proper name impairment is a post-semantic defi-
cit that requires damage of a functional network 

that has several nodes connected by the UF: the 
orbitofrontal cortex involved in face-encoding, 
the ventromedial prefrontal cortex involved in the 
processing of emotions and the temporal pole 
involved in naming famous faces (Gorno-Tempini 
et al. 1998).

Tracking of the UF is performed with a two 
ROIs approach using streamline or probabilistic 
tractography with delineation of the seed ROI in 
the temporal stem and the target ROI in the ante-
rior WM of the temporal lobe at the level of the 
anterior commissure. The seed ROI is delineated 
in multiple axial slices, whereas the target ROI in 
one coronal slice is perpendicular to the UF tra-
jectories. The tractogram should be inspected for 
a priori anatomical consistency after connecting 
the two ROIs. The UF is an easy tract to recon-
struct with tractography despite its bending and 
fanning trajectory because it does not cross other 
compact tracts. Spurious streamlines are scarce 
and they can be removed with “out-ROI” filters. 
The UF is symmetrical fascicles without signifi-
cant differences in tract volume between the two 
hemispheres.

The ILF is a ventral associative bundle with 
long- and short-range fibers connecting the tem-
poral and occipital lobes. The long bundles 
course medially to the short fibers and connect 
visual areas to the temporal pole, amygdala, and 
hippocampus. The ILF trajectories are coursing 
ventrally and laterally to the IFOF in the deep 
WM of the temporal and occipital lobes. The 
streamlines are green on DEC maps, but without 
tractography they are difficult to distinguish from 
the other fascicles running in the temporo- parietal 
fiber intersection area (TPFIA). Short-range 
fibers of the ILF connect the fusiform gyrus with 
the posterior part of the inferior occipital gyrus. 
Long-range fibers run medially to short-range 
fibers from the anterior temporal lobe to the ven-
trolateral occipital cortex; they course horizon-
tally along the ventrolateral wall of the temporal 
and occipital horns with a posterior and lateral 
orientation. The ILF runs ventrally and laterally 
to the IFOF and OR for most of its course; the 
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ILF partially overlaps and crosses the IFOF and 
OR at the level of the TPFIA.

Tracking of the ILF is performed with a two 
ROIs approach using streamline or probabilistic 
tractography with delineation of the seed ROI in 
the occipital WM and the target ROI in the ante-
rior WM of the temporal lobe at the level of the 
anterior commissure. Both ROIs are delineated in 
one coronal slice perpendicular to the ILF trajec-
tories. The tractogram should be inspected for a 
priori anatomical consistency after connecting 
the two ROIs. Spurious streamlines can be 
removed with “out-ROI” filters. The ILF are 
symmetric fascicles without significant differ-
ences in tract volume between the two 
hemispheres.

The ILF is involved in face and visual object 
recognition, reading, visual memory, and in link-
ing object representations to their lexical labels 
(Catani and Mesulam 2008). IES of the ILF sys-
tematically impaired reading ability at the level 
of the posterior surgical area. The ILF is involved 
in both the direct and indirect transfer of informa-
tion between extrastriatal visual and anterior 
temporal areas involved in memory and limbic 
functions (Mandonnet et al. 2009). Moreover, it 
has been suggested that the ILF together with the 
UF provides an indirect pathway between the 
occipital and frontal language areas supporting 
semantic and lexical processing. The ILF, MLF, 
and UF are components of anterior temporal net-
works involved in selecting verbal labels for 
objects in a posterior-anterior progression of 
word comprehension, from generic to specific 
levels of precision. Overall the anterior temporal 
network enables mapping sound to meaning 
(Hickok and Poeppel 2007; Catani and Bambini 
2014).

5.4.3  Frontal Aslant Tract 
and Subcallosal Fasciculus

The FAT is a recently described bilateral frontal 
intralobar fascicle connecting the anterior part of 
SMA-proper and the pre-SMA with the pars 
opercularis (BA44) of the IFG. Some fiber pro-

jections reach also the adjacent BA6. The FAT is 
the only intralobar tract connecting two non- 
adjacent gyri in the frontal lobe and it has been 
named “aslant” because of its peculiar oblique 
orientation in the coronal plane. It has been dis-
sected with streamline tractography using the 
FACT algorithm (Oishi et al. 2008; Lawes et al. 
2008) and with probabilistic tractography (Ford 
et al. 2010), however it is best visualized with the 
SD algorithm (Catani et al. 2012). It is one of few 
(previously unknown) tracts that have been first 
described with MR tractography (Oishi et  al. 
2008), then validated with post-mortem dissec-
tion studies (Lawes et al. 2008).

A significant leftward asymmetry in track vol-
ume in right-handed healthy subjects has been 
reported (Catani et al. 2012), suggesting a role in 
language connections. In one of our patients with 
oligoastrocytoma WHO-II seated in the lobar 
WM of the left frontal lobe we confirmed the 
relationship of this tract with language deficits. 
The presurgical MR tractography study showed 
that the FAT was adjacent to the medial and ven-
tral margins of the mass, the CST was adjacent to 
the posterior margin, while the AF was relatively 
remote from it (Fig. 10). The mass was resected 
and the patient experienced severe mutism after 
surgery. Speech initiation deficits lasted longer 
than expected for a SMA syndrome and approxi-
mately 12 months after surgery the patient con-
tinued to have delayed reaction time to initiate 
speech. The postoperative MR tractography 
study confirmed preservation of the AF and SMA 
and suggested that the focal neurological deficit 
was associated with resection of the FAT.  The 
authors of another MR tractography study in 35 
patients with primary progressive aphasia showed 
that fractional anisotropy values of the FAT cor-
related with deficits in verbal fluency and sug-
gested that this fascicle was part of the speech 
network (Catani et al. 2013).

Tracking of the FAT is performed with a two 
ROIs approach using streamline or probabilistic 
tractography with delineation of the seed ROIs in 
pars opercularis (BA44) and of the target ROI in 
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the pre-SMA and anterior SMA-proper in multi-
ple axial slices. Placement of spherical ROIs with 
Trackvis software (http://trackvis.org/) is handily 
used to explore the frontal region for intralobar 
streamlines before dissecting the frontal tracts.

The SCF was first described in 1887 by Theodor 
Meynert who used the term “corona radiata of the 
caudate nucleus” (Meynert 1887) and later in 1893 
by Muratoff (Forkel et  al. 2014b). The SCF has 
been described in humans and monkeys. In the 
monkey Yakovlev and Locke described the SCF as 

a projection tract connecting the cingulum to the 
caudate nucleus (Yakovlev and Locke 1961). 
Moreover, the fronto-striatal fibers also have 
strong reciprocal connections with BA24 of the 
cingulate gyrus and the pre- SMA. For this reason 
the SCF is also named the fronto-striatal tract 
(FST). In a study of stroke patients using comput-
erized tomography more severe limitation in spon-
taneous speech was associated with lesions in the 
most rostral and medial portion of the FST plus the 
periventricular WM near the body of the lateral 

Fig. 10 (a) Twenty-nine years-old male with a mass infil-
trating the lobar WM and the left MFG. Functional MRI 
with the verb generation task (upper row, from left to 
right) is showing BOLD response in left pars opercularis 
and PMv (sagittal and coronal images), in the pre-SMA 
and SMA-proper (sagittal image), SMA-proper and PMd 
(coronal image) and SMA-proper (axial image). 
Activation areas can be used to assist delineation of ROI 
for tractography in selected cases. In the left panel of the 
lower row the projections of the FAT (cyan) in pars oper-
cularis and PMv, projections of the AF-direct (red) in 
PMv and posterior MTG, projections of the SLF-III 
(green) in PMv and SMG, projections of the posterior seg-
ment of the AF (yellow) in AG and MTG are overlaid on a 
sagittal FA map. The FAT is the medial and ventral limit 
of resection of the mass as illustrated in the coronal T2WI 
(mid panel). The relationship of the mass with the FAT 
and CST (red-orange scalar) that are, respectively, the 
medial and posterior margin of the mass is illustrated in 

the axial T2WI (right panel). (b) A left lateral oblique 
view of the main tracts evaluated in this case is displayed 
over sagittal and axial FA map. Note how big the FAT is in 
this case, probably enhanced by interruption of the cross-
ing SLF due to presence of the tumor. Intraoperative mon-
itoring with subcortical IES was not performed in this 
case and the patient immediately after surgery presented 
with severe mutism that lasted for a few weeks. Speech 
initiation deficits lasted longer than expected for a SMA 
syndrome and approximately 12 months after surgery the 
patient continued to have delayed reaction time to initiate 
speech. An oligoastrocitoma WHO-II was removed at sur-
gery. The postoperative tractography study (not shown) 
confirmed that the severe SMA syndrome was associated 
with resection of the FAT despite preservation of the AF 
and SMA. Diffusion data were acquired with HARDI (64 
gradient directions, b = 1000, 2 × 2 × 2 mm3) and tractog-
raphy was performed with DTI interpolated streamline 
algorithm (thresholds FA > 0.15; angle <45°)

a
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b

Fig. 10 (continued)

ventricle (Naeser et al. 1989). It is assumed that 
the FST may play an important role in the devel-
opment of the  intention to act and in the prepara-
tion for speech movement, both the initiation and 
limbic aspects of speech.

The SCF courses within the periventricular 
zone of the anterior horn of the lateral ventricle, 
medially to the superior fronto-occipital fascicu-
lus, an association pathway connecting the fron-
tal with the occipital cortex. The two fascicles 
should be clearly distinguished despite their ana-
tomic proximity in the periventricular zone. To 
add to the confusion, occasionally the SCF and 
the superior fronto-occipital fasciculus have been 
used synonymously in the literature, despite they 
have clearly different anatomic and physiologic 
properties.

In a tractography study of 8 healthy subjects 
Léhericy et al. dissected fronto-strial projections 
and provided the first demonstration that frontal 
posterior and anterior premotor areas projections 
to the striatum are organized in distinct circuits 

along the caudal-rostral axis (Lehéricy et  al. 
2004). Fiber tracking of the FST is performed 
with the two ROI approach: a seed subcortical 
ROI is delineated in the caudate head and a target 
ROI in the pre-SMA. The trajectories of the FST 
ascend around the lateral wall of the frontal horn 
of the lateral ventricle, and then intermingle with 
ipsilateral FAT trajectories originating from the 
pars opercularis before entering into the pre- 
SMA. Subcortical IES of the FST evokes delayed 
speech initiation (Vassal et al. 2013).

5.4.4  Which Fascicles Are Eloquent 
for Speech?

Determination of which brain regions and fasci-
cles are functionally eloquent for language and 
should be safeguarded during surgery remains an 
important and debated issue. The aim of IOM is 
to map the networks underlying different but 
interactive language processes that will define 
the functional limits of the resection. Several lan-
guage tasks are available and selection of which 
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task to administer to the patient depends on the 
location of the lesion, presurgical imaging map-
ping and neuropsychological results, handed-
ness, job, and hobbies of the patient (see Table 1).

In gliomas infiltrating the perisylvian region 
within the dominant hemisphere mapping of the 
cortical sites on the brain surface begins with 
identification of the motor strip, PMv, and poste-
rior IFG (Broca area). The PMv (BA6) can be 
identified asking the patient to count while the 
neurosurgeon stimulates the surface of the cortex 
with a low-frequency bipolar probe. When the 
current depolarizes neurons in the PMv of a 
patient who is counting or during spontaneous 
speech, he/she will have a speech arrest (Duffau 
2005), even if stimulated in the non-dominant 
hemisphere (Duffau et al. 2008b). Common and 
important language tasks are picture naming, 
reading, comprehension, syntax and language 
switching from one language to another.

After completing corticotomy, resection of the 
tumor continues only after all functional limits 
with eloquent subcortical pathways have been 
identified and disconnected from the tumor. With 
gliomas growing in the anterior frontal lobe the 
FAT and the SCF are found, respectively, later-
ally and medially. With gliomas growing in the 
suprasylvian region within the frontal or parietal 
opercula the SLF-III, AF-direct and CST are 
encountered in this order. The AF-direct is the 
deep limit of the resection also in superficial glio-
mas infiltrating the MTG and STG.  The IFOF 
and OR are the deep limits in gliomas seating 
deep to the IPL and posterior temporal region. At 
the level of the ventral temporo-occipital junction 
the posterior part of the ILF should be identified 
because it is part of the reading network.

Which of the above fascicles if damaged may 
relate to permanent language deficits? In a large 
series of 115 patients with LGG infiltrating lan-
guage areas Duffau et  al. showed that tumor 
resection by safeguarding functional boundaries 
avoids permanent postoperative language deficits 
(Duffau et al. 2008a, b). The AF has been associ-
ated with language for a very long time; however, 
its role together with that of the UF, MLF, and 
ILF in maintaining the integrity of the network 
has been questioned by the neurosurgeons. The 

AF is a long-range fascicle and a few neurosur-
geons suggest that IES of only a focal part of it 
may evoke phonemic paraphasia. The eloquent 
part of the AF should be safeguarded, whereas 
other parts may be removed with the tumor. The 
eloquent part can only be identified with 
 subcortical direct IES due to a great variability 
among patients. Stimulation of the AF-direct seg-
ment induces transient phonemic paraphasia and 
repetition errors that are signs of conduction 
aphasia. Stimulation of the AF can also disrupt 
syntax (Vidorreta et al. 2011) or a wide network 
involved in language switching from native to 
secondary languages, a skill that is important to 
safeguard in bilingual patients (Bello et al. 2006; 
Gatignol et al. 2009). Stimulation of the SLF-III 
induces speech apraxia (Maldonado et al. 2011a) 
and it may be involved with verbal working 
memory (Maldonado et al. 2011b), while stimu-
lation of the FAT and SCF induces speech 
initiation.

We have seen previously how important is 
direct subcortical IES of the IFOF in preserving 
semantic processes of language. The IFOF is the 
medial functional limit in gliomas located in the 
frontal operculum, insula and temporal lobe of 
the dominant hemisphere. On the contrary to 
what applies for the left AF, subcortical IES of 
the left IFOF throughout its course induces 
semantic paraphasia (Duffau et  al. 2005; Bello 
et al. 2007).

The UF can be removed without permanent 
deficits if the IFOF is preserved: in Duffau’s large 
series IES of the left UF did not evoke language 
deficits (Duffau et al. 2008a, b). However, short 
and long-lasting deficits in famous face naming 
in a series of patients with UF resection after 
removal of left frontal or temporal gliomas have 
been reported (Papagno et al. 2010, 2016).

In the literature there are conflicting findings 
about the role of the left ILF in language and 
semantics. Direct subcortical IES of the left ILF 
does not particularly impair spoken language 
generally, especially for picture-naming perfor-
mances. IES of the left ILF did not induce lan-
guage errors in 12 patients with LGG in the 
temporal lobe (Mandonnet et  al. 2007b). 
However, the posterior part of the ILF should be 
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safeguarded and preserved in gliomas located 
near the ventral temporo-occipital junction, 
because the ILF may play a crucial role in read-
ing. In a single glioma patient, direct cortical IES 
near the visual word form area led to visual para-
phasias that were also elicited by subcortical IES 
of the ILF in the anterior wall of the surgical cav-
ity (Mandonnet et  al. 2009). More recently, 
Duffau and colleagues showed that disruption of 
the anterior-to-middle segment of the ILF with 
IES during awake surgery systematically induced 
pure anomia during a picture-naming task in five 
patients with LGG in the ITG and posterior tem-
poral lobe, but not in the other six patients with 
LGG infiltrating the anterior temporal lobe 
(Herbet et al. 2019). The authors concluded that 
their results showed that the information con-
veyed by the ILF is likely rerouted to alternative 
pathways such as the IFOF when glioma is dam-
aging the anterior temporal cortex. These results 
also proved that the ILF plays a role in lexical 
retrieval in normal circumstances. These conclu-
sions are further supported by the case report of a 
glioma patient who developed a long-lasting 
anomic aphasia after a presurgically planned 
interruption of the ILF.

In a series of eight patients with glioma in the 
left dominant STG subcortical IES of the anterior 
part of the MLF did not elicited language deficits 
and the patients did not developed any postopera-
tive permanent language deficit (De Witt Hamer 
et al. 2011). Thus, the MLF may participate, but 
is not essential for language processing. Taken 
together the above studies in patients harboring 
gliomas seated in the dominant temporal lobe 
suggest that resections of the UF, ILF, and MLF 
may cause permanent aphasia in special circum-
stances when their function cannot be compen-
sated by the IFOF.

Cortical direct IES of the SMA and pre-SMA 
produces both vocalization and arrest of speech 
(Penfield and Rasmussen 1950). Patients with 
lesions of the SMA may present various degrees 
of speech impairment from a total inability to ini-
tiate speech to deficits in phonologic fluency. It 
has been hypothesized that the SMA through the 

FAT may facilitate speech initiation. Very recently 
in a series of 19 patients with WHO-II gliomas 
infiltrating the SMA, pars opercularis, and/or the 
caudate nucleus inhibition of speech has been 
evoked not only by cortical IES of the BA6, pars 
opercularis or SMA, but also by direct subcorti-
cal IES of the left FAT (Kinoshita et  al. 2014). 
Furthermore, the authors found a significant 
 correlation between the severity of postoperative 
transitory speech initiation deficits and the dis-
tance of the FAT from the wall of the resection 
cavity. In the same study IES of the FST gener-
ated negative motor responses suggesting that the 
FST may be part of the “negative motor network” 
and may participate in the modulation of motor 
function including bimanual coordination. 
Despite the fact that the authors found a relation-
ship between speech initiation postoperative defi-
cits and the left FAT but not the left FST, the 
average distance between tumor resection and 
left FST showed a positive correlation with ver-
bal phonemic and semantic fluency scores in the 
immediate postoperative period and plead in 
favor of the involvement of the left FST and cau-
date in speech control. All together these studies 
emphasize how much valuable is the anatomic 
information provided by pre- and postoperative 
tractography studies as a way to integrate IES 
mapping.

In conclusion, the IFOF, AF-direct, and 
AF-posterior language fascicles should be iden-
tified with presurgical tractography and IES per-
formed in awake patients every time a mass is 
seated in the perisylvian region of the dominant 
hemisphere in order to identify the subcortical 
functional limits of the resection. At present the 
majority of neurosurgeons performing awake 
surgery would agree that the IFOF is the most 
essential of all language-related fascicles, fol-
lowed by the AF and ILF. Damage to the IFOF is 
very likely to cause permanent language deficits. 
A resection very close to the UF, SLF-III, FAT, 
and SCF is likely to induce transitory speech dis-
orders that may recover in a few weeks or 
months. We predict that the role of diffusion 
imaging with tractography in the routine evalua-
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tion of pre- and postoperative glioma patients 
will soon become standard of care in 
neuro-oncology.

5.5  Visuospatial System: OR

The retinogeniculate fibers originate from neu-
rons in the retina and project to the lateral genicu-
late nucleus. The OR, also called the 
geniculostriate fibers, are a large bundle of 
myelinated fibers that originate from relay neu-
rons in the layers of the lateral geniculate nucleus 
and project to the ipsilateral primary visual area. 
The OR are part of the ventral part of the poste-
rior thalamic radiations and can be divided into 
two main components: the dorsal fibers carrying 
visual information from the lower quadrants of 
the contralateral visual hemifield and projecting 
to the cortex of the cuneus into the superior bank 
of the calcarine fissure; the ventral fibers carrying 
visual information from the upper quadrant of the 
contralateral hemifield and projecting to the cor-
tex of the lingual gyrus into the inferior bank of 
the calcarine fissure. The dorsal fibers originate 
from the dorsomedial portion of both lateral 
geniculate nuclei and arch directly caudally to 
pass through the retrolenticular limb of the inter-
nal capsule before projecting to the cuneus. On 
the contrary, the ventral fibers originate from the 
ventrolateral portion of the lateral geniculate 
nucleus and arch rostral, passing into the WM of 
the anterior temporal lobes to form a broad 
U-turn (loop of Meyer) before passing caudally 
and projecting to the lingula. Damage to the dor-
sal fibers results in a loss of vision in the contra-
lateral inferior visual field. Damage to the Meyer 
loop in the anterior temporal lobe or to any other 
segment of the ventral contingent results in con-
tralateral superior quadrantanopia. Lesions of the 
OR may result in quadrantanopia or may involve 
only a portion of a quadrant of the visual field. 
The closer a lesion is to the primary visual cortex 
the more congruous the visual field loss of one 
eye can be superimposed to the other eye. The 
more anterior a lesion is in the OR, the more 

likely it is that the visual deficit will be incongru-
ous in the two eyes.

Tracking of the OR is performed with a two 
ROIs approach using streamline or probabilistic 
tractography with delineation of the seed ROI in 
the lateral geniculate nucleus and of the target 
ROI in the ipsilateral WM of the occipital lobe at 
the level of the calcarine fissure. The seed ROI is 
delineated in the lateral portion of the thalamus in 
multiple axial slices or using a sphere; the target 
ROI is delineated in one coronal slice perpendic-
ular to the OR. The OR course together with the 
IFOF for most of their course (Fig. 6): the dorsal 
fibers of the OR overlap with the IFOF, as well as 
the upper two-thirds of the ventral fibers project-
ing to the inferior bank of the calcarine cortex. 
Only in the proximity of the more posterior part 
of the sagittal stratum the OR and IFOF diverge 
to reach their respective cortical terminations. 
The tractogram should be inspected for a priori 
anatomical consistency after connecting the two 
ROIs. Spurious streamlines can be removed with 
“out-ROI” filters. The OR are symmetric bundles 
without significant differences in tract volume 
between the two hemispheres.

During awake surgery the OR can be identi-
fied with IES administering a picture-naming 
task that displays simultaneously two objects in 
opposite quadrants. When the surgeon stimulates 
the dorsal bundles of the OR the patient will fail 
to name the object in the contralateral inferior 
hemifield, when he stimulates the ventral bundles 
the patient will fail to name the object in the con-
tralateral superior hemifield.

5.5.1  Superior Longitudinal 
Fasciculus

Lesion studies in patients and more recent func-
tional imaging studies in healthy human subjects 
have provided evidence that visuospatial atten-
tion relies on a bilateral fronto-parietal network, 
with right hemisphere dominance in most, but 
not all individuals. Synchronous activity of neu-
rons in the frontal and parietal cortices during 
visual search has been demonstrated using mul-
tiple electrodes in monkeys, and scalp EEG in 
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young and elderly human subjects, suggesting 
that a bilateral fronto-parietal network may play 
an important role in top-down and bottom-up 
control mechanisms. Axonal tracing studies in 
the monkey have demonstrated that frontal and 
parietal neurons are connected through three sep-
arate fascicles coursing longitudinally in the dor-
solateral WM of the centrum semiovale 
(Schmahmann and Pandya 2006). The three seg-
ments of the SLF, a major intrahemispheric asso-
ciation fiber pathway that connects the 
parieto-temporal association areas with the fron-
tal lobe and vice versa, compose the network. In 
the classical description of Dejerine the AF was 
also considered part of the SLF; however, studies 
in monkeys showed that the SLF and AF are two 
separate entities. The trajectories of three sepa-
rate segments of the SLF have been demonstrated 
also in the human brain with post-mortem dissec-
tions (Ludwig and Klingler 1956) and more 
recently with DTI (Makris et  al. 2005) and SD 
(Thiebaut de Schotten et al. 2012) tractography. 
Overall, the anatomy of the SLF is highly con-
served between humans and monkeys.

The SLF-I is the most dorsal component and 
connects the dorsolateral part of the superior 
parietal lobule and precuneus with the anterior 
dorsal part of the SFG. The SLF-II is the major 
component of the SLF and it connects the AG and 
anterior bank of the intraparietal sulcus with the 
PMd at the junction of the SFG and MFG. Its tra-
jectories are contiguous with the anterior portion 
of the AF coursing above the Sylvian fissure and 
insula. The SLF-III is the ventral component of 
the SLF and it connects the IPL (Geschwind ter-
ritory) with the ventral premotor and prefrontal 
areas (Broca territory).

Tracking of each of the three segments is per-
formed with a two ROIs approach using stream-
line or probabilistic tractography. The seed ROI 
is delineated in a coronal slice at the level of the 
posterior commissure in the subcortical WM of 
the SPL and IPL.  Three target ROIs are delin-
eated on a coronal slice at the level of the anterior 
commissure in the dorsal subcortical WM of the 
superior, middle, and inferior/precentral frontal 

gyri. An additional ROI should be delineated in 
the temporal WM to filter out the trajectories of 
the AF-direct segment that course for some time 
intermingled with the SLF-II.  After connecting 
the seed ROI in the parietal WM with each target 
ROI in the frontal WM the tractograms should be 
inspected for a priori anatomic consistency. 
Spurious streamlines should be removed with 
“out-ROI” filters. The SLF-III is an easy tract to 
reconstruct with DTI tractography in the human 
brain. Reconstruction of the SLF-I and SLF-II 
with DTI may be inconsistent because these 
tracts course along the AF and intersect crossing 
fibers of the CST and CC.  Using the SD algo-
rithm often improves the tracking. A statistical 
significant rightward asymmetry has been 
reported for the track volume of the SLF-III; no 
significant differences were found for the SLF-I 
and SLF-II (Thiebaut de Schotten et al. 2011a).

Brain tumors expanding in the frontal and 
parietal lobes may dislocate or interrupt the tra-
jectories of multiple fascicles, including the SLF, 
FAT, and SCF. The branches of the SLF are only 
occasionally searched for with IES during sur-
gery, despite the important role they play in the 
motor and the visuospatial systems. The authors 
of a recent intraoperative study showed that the 
SLF-II and the SLF-III together with the 
AF-direct and the PMv are part of a network 
involved in motor awareness of voluntary actions 
(Fornia et  al. 2020). Intraoperative IES applied 
on PMv dramatically altered the patients’ motor 
awareness, making them unconscious of the 
motor arrest. Another study shed light on a key 
aspect of cognitive control during the Stroop test: 
the management of conflicting incoming infor-
mation to achieve a goal, termed “interference 
control.” The SCF that is connecting the IFG with 
the striatum was found the key component of 
cognitive control in the right hemisphere (Puglisi 
et al. 2019). This latter study suggested that pre-
serving cortico-striatal rather than cortico- 
cortical connections (i.e., SLF-II, SLF-III, FAT, 
and IFOF) may be critical for maintaining cogni-
tive control abilities in the surgery of right frontal 
lobe tumors.
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5.6  The Temporo-Parietal Fiber 
Intersection Area

The TPFIA is a critical neural crossroad with 
great implications for surgery; it is traversed by 
seven WM fascicles that connect some of the 
most eloquent areas in the human brain located in 
the IPL and posterior temporal lobes. Lesion stud-
ies have reported major language deficits such as 
aphasia (Fridriksson et al. 2010), alexia, agraphia, 
hemianopia and neglect (Müller- Oehring et  al. 
2003) in patients with a lesion located in the IPL 
or in the posterior temporal lobe. In the past clini-
cians have interpreted neurological deficits of 
higher cognitive function as a consequence of 
lesions in associative cortex, neglecting the 
importance of the WM pathways coursing under-
neath. Since most focal lesions also affect the sub-
cortical and deep WM, potential damage to 
adjacent pathways should also be investigated 
since it may cause a disconnection syndrome 
(Catani and Ffytche 2005). Recently, unexpect-
edly high postoperative deficit rates were reported 
in patients with parietal gliomas. In a series of 119 
parietal gliomas Sanai et al. reported a 8.4% per-
manent language deficit (Sanai et al. 2012), which 
is fivefold greater compared with the previously 
reported experience of the UCSF group with glio-
mas located within language areas (1.6%) (Sanai 
et  al. 2008). The 6.7% rate of permanent visual 
deficits was also higher than expected in this 
series. An even higher rate of long-term mild lan-
guage deficits (42.9%) was reported in a series of 
14 consecutive patients with glioma involving the 
IPL who were operated with cortical and subcorti-
cal IES mapping (Maldonado et al. 2011a). This 
rate is 21-fold greater compared with the 1.7% 
rate of the overall experience of the same 
Montpellier group with LGG located within elo-
quent areas (Duffau et al. 2008a, b). Both studies 
underscore the importance of the WM pathways 
coursing underneath the IPL and the posterior 
temporal lobe that, if damaged, will have conse-
quences far more serious than in other brain corti-
cal and subcortical locations.

Martino et al. elucidated the complex organi-
zation and the surgical importance of the TPFIA 

using post-mortem cortex-sparing fiber dissec-
tion and streamline MR tractography (Martino 
et  al. 2013). The TPFIA is seated in the WM 
underneath the AG, posterior MTG, and ITG and 
may extend underneath the posterior part of the 
SMG and STG.  The authors described seven 
long-range WM fascicles passing through the 
TPFIA.  In this section we will discuss the ana-
tomic relationship among the seven tracts and the 
MLF in detail since the AF, ILF, IFOF, and OR 
have been already described in other sections.

Starting the virtual or post-mortem dissections 
from the lateral brain surface at the level of the 
temporo-parietal junction, the posterior segment of 
the AF is the most superficial bundle. This fascicle 
runs vertically and connects the AG with the poste-
rior MTG and ITG. These association fibers had 
originally been discovered by Wernicke in monkey 
brains and in the past had been called “Wernicke 
perpendicular fasciculus.” This fascicle is clinically 
relevant and should be preserved from surgical 
damage whenever possible. Lesions to the 
AF-posterior have been associated with preangular 
alexia without agraphia (Greenblatt 1973). In this 
peculiar syndrome, patients are unable to read but 
can still write or text short messages. The closer a 
lesion is located to the IPL, the more likely it is 
accompanied by agraphia, whereas the closer a 
lesion is to the IFG, the more likely it will involve 
disorders of face or color identification. The ante-
rior aspect of this fascicle may be part of a brain 
network processing the age of faces (Homola et al. 
2012). Bartsch and colleagues have reported four 
brain tumor patients in which surgical access 
through the TPFIA has led to alexia without 
agraphia due to damage of the AF-posterior 
(Bartsch et  al. 2013). Such disconnection syn-
drome may be transient, but the associated deficit 
may also persist and turn out to be quite disabling.

Medial and slightly anterior to the posterior 
segment runs the direct segment of the AF that 
connects Broca with Wernicke territories. In the 
TPFIA the bundles of the AF-direct run verti-
cally. Next there is the MLF that is medial to the 
stem of the AF-direct and lateral to the IFOF.

The MLF is a longitudinal fascicle that is 
coursing with an antero-posterior orientation in 
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the WM of the STG, parallel to the other longitu-
dinal fascicles (SLF and ILF). At the posterior 
end of the STG the fibers bend dorsally and 
course in the posterior portion of the corona radi-
ata until they project into the AG. The MLF con-
nects the upper part of the temporal pole and the 
entire SFG with the AG (Makris and Pandya 
2009; Makris et al. 2009). The MLF should not 
be confused with the posterior segment of the AF, 
because it is deeper located and it has a longitudi-
nal rather than a vertical orientation. It has been 
suggested that the MLF has a role in language 
and attention (Makris and Pandya 2009; Menjot 
de Champfleur et  al. 2013). However, Duffau 
et  al. have evaluated eight patients with glioma 
infiltrating the STG using IES and have estab-
lished that damage to the MLF does not cause 
long-term deficits, thus Duffau concluded that 
the MLF is not essential for language. No inter-
ference with picture naming was observed by IES 
of the MLF and no new permanent language defi-
cits were detected with the Boston Diagnostic 
Aphasia Examination after extensive resection of 
gliomas that included large parts of the MLF. In 
the same IES study the IFOF was identified in all 
patients by eliciting semantic paraphasia, thus it 
can be easily distinguished from the MLF (De 
Witt Hamer et al. 2011).

The MLF crosses in the upper half of the 
TPFIA and it is more difficult to reconstruct than 
the AF with DTI streamline tractography; SD 
helps to some degree to depict the MLF. The seed 
ROIs should be delineated on coronal FA/DEC 
maps in the WM of the anterior part of the SFG at 
the level of the AC; the target ROIs should be 
delineated in the WM of the AG at the level of the 
splenium of the CC (Makris et al. 2009).

In the inferior half of the TPFIA runs the ILF, 
laterally to the IFOF and ventrally to the 
MLF. The ILF runs underneath the inferior tem-
poral and lateral occipital gyri and connects the 
inferior part of the temporal pole with the ITG, 
the middle and inferior occipital gyri, and the 
ventral surfaces of the temporal and occipital 
lobes. Medial to the ILF there is the IFOF, then 
the OR. Their streamlines are difficult to separate 
with MR tractography because they are parallel 
and course together. On axial and coronal DEC 
maps they appear green along their entire course 
and they are seated in between two vertically ori-
ented fascicles (blue on color maps): the AF stem 
on the lateral side, the tapetum on the medial 
side. The OR fibers are intermingled with those 
of the IFOF running in the most medial and ven-
tral part of the TPFIA (Fig. 11). The tapetum is 
the most medial WM structure and consists of 

Fig. 11 Medial (upper panel) and lateral (lower panel) 
views of the left IFOF (orange) and OR (green) displayed 
over FA map and T2-weighted MRI, respectively. The OR 
streamlines are intermingled with those of the posterior 
third of the IFOF and both course along the most medial 
and ventral part of the temporo-parietal fiber intersection 
area (TPFIA). The IFOF and the OR are the most eloquent 

fascicles intersecting in the TPFIA. They course along the 
lateral wall of the occipital horn of the lateral ventricles 
and they are difficult to separate with MR tractography. 
Diffusion data were acquired with HARDI (64 gradient 
directions, b = 2000, 2 × 2 × 2 mm3) and tractography was 
performed with DTI interpolated streamline algorithm 
(thresholds FA > 0.1; angle <35°)
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interhemispheric fibers that form the roof and lat-
eral wall of the atrium, temporal, and occipital 
horns of the lateral ventricles. The tapetum con-
nects both temporal lobes through the posterior 
part of the corpus callosum.

In summary, the seven tracts can be identified 
on axial and coronal DEC maps. Three of these 
tracts have a cranio-caudal orientation and their 
streamlines are directionally colored in blue; 
they are the posterior and direct segments of the 
AF laterally and the tapetum medially. Four 
tracts with anterior-posterior orientation course 
in between; the IFOF and the OR course through-
out the entire TPFIA, while the MLF and ILF 
run laterally to the IFOF, respectively, in the 
upper and lower half of the TPFIA. It is neces-
sary to use MR tractography to distinguish the 
trajectories of the five antero-posterior oriented 
tracts.

In the past the transcortical approach through 
the TPFIA was considered the most direct tra-
jectory from the brain surface to reach a tumor 
in the posterior hippocampus, temporal, and 
occipital horns or atrium of the lateral ventricle. 
Recent postoperative data have shown that the 
TPFIA is one of the most vulnerable parts of the 
human brain; therefore knowledge of this 
important crossroad is now mandatory for surgi-
cal planning before a safe resection of deep-
seated tumors. When a glioma infiltrating the 
AG and posterior third of the MTG and ITG 
extends 2–3 cm into the deep WM it will likely 
displace, infiltrate, or interrupt the fascicles 
coursing in the TPFIA. A detailed MR tractog-
raphy study of the TPFIA should be performed 
to better understand the relationship between 
the mass and the seven fascicles. In our practice 
we have seen several patients with gliomas orig-
inating within the TPFIA. We were surprised to 
note that in a few patients the tumor was causing 
only mild preoperative neurological deficits. 
MR tractography was instrumental to explain 
this unexpected clinical finding. In pauci symp-
tomatic patients the tracts could be recon-
structed in their integrity suggesting that the 
mass was displacing rather than interrupting the 
tracts. We have seen also rapidly growing glio-
mas dislocating tracts in the TPFIA (Figs.  12 

and 13). Visualization of eloquent tracts in the 
proximity of a glioma may have a positive pre-
dictive value for postoperative outcome, because 
it suggests that the fascicle is partially spared by 
the tumor and that an extended resection can be 
attempted.

It has been shown that MR tractography can 
reliably reproduce and strengthen the knowledge 
gathered from intraoperative and post-mortem 
dissection studies thus having a significant impact 
on patient management particularly so in cases 
when the surgical risk should be carefully bal-
anced with the benefits of an extensive resection. 
Planning a surgical approach anterior or posterior 
to the TPFIA may preserve the direct and poste-
rior segments of the AF, while in other cases a 
longitudinal surgical incision may be indicated to 
safeguard the IFOF, OR, MLF, and ILF that are 
running in the anterior-posterior orientation 
(Martino et al. 2013). Moreover, IES should be 
strongly considered for safe resection of deep- 
seated tumors, especially in the dominant 
hemisphere.

5.7  Integration with fMRI

We have seen how tracking of streamlines in the 
vicinity or within neoplasm is complicated by 
tumor infiltration, vasogenic edema, mass effect 
leading to tissue deformation and loss of anatom-
ical landmarks. These changes deform the archi-
tecture of the WM and in several cases the use of 
a priori anatomical approaches for ROI delinea-
tion yields unsatisfactory tractography results. 
Selection of seed and target ROIs based on the 
results of fMRI has been proposed. Preliminary 
studies suggested that fMRI-based seed selection 
may allow for more specific and comprehensive 
fiber tracking (Schonberg et al. 2006; Smits et al. 
2007). The combination and co-registration of 
clinically feasible fMRI and DTI datasets may 
help the tractographer to define seed ROIs which 
are relevant to track the pathway of interest. 
Schonberg et al. showed that it was feasible and 
easier to identify the seed and target points, 
respectively, of the CST and AF with the aid of 
fMRI maps of finger tapping and speech. 
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Fig. 12 (a) Fifty years-old male with an enhancing mass 
seated in the deep left temporo-occipital WM.  There is 
extensive perilesional vasogenic edema that is bright on 
T2WI, hypointense on T1WI and low on FA maps. A 
GBM WHO-IV was removed at surgery. DEC maps show 
decreased hue (FA) and dislocation of several green (asso-
ciative) tracts in the temporo-parietal fiber intersection 
area (TPFIA). T2WI upper row, T1WI post-gadolinium 
middle row, DEC maps lower row. (b) Tractography is 
showing that all fascicles in the TPFIA can be virtually 
dissected: the mass is dislocating the AF-direct (red) and 
AF-posterior (yellow) laterally, the IFOF (orange) medi-
ally. The AF-direct is the lateral functional boundary, 
whereas the IFOF is the medial boundary. The functional 

limits of the resection were confirmed in the operating 
room with direct subcortical IES. In this case the informa-
tion provided by tractography is by far superior to that 
provided by DEC maps. Medial view (left column) show-
ing the relationship of the AF, SLF-III (green), and IFOF 
with the mass. Anterior view (bottom row, left column) 
showing the mass splaying the AF-direct from the 
IFOF. Left lateral view (right column) showing dissection 
of four of the seven fascicles that form the TPFIA. Diffusion 
data were acquired with HARDI (64 gradient directions, 
b = 2000, 2 × 2 × 2 mm3) and tractography was performed 
with DTI interpolated streamline algorithm (thresholds 
FA > 0.1; angle <35°)

a

According to the author’s remarks tracking of 
both fascicles was more accurate than with delin-
eation of a priori anatomical seed points.

The initial enthusiasm about performing trac-
tography in a semi-automated fashion by co- 
registering and combining the two methods has 
deflated since the early-published papers. So far, 
nothing can beat an experienced neuroradiologist 
in identifying the key anatomic landmarks espe-

cially when the anatomy of a network is distorted, 
displaced, or partially interrupted by a mass. The 
results of streamline tractography using a priori 
ROI delineation are quite consistent when using 
the same acquisition scheme, post-processing, 
and fiber-tracking routine.

In our practice we routinely acquire fMRI and 
HARDI during the same study session when we 
are asked to mapping the language system. We are 

A. Bizzi



301

not convinced that combining the two methods in 
a semi-automatic fashion is worth the effort. fMRI 
can help identify the seed points of the speech net-
work and to a lesser extent the precentral gyrus 
when tracking of the CST is requested. We agree 
with other authors that fMRI is quite helpful to 
understand the anatomy of sulci and gyri when 
they are distorted by an infiltrating glioma. When 
a mass is dislocating the AF or one of its cortical 
terminations (seed point), the foci of the BOLD 
response are coherently dislocated (Fig.  14). 
fMRI is particularly useful to identify the exact 
anatomy of the IFG and adjacent BA6: despite 
distortion of the anatomy induced by glioma infil-
tration a residual cluster of BOLD response is 

unequivocally located in the ventral precentral 
sulcus (neurons of the PMv) between these two 
key anatomy landmarks (Quiñones-Hinojosa 
et al. 2003; Bizzi et al. 2012).

5.8  Integration in the Operating 
Room

Nimsky and colleagues were the first to demon-
strate that intraoperative DTI was technically fea-
sible in 38 patients with tumor in the proximity of 
the CST. DEC maps immediately available in the 
operating theater showed marked and highly 
variable shifting of the CST caused by surgical 

b

Fig. 12 (continued)
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Fig. 13 (a) Thirty-one years-old female with a mass 
expanding in the middle, inferior, and fusiform gyri of the 
left temporal lobe. Tractography (upper panel) is showing 
that the main fascicles in the TPFIA can be virtually dis-
sected: the mass is dislocating dorsally the AF-direct 
(red), medially and superiorly the IFOF (orange) and OR 
(not shown), medially the ILF (pink). The mass is bright 
on T2WI (second row) with very low FA (third row). DEC 
maps (bottom row) are showing that the mass has dis-
played medially the association tracts but only with trac-
tography it was possible to realize that the IFOF was also 
displaced dorsally. This information was quite appreci-
ated by the neurosurgeon during presurgical consultation. 
The functional limits of the resection were confirmed in 
the operating room with direct subcortical IES. An ana-
plastic oligodendroglioma WHO-III was removed at sur-
gery. (b) Virtual dissection with tractography of the 
fascicles in the TPFIA. The relationship of five fascicles 

with the mass (gray) is shown in the upper panel. After 
“hiding the mass” the medial functional margins of the 
lesion with the ILF (pink) and IFOF (orange) are illus-
trated over a FA map in the second panel from above. 
“Hiding the SLF-III (green)” allows best appreciation of 
the remarkable dorsal displacement of the temporal arm 
of the AF-direct (red) in the third panel. “Hiding of the 
AF-direct” allows appreciation of the ILF and IFOF in the 
fourth panel. The UF (cyan) is relatively remote from the 
anterior margin of the lesion. Visualization of eloquent 
tracts in the proximity of a glioma may have a positive 
predictive value for postoperative outcome, because it 
suggests that the fascicle is partially spared by the tumor 
and that a relatively radical resection can be attempted. 
Diffusion data were acquired with HARDI (64 gradient 
directions, b = 2000, 2 × 2 × 2 mm3) and tractography was 
performed with DTI interpolated streamline algorithm 
(thresholds FA > 0.1; angle <35°)

a
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intervention. In the 27 patients who underwent 
brain tumor resection, CST dislocation ranged 
from an inward shift of 8 mm to an outward shift 
of 15 mm (Nimsky et al. 2005).

Another option is fusion of three-dimensional 
objects of selected tractograms into DICOM 
post-gadolinium T1WI or T2-FLAIR using a 
standard neuronavigation system. This method is 
allowing for intraoperative visualization and 
localization of the tracts of interest (Nimsky et al. 
2007). Display of MR tractograms in the operat-
ing room may be useful to determine the relation-
ship of a mass with adjacent fascicles or when the 
neurosurgeon desires to refresh his anatomical 
orientation in the operating field, before and after 
using IES to check the functional limits of a 
resection on preoperative MRI (Bello et al. 2008).

The long list of important limitations must be 
well understood and considered when the tracto-
grams are exported to the operating room. Current 
DTI methods may provide ambiguous results in 
reconstruction of crossing, kissing, bending, and 
fanning bundles. MR tractography cannot track 
the trajectories to their cortical terminations. It is 
important to be aware that tractography so far is a 

user-dependent method based on a priori knowl-
edge of the examiner.

The risk of resecting eloquent structures not 
detected by DTI or HARDI will have to be con-
sidered. False negative results may occur espe-
cially in areas of T2 signal hyperintensity within 
a LGG where the trajectories of the tracts appear 
interrupted due to FA values that are below the 
recommended 0.10 threshold. The presence of 
an eloquent tract in the vicinity of the surgical 
cavity should not be the main reason for stop-
ping the resection prematurely. The finding 
should be carefully discussed with the surgeon, 
because an incomplete resection may decrease 
the impact of surgery on the natural history of 
the disease. The dangers of using MR tractogra-
phy in presurgical evaluation of gliomas and 
intraoperatively has been recently outlined by 
Duffau (2014). MR tractography does not pro-
vide information about the functional status of a 
fascicle, thus IES should always be used in order 
to avoid long-term postoperative neurological 
deficits. IES is the only method able to test WM 
function in order to create a subcortical func-
tional map that has proven to maximize tumor 

b

Fig. 13 (continued)
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resection and minimize hazards. The main tasks 
used with subcortical IES in the operating room 
with related responses, short and long-term defi-
cits are reported in Table 1 for each of the three 
functional systems discussed in this chapter.

5.9  Impact in Clinical Practice

Presurgical evaluation of patients with glioma 
has been so far the most successful application of 
DTI in clinical practice. Other clinical research 
applications of MR diffusion imaging are in reha-
bilitation after stroke, multiple sclerosis, mild 
traumatic brain injury, and degenerative diseases 
(Alzheimer disease, amyotrophic lateral sclero-
sis). However in these diseases DTI is mainly 
used as a clinical research tool and it is not yet 
ready for prime time patient management.

MR diffusion imaging is the only non-invasive 
method allowing in vivo detection of the trajecto-

ries of main WM fascicles and it can provide 
information whether a tract is displaced, infil-
trated/edematous, or interrupted by a tumor. The 
accuracy of MR tractography for detecting motor 
and speech pathways has been validated with 
IES, with 82–97% concordance across studies 
(Bello et al. 2008; Berman et al. 2004; Leclercq 
et  al. 2010; Ohue et  al. 2012). DTI provides 
unique anatomic information, whereas IES pro-
vides functional feedback about eloquent subcor-
tical connections that, if not safeguarded, may 
result in permanent neurological deficits. In many 
medical centers worldwide DTI is frequently 
requested as an integral part of the presurgical 
workup of brain tumor patients and the FA/DEC 
maps or the tractograms of the relevant fascicles 
are frequently uploaded to a neuronavigational 
device in the operating room together with mor-
phological and functional MR images. 
Tractograms of the CST, OR, AF, and IFOF are 
the most requested by neurosurgeons.

Fig. 14 Forty-one years-old female with a large mass in 
the left temporal lobe that is hyperintense on T2WI with-
out enhancement after gadolinium injection. Sagittal view 
of tractography of the left AF (left panel) and fMRI with 
the verb generation task showing BOLD response in PMv 
and MTG (right panel). Note that the activation foci on 
fMRI are coherently dislocated by the mass with the corti-

cal terminations of the three segments of the AF. An oli-
goastrocitoma WHO-II was removed at surgery. The 
arrows indicate the direction of AF dislocation. Diffusion 
data were acquired with HARDI (64 gradient directions, 
b = 1000, 2 × 2 × 2 mm3) and tractography was performed 
with DTI interpolated streamline algorithm (thresholds 
FA > 0.15; angle <45°)
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In a unique prospective randomized controlled 
(Class I) trial on 238 consecutive glioma patients 
it has been shown that DTI tractography has an 
impact on outcome after resection of HGG but 
not of LGG involving the CST (Wu et al. 2007). 
The authors reported that gross total resection of 
HGG was more likely with MR tractography 
guidance rather than without and that new post-
operative motor deficits were less frequent. The 
study showed clear benefits in increasing EOR, 
median overall survival and 6-month KPS score 
and it is key evidence supporting the use of DTI- 
aided resection of gliomas, despite a few limita-
tions. In a retrospective study on 190 patients 
with LGG in eloquent areas, the EOR and the dif-
ference between the T2WI and T1WI volumes 
were the strongest independent predictors in 
improving OS as well as delaying progression- 
free survival and malignant transformation (Ius 
et al. 2012). The presurgical difference between 
T2WI and post-contrast T1WI volumes may dis-
criminate glioma growing mechanism along the 
WM: when proliferation is the major mechanism 
of tumor expansion the mass has a regular bulky 
shape with an equivalent volume on T2WI and 
post-contrast T1WI; when WM infiltration is the 
predominant mechanism of growth, the mass has 
a more irregular and complex shape with digita-
tions along the WM that is better detected on 
T2WI than T1WI (Skrap et al. 2012). In addition, 
in the same study two groups of patients who 
underwent tumor resection with a different intra-
operative protocol including subcortical IES with 
or without overlap of fMRI and diffusion tractog-
raphy on a neuronavigational device were com-
pared. Patients with fMRI/DTI had a median 
EOR of 90%, while those without had a median 
EOR of 77%.

Presurgical estimate of the expected surgical 
outcome both in terms of EOR and functional 
outcome is of great interest for patient’s counsel-
ing and clinical decision making. Information 
provided by DTI tractography may be extremely 
useful to identify the candidates that could maxi-
mally benefit from surgery. It has been recently 
shown that DTI could be a useful tool to estimate 
the chance of performing a total resection in 
patients with gliomas located near eloquent areas 

(Castellano et al. 2012). In a retrospective trac-
tography study performed in 27 patients with 
HGG and 46 with LGG, detection of intact fas-
cicles was predictive of a higher probability of 
total resection. On the contrary, detection of infil-
trated or displaced fascicles was predictive of a 
lower probability of total resection, especially for 
gliomas with a presurgical volume less than 
100  cm3. Infiltration and even displacement of 
the CST reduced the chance of achieving a total 
resection. Moreover, IFOF infiltration in the 
dominant hemisphere was found predictive of 
incomplete resection. In particular infiltration of 
the intermediate third of the IFOF was associated 
with a very low probability of performing a total 
resection. On the contrary, no significant correla-
tion was found between infiltration of the SLF/
AF and EOR. These results can be explained by 
considering that the anatomical distribution of 
the SLF/AF is supposed to be larger than the 
functional distribution identified by IES, thus a 
large part of the SLF can be safely resected. The 
TPFIA is likely another critical area where infil-
tration or dislocation of the fascicles will likely 
decrease the chances of a complete resection. 
Taken together these results emphasize that 
assessment of WM tracts involvement is an 
essential part of presurgical evaluation of patients 
with gliomas in the proximity or within eloquent 
fascicles and the importance of including HARDI 
with MR tractography in presurgical imaging 
protocols.

The value of DTI in performing clinical- 
anatomical correlations has been shown in a 
prospective preoperative study on 19 patients 
with gliomas infiltrating the ventrolateral fron-
tal language areas. Anatomical data provided by 
DTI tractography was used with the lesion 
method to identify key structures of the lan-
guage system responsible for speech deficits. 
Patients with glioma growing in the left PMv 
were more likely to presenting with presurgical 
aphasia than those with glioma infiltrating the 
IFG, including pars opercularis. However, it 
was tumor extension to infiltrate or interrupt the 
AF-direct segment that was associated with pre-
operative speech deficits, in particular with con-
duction aphasia (Bizzi et al. 2012).
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6  Conclusions

Two decades ago the introduction of DTI changed 
the way neuroscientists look at WM. Since those 
first pioneer papers MR diffusion has developed 
into a sophisticated and complex MR multidisci-
plinary field with the contribution of physicists, 
biomedical engineers, mathematicians, cognitive 
neurologists neuroradiologists, and neurosurgeons. 
With the development of MR tractography the tra-
jectories of multiple WM fascicles can be identified 
in vivo in the individual subject and their relation-
ship with a focal lesion can be illustrated and used 
for presurgical brain mapping. It is now recognized 
that a detailed understanding of the geometric WM 
changes induced by a tumor is valuable in order to 
maximize lesion resection, while avoiding perma-
nent postoperative morbidity. This is particularly 
true in cases of infiltrating gliomas located within 
eloquent regions of the brain.

Tractography has gained an undisputed educa-
tional reputation for teaching WM architecture. 
Mapping of WM pathways may improve presur-
gical planning, surgical targeting with neuronavi-
gational devices and it may reduce intraoperative 
time. Clinical use of advanced MR imaging tools 
is growing in importance and exams in patients 
are being increasingly requested by neurosur-
geons worldwide. The role of MR tractography in 
assisting neurosurgeons to correctly plan subcor-
tical IES and interpret the electrophysiological 
responses in the operating theater is increasingly 
recognized by the neurosurgical community.

Although advanced diffusion imaging meth-
ods are currently available in most MRI scanners, 
well beyond the framework of clinical research 
protocols and academic institutions, they are not 
yet considered “standard of care.” The processes 
that lead to establishing clinical practice are also 
quite complex, especially at a time when empha-
sis on economic difficulties affects health care 
decisions. Functional MRI and DTI are extremely 
useful methods that can contribute to improve 
clinical outcome and to reduce complication 
rates. As all complex methods they work best 
when all the members of the team acknowledge 
their limitations and communicate using a com-
mon language.
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Abstract

Functional neuronavigation is based on the 
visualization of functional images within a 
surgical tracking system. This and other devel-
oping techniques help the neurosurgeon to tai-
lor surgical procedures in order to increase 
diagnostic yield and to preserve brain function 
while maximizing the necessary extent of 
resection. The final goal is to improve postop-
erative survival and quality of life. A major 
advantage of functional imaging, over other 
functional brain mapping techniques, such as 
direct cortical stimulation (Electrical Cortical 
Stimulation, ECS) is its non-invasiveness. 
Furthermore, availability of functional infor-
mation to the surgeon and patient prior to sur-
gery provides insight not only into a better 
evaluation of the procedure’s indication, but 
also into the planning of a function preserving 
operation including the most appropriate sur-
gical access to the respective brain areas. In 
order to implement functional neuronaviga-
tion into the daily clinical routine, optimized 
imaging protocols are indispensable.

1  Introduction

While anatomical MR imaging is widely imple-
mented and has revolutionized surgical decision 
making and planning, the emergence of func-
tional neuroimaging techniques localizing brain 
activity has significantly expanded the presurgi-
cal role of the different imaging modalities. Non- 
invasive functional MRI (fMRI) provides the 
neurosurgeon with images of activated brain 

regions by detecting indirect effects of neural 
activity on local blood volume, flow and oxygen 
saturation. Electroencephalography (EEG) and 
magnetoencephalography (MEG) allow direct 
assessment of the brain’s electrophysiology by 
displaying the temporal and spatial pattern of the 
neuronal populations generating the underlying 
neuroelectric and neuromagnetic fields. Positron 
Emission Tomography (PET) and Single Photon 
Emission Tomography (SPECT) imaging do not 
only provide hemodynamic but also metabolic 
information, which also holds true for Magnetic 
Resonance Spectroscopy (MRS). Subcortical 
structures as pyramidal tracts, commissural and 
association fibers can nowadays also be inte-
grated in the surgical workflow with 
DTI-tractography.

The following chapter will focus on functional 
neuronavigation for surgery in eloquent brain 
areas. In addition, the importance of functional 
imaging in stereotaxy and procedures for pain 
and movement disorders will be outlined. Since a 
separate chapter (chapter “Simultaneous EEG- 
fMRI in Epilepsy”) is dedicated to epilepsy sur-
gery, this topic will not be addressed in this 
chapter.

2  Principles and Technical 
Aspects of Neuronavigation 
and Stereotaxy

2.1  Neuronavigation

The development of neuronavigation systems 
was a major technical advance in neurosurgery, 
especially for small lesions localized in deep or 
subcortical regions, where anatomical landmarks 
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are not available. Such systems facilitate the nav-
igation towards lesions tightly focused avoiding 
the destruction of eloquent brain areas, in partic-
ular when the anatomy is distorted by brain 
tumors, etc. All navigational systems consist of 
similar components: The key instrument is a 
three-dimensional digitizing device (pointer, for-
ceps, ultrasound probe, or other localization 
device) which enables the surgeon to localize the 
targets within the physical space (surgical site). 
This device is linked to a computer where the 
same targets are displayed on preoperative three- 
dimensional images. The interface is a reference 
system, which defines fiducial markers aligning 
the physical space to the imaging coordinate sys-
tem. Although morphological information is usu-
ally assessed by 3D-T1-weighted MR images 
with gadolinium for contrast-enhancing lesions 
or T2-weighted and flair images, respectively, for 
low-grade gliomas, CT can be used for lesions at 
the skull base or in the case of maxillofacial, ear- 
nose- throat and spinal procedures. Different nav-
igational systems are on the market: Arm-based 
systems with grading scales in usually six joints, 
providing six degrees of freedom. Based on the 
known position of the joints by electrogoniome-
ters and the length of the phalanges, the position 
of a particular instrument connected to the arm 
can be calculated. The main problem of these 
arm-based devices is that they are not suitable for 
fixing the arm in a specific position, which there-
fore has to be done by the surgeon manually. 
Therefore, these systems disappeared from the 
operating theater in favor of wire-connected or 
wireless pointers.

Optical or acoustic devices based on the prin-
ciple of satellite navigation are better suitable. 
These devices work with two or three detecting 
instruments (IR-cameras, video-or ultrasound 
systems) with a fixed relationship in space. The 
distance to active markers (e.g., LEDs) or passive 
reflectors is calculated via a triangulation method. 
Obstacles within the line of view, such as the 
operating microscope can interfere with this type 
of navigation. One solution is the tracking of the 
microscope itself, where the focus within the 
ocular serves as the image-guided “pointer.” 
Computer systems allow the rapid transformation 

and correction of new coordinates. Magnetic 
fields can alternatively serve as detection method, 
allowing for small attachable references and mal-
leable instruments. Magnetic tracking is often 
used in patients where surgery without fixation of 
the skull is required (as in ENT or maxillofacial 
procedures). However, interference with metallic 
instruments can lead to inaccuracies (Mascott 
2005).

The accuracy of navigational devices depends 
on the accuracy of the co-registration, e.g., the 
localization of the patient’s individual anatomy 
on preoperatively acquired images. Determination 
of registered points in a volume around the sus-
pected lesion is important in order to achieve the 
highest accuracy in all three planes. For instance, 
movement of the galea and the skin by head fixa-
tion or different patient positioning compared to 
the supine position inside the scanner creates 
inaccuracies. Therefore, laser scanning methods 
detecting the surface of the face with several hun-
dred points increase registration accuracy.

After completion of the registration, each ana-
tomical point can be displayed on a navigational 
computer. Due to the high amount of data and the 
need for a rapid image transformation powerful 
workstations are required for high-end naviga-
tional devices.

The use of fMRI or other functional imaging 
modalities provides additional information, 
which is helpful for the planning of a tailored 
tumor resection while minimizing damage to 
functional areas. Therefore, the integration of 
functional data with the anatomical information 
has strongly been endorsed by neurosurgeons 
and is now possible via so-called functional neu-
ronavigation. The introduction of these frameless 
intraoperative neuronavigation systems allows 
the precise co-registration and transfer of fMRI 
data into the surgical field. Nowadays techniques 
for displaying sensorimotor, visual, language, 
and cognitive functions as well as DTI fiber 
tracking are available as outlined in more detail 
below.

The sequence of events for functional neuro-
navigation is as follows:

fMRI should be carried out according to a 
standardized paradigm protocol (see chapter 
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“Task-Based Presurgical Functional MRI in 
Patients with Brain Tumors”) at least 1 day prior 
to neuronavigation-assisted surgery. This ensures 
sufficient time for the neuroradiologist to analyze 
the fMRI data, which is still a very labor- intensive 
task. It also enables the neurosurgeon to critically 
evaluate the navigational data and plan the surgi-
cal approach accordingly. In the same MRI ses-
sion, a three-dimensional morphological MRI 
scan is acquired as a reference of co-registration.

The combined functional-anatomical data set 
is then sent either to the neuronavigation system 
in the operation room (OR), or to a separate plan-
ning station outside the OR for further process-
ing. The boundaries of elements of interest 
(tumor, vessels, ventricles, etc.) can be outlined 
and colored in different slices displayed by MRI 
or CT.  The following three-dimensional recon-
struction allows a 3-D display of these structures, 
which facilitates surgical planning. Some com-
mercial neuronavigation software solutions allow 
automated identification of anatomical structures 
based on automated volumetric image analysis or 
on atlas-based segmentation.

At the time of (brain-) surgery, the head is usu-
ally fixed in a head holder (Mayfield, Sugita, 
etc.), to which the registration system (a three to 
four point star in most optical devices or a mag-
netic reference) is securely connected. The cam-
era system is adjusted to the surgical field and the 
surgical microscope. If fiducial markers are used 
(and no laser scanning method), all defined fidu-
cial markers taped to the patients head have to be 
identified in the imaging data set for a patient-to- 
image registration using a rigid body transforma-
tion. Alternatively, anatomical landmarks can be 
defined, and these landmarks can be registered 
with a pointer using a zoomed image to reach 
higher accuracy. At least four markers or land-
marks are required. However, accuracy correlates 
with the numbers of registered points. Therefore, 
in clinical use most often 6–7 fiducial markers 
are registered. Most modern systems nowadays 
offer an automated surface matching method, 
where numerous recognizable points are marked 
with a laser pointer and detected by three cam-

eras. The computer calculates the best correspon-
dence between the anatomical and imaging data, 
expressed in RMS (root mean square error) accu-
racy. Detecting certain well-defined anatomical 
landmarks (nose tip, e.g., medial or lateral orbita) 
enables the surgeon to check for the most accu-
rate patient-to-image fusion. The internal root 
mean square (RMS) of different neuronaviga-
tional systems is between 2 and 3.2 mm. The dif-
ference between pointer tip and anatomical 
landmarks is 1.7–2.2 mm, depending on the co- 
registration method used (see Table 1). This dif-
ference has to be added to the well-known 
difference of 5–10 mm between functional maps 
and the site of neural activity as determined by 
direct electrical stimulation (see chapter 
“Presurgical Functional Localization 
Possibilities, Limitations, and Validity”). Once 
the accuracy of the patient to the image registra-
tion has been confirmed by the landmark tests, 
the preplanned contours including the functional 
voxels are displayed in the surgeons’ field of 
view within the microscope or exoscope.

The additional time required for the use of 
navigation in the OR is between 15 and 30 min 
(Wirtz et al. 1998).

The description of the basic principles of neu-
ronavigation and computer-assisted (CAS) or 
image-guided surgery (IGS) is beyond the scope 
of this chapter and the reader is asked to refer to 
other textbooks dealing with this topic (Alexander 
III and Maciunas 1998; Golby 2015).

2.2  Stereotaxy

Frame-based stereotaxy was the precursor of 
neuronavigational systems and is based on the 
concept of overlaying the images’ coordinate 
system onto a coordinate system of the physical 
space referenced to the stereotactic frame. In 
order to enhance the diagnostic yield, functional 
or metabolic imaging is often combined with ste-
reotactic targeting. The main indications are the 
differentiation between low- and high-grade glio-
mas and between radionecrosis and recurrent 
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tumor growth. Metabolic imaging procedures 
with Thallium-SPECT (Hemm et  al. 2004; 
Kuwako et  al. 2013), MRS (Son et  al. 2001; 
Raimbault et al. 2014), FDG-PET (Pirotte et al. 
2004; Quartuccio et  al. 2020) or perfusion- 
weighted MRI (Maia et al. 2004; Delgado-López 
et al. 2018) or even CT enable the identification 
of target areas of higher metabolic activity, such 
as more aggressive or higher graded tumors. The 
use of 11-C-methionine, a specific marker for 
amino-acid transport, as a sensitive indicator of 
tumor recurrence enables the 11-C-Met-PET to 
differentiate between radionecrosis and recurrent 
tumor and renders it useful for stereotactic con-
firmation (Glaudemans et al. 2013; Kracht et al. 
2004; Pirotte et al. 2004). Due to its short half- 
life (20 min) 11-C-Met-PET is replaced in many 

centers by 18-FET-PET, which is equally sensi-
tive although 18-F-FET is not incorporated in 
proteins (Neuner et al. 2012; Rapp et al. 2013).

2.3  Intraoperative Imaging

Although the development of neuronavigation 
systems has been a major breakthrough in neuro-
surgical technique, one serious problem is the so- 
called brain shift, i.e., tissue movement during 
tumor resection, by loss of CSF or insertion of 
brain spatula (Gerard et  al. 2017), etc. Despite 
critical presurgical planning (Kikinis et al. 1996) 
and modeling of brain shift effects (Miller et al. 
2019), there is still a considerable degree of 
uncertainty concerning the precise match of the 

Table 1 The accuracy of neuronavigation depends mostly on the co-registration method that is used

Accuracy of co-registration techniques
Anatomical landmarks Skin fiducials
5.6 mm (Golfinos et al. 1995) 2.5 mm (Watanabe et al. 1987)
3.1 mm (Sipos et al. 1996) 3.0 mm (Laborde et al. 1992)
3.4 mm (Villalobos and Germano 1999) 1–2 mm (Zinreich et al. 1993)
3.2 mm (Wolfsberger et al. 2002) 2.8 mm (Golfinos et al. 1995)
4.0 mm (Woerdeman et al. 2007) 2.3 mm (Sipos et al. 1996)
3.96 mm (Pfisterer et al. 2008) 2.07 mm (Helm and Eckel 1998)

1.6 mm (Villalobos and Germano 1999)
4.0 mm (Gumprecht et al. 1999)
2.9 mm (Wolfsberger et al. 2002)
2.5 mm (Woerdeman et al. 2007)
3.49 mm (Pfisterer et al. 2008)
2.49 mm (Mongen and Willems 2019)

Surface matching (pointer or laser surface matching) Bone screws
4.8 mm (Ryan et al. 1996) <2 mm (Hassfeld et al. 1997)
1.8–2.8 mm (Raabe et al. 2002) 0.67 mm (Brinker et al. 1998)
4.83 mm (Woerdeman et al. 2007) 2.25 mm (Ammirati et al. 2002)
3.33 mm (Pfisterer et al. 2008)
5.34 mm (Mongen and Willems 2019)
2.9 mm (Ballesteros- Zebadúa et al. 2016)

Sole use of anatomical landmarks allows an acceptable accuracy for orientation purposes. Skin fiducials which can be 
attached to the patient’s skin before volumetric imaging are very easy to use, especially in cases where anatomical 
landmarks are not in direct “view” of the navigation system’s stereoscopic camera. Surface matching and laser surface 
matching techniques are the most frequently used techniques today. Depending on the distance of the operated brain 
region from the skin surface used for co-registration, the accuracy may vary between approximately 2 and 5  mm. 
Accuracies comparable to frame- based stereotaxy below 1 mm mismatch can be achieved by implanting screw markers 
for point-matching to the bone before cranial CT scan or by use of automated registration methods using intraoperative 
volumetric imaging
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surgical site with the images provided by the neu-
ronavigation system. Intraoperative imaging 
modalities such as intraoperative CT (Okudera 
et al. 1993), ultrasound (Koivukangas et al. 1993; 
Unsgaard et al. 2002), or MRI (Black et al. 1997; 
Nimsky et  al. 2000, 2001; Roberts et  al. 1999; 
Tronnier et al. 1997) are important measures to 
overcome the problems with brain shift. Since 
several years also functional data were imple-
mented into intraoperative imaging (Mikuni et al. 
2007; Moche et  al. 2001; Nimsky et  al. 2004; 
Rasmussen et  al. 2007; Risholm et  al. 2011; 
Stadlbauer et al. 2004) as well as updated during 
surgery (Gering and Weber 1998; Kuhnt et  al. 
2011; Lu et al. 2013).

3  Aims and Indications 
for Functional 
Neuronavigation

Combining neuronavigation with functional data, 
usually acquired by fMRI or MEG, helps to mini-
mize postoperative neurological deficits and at 

the same time allows maximal removal of patho-
logical tissue. Consequently, the application of 
functional neuronavigation results in a better 
selection of surgical candidates, a safer resection 
with reduced morbidity, and finally shortens hos-
pital stays and therefore minimizes hospital costs. 
The advantage of fMRI over other functional 
imaging techniques is that MRI is already used 
for the navigation itself in most cases due to the 
high contrast between normal and pathological 
brain tissue. Therefore, morphological three- 
dimensional MRI can be easily matched with 
fMRI data yielding an overlay of functional areas 
onto anatomical images (Fig. 1). There is no need 
for additional instrumentation or for the match-
ing of different image formats. Being non- 
invasive, it can be performed repeatedly hereby 
providing information on postoperative reorgani-
zation or neuroplasticity (Fandino et  al. 1999; 
Jiao et al. 2020).

Historically, neurosurgeons have mapped cor-
tical functions invasively by direct cortical stimu-
lation either intraoperatively or preoperatively 
using implanted subdural grids. However, these 

Fig. 1 Overlay of functional activation maps with mor-
phological images (contrast enhanced T1 weighted 
3D-data set) visualizing the critical spatial relationship 
between the left precentral high-grade glioma and the pri-

mary motor foot (orange cluster) and hand (yellow clus-
ter) representations. Transverse sections. (Images: 
courtesy of C. Stippich, MD)
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methods have severe limitations in terms of pre-
surgical planning and direct intraoperative evalu-
ation of function and are nowadays only used for 
the confirmation or validation of functional imag-
ing data or intraoperatively when the anatomy 
has changed due to the procedure. The same 
applies nowadays for subcortical diffusion tensor 
imaging of white matter tracts compared to sub-
cortical stimulation (see later).

fMRI imaging studies of motor, somatosen-
sory, and language function as part of the presur-
gical evaluation process are considered very 
helpful and are used to define the patient’s indi-
vidual risk for a decline in neurological function. 
This enables most patients to decide between a 
more aggressive (gross total) and conservative 
(subtotal or extended biopsy) resection. Finally, 
this information is used to choose the “cortical 
entry” of lowest risk and to plan the surgical 
approach avoiding functional “no entry” areas in 
all cases. fMRI is confirmed intraoperatively 
with surgical inspection, intraoperative neuro-
navigation and, in selected cases, with cortical or 
subcortical stimulation or evoked potentials. 
Optimized preoperative protocols were devel-
oped by Stippich et  al. (1999, 2000, 2003) and 
performed together with a 3D T1-weighted MR 
sequence used for neuronavigation. These proto-
cols demonstrated robust stability for presurgical 
localization over a long time span (Tyndall et al. 
2017). Limitations are a reduced patient compli-
ance, motion artifacts, uncontrolled movements 
during the resting phase or co-movements of 
other parts of the body, or a paresis due to tumor 
growth. Minor inaccuracies can be eliminated by 
correction algorithms. In rare cases, however, the 
data acquisition has to be repeated.

Implementation of fMRI information in navi-
gation systems is straight-forward for the surgeon 
when the functional information is already inte-
grated and displayed in the data volume normally 
read into these systems. When the anatomical 
and functional information is acquired in the 
same session, no additional registration of fMRI 
data is necessary, hereby reducing the amount of 
registration errors.

A major drawback is the fact that fMRI is still 
very labor-intensive, requiring a group of MRI 
specialists for patient training, acquisition of 
MRI and fMRI data, and the post-processing of 
the data which requires several hours. Meanwhile 
there are novel technical and software solutions 
available that substantially facilitate the applica-
bility of presurgical fMRI. Also real-time fMRI 
packages (see later) help to solve some of the 
technical challenges (Moeller et al. 2004).

The importance and usefulness of navigation 
in neurosurgical cases have been evaluated in 200 
neurosurgical cases (Wirtz et  al. 1998, 2000) 
with regard to the planning of the surgical 
approach, the determination of functional areas, 
the detection of lesion and its boundaries, and 
finally the radicality of glioma resection.

For the planning of the operative approach the 
following beneficial percentages have been given 
by six neurosurgeons: 90% for the use of neuro-
navigation, 80% for the definition of the anatomy 
and functional areas, 90% for lesion detection, 
75% for the assessment of the tumor boundaries, 
and 65% for resection accuracy.

In another study (Winkler et  al. 2005) the 
additional use of functional MRI has been con-
sidered especially helpful for glioma surgery 
enabling an extended amount of resection and a 
reduction of postoperative morbidity as com-
pared to landmark oriented resection alone. This 
has been confirmed in a larger meta-analysis 
recently (Caras et  al. 2020). Less impressive 
were the results for metastases or meningiomas.

A study involving higher magnetic field 
strengths (3–7  T) has conclusively shown an 
increase in spatial resolution and signal to noise 
ratio (Chen and Ugurbil 1999; Roessler et  al. 
2005; Thulborn 1999). The future use of nanopar-
ticles as contrast media will possibly demonstrate 
larger lesions, which can be identified and encir-
cled with the navigation tool. Both developments 
will have further implications for functionally 
presurgical evaluation with regard to lesion delin-
eation, preservation of neurological function, and 
selection of the best therapeutical options (Cheng 
et al. 2014; Wegscheid et al. 2014).
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4  Applications of Functional 
Neuronavigation

4.1  Motor and Sensory Systems

Integration of functional data for sensorimotor 
function into the neuronavigational system is of 
substantial benefit for patients with perirolandic 

tumors, in terms of preoperative risk assessment, 
surgical access, and trajectory planning (Fig. 2) 
(Wengenroth et al. 2011). For example, a patient 
admitted with a hemiparesis due to a focal cen-
tral lesion with surrounding edema is first treated 
with corticosteroids (e.g., 16  mg dexametha-
sone) in order to evaluate whether the neurologi-
cal symptoms ameliorate with reduction of the 

Fig. 2 Integration of BOLD-fMRI somatotopic mapping 
of the primary motor cortex and of Diffusion Tensor 
Imaging (DTI) tractography of the pyramidal tract for 
functional neuronavigation in a patient with a left precen-
tral glioblastoma (same patient in Fig.  1). Segmented 
tumor (pink), foot and tongue representations (orange 
clusters), hand representation (yellow cluster), pyramidal 
tract (green lines). The neurosurgeon is provided with 

detailed information about the spatial relationship 
between envisaged site of surgery, functional cortex and 
fiber tracts, facilitating the planning and the performance 
of function preserving resection. Conventional surgical 
view (top left: left–left, right–right). Transverse, sagittal 
and coronal views, radiological imaging convention 
(right–left, left–right). (Images: courtesy of C. Stippich, 
MD)
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mass effect. Persisting paresis strongly indicates 
tumor involvement in the precentral gyrus or 
subcortical fiber tracts, which can be confirmed 
by morphological MRI and diffusion tensor 
imaging (DTI, see below). In this case, a func-
tional task (e.g., finger tapping) cannot typically 
be performed contralaterally to the lesion due to 
the impaired neurological function. However, 
some information can be obtained from an ipsi-
lateral task eliciting bilateral brain responses 
(Stippich et al. 2003, 2007; Stoeckel et al. 2010; 
Tozakidou et  al. 2013). Thus, voluntary move-
ments of the unimpaired hand can display the 
ipsilateral precentral gyrus and premotor area, 
which—together with postcentral activation 
induced by contralateral passive somatosensory 
stimulation—can serve as functional landmarks 
of the affected motor cortex (see Sect. 4.6). In 
patients with distinct motor deficiencies, a more 
robust approach is required with tasks like open-
ing and closing a fist to establish signal changes 
with fMRI (Fig.  3). Also resting- state fMRI is 
increasingly used to investigate patients with 
impaired motor function, bypassing such patient-
specific problems (Mannfolk et  al. 2011; 
Mitchell et al. 2013).

Thus, functional imaging allows the display of 
sensorimotor activation in relation to rolandic 
brain tumors (Bittar et  al. 2000; Fandino et  al. 
1999; Gallen et al. 1994; Jannin et al. 2002), and 
its validity has been confirmed by direct electro-
cortical stimulation during surgery (Leherici 
et al. 2000; Yousry et al. 1995; Meier et al. 2013). 
However, effects of neuroplastic changes and 
reorganization also need to be considered 
(Fandino et al. 1999), and certain limitations with 
regard to the variability in the venous drainage 
and regional hemodynamic responses according 
to the pathology have to be taken into account.

Finally, DTI can be employed as a further 
imaging adjunct to track subcortical fibers 
through the corona radiata, the internal capsule, 
and the crura cerebri (Coenen et al. 2003; Krings 
et  al. 2001; Le Bihan 2003; Zhu et  al. 2012; 
Seidel et  al. 2020) (see chapters “Diffusion 
Imaging with MR Tractography for Brain Tumor 
Surgery”, “Presurgical Functional Localization 
Possibilities, Limitations, and Validity”, and 
“Multimodal Functional Neuroimaging”). 
However this technique is limited, when tracts 
pass through the tumor or surrounding edema. In 
such situations correlations between DTI data 

Fig. 3 Hemiparetic patient with a left rolandic metastasis 
from adenocarcinoma. BOLD-fMRI was performed using 
hand opening and closure (fist) as motor task. Primary 
sensorimotor fMRI activation indicated tumor growth into 
the central region via the postcentral gyrus. A parietal 

approach was chosen to resect the lesion from a posterior 
direction. Transverse sections with an overlay of func-
tional activation maps on a T1-weighted contrast enhanced 
3D-data set readily prepared for DICOM export to 
neuronavigation
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and electrophysiological information from sub-
cortical stimulation identifying fiber tracts 
(Duffau et  al. 2002, 2003; Keles and Berger 
2004) still need to be performed. In any case the 
integration of DTI and fMRI into a neuronaviga-
tion system is a major step towards a safer surgi-
cal planning and achievement of more extensive 
cortical and subcortical tumor resection, espe-
cially when these data can be updated intraopera-
tively (D’Andrea et al. 2017; Kamada et al. 2003; 
Wu et al. 2007).

4.2  Language

Classical functional neuroanatomy locates the 
motor output of language to the left inferior fron-
tal gyrus (Broca’s area, BA 44, 45) and the per-
ception of language to the left posterior temporal 
lobe (Wernicke’s area, BA 22). Before the advent 
of fMRI, language-related functional mapping 
for neurosurgical planning relied solely on two 
invasive procedures, the Wada test (intracarotid 
amytal injection) and intraoperative direct corti-
cal stimulation. Language mapping is especially 
important in patients with lesions in and around 
the language-dominant hemisphere as well as in 
epilepsy surgery where it determines the extent 
of resection. The distance of resection from lan-
guage sites, as determined by cortical stimula-
tion, is the most important variable predicting 
recovery from postoperative speech disturbances. 
Thus, an accurate localization of all essential lan-
guage areas is critical for the speed of recovery as 
well as the avoidance of postoperative neurologi-
cal deficits.

For neurosurgical purposes it was first impor-
tant to demonstrate whether fMRI could replace 
the Wada test or not (Massot-Tarrús 2019; see 
also chapter “Diffusion Imaging with MR 
Tractography for Brain Tumor Surgery”). In 
general, there is an excellent correlation between 
the findings of the Wada test and fMRI for lan-
guage lateralization (Binder et al. 1996; Rutten 
et al. 2002), especially in patients with epilepsy 
(Benson et  al. 1999; Woermann et  al. 2003). 
fMRI studies were also correlated with direct 
electrical cortical stimulation and a good corre-

lation was found, depending on the language 
task (Benson et al. 1999; FitzGerald et al. 1997; 
Signorelli et al. 2003). Based on the preoperative 
findings in functional imaging, the decision will 
be made, whether a biopsy, a subtotal resection, 
or a maximal resection using awake craniotomy 
will be carried out in brain tumor patients 
(Fig. 4). Different paradigms have been tried to 
determine the lateralization of expressive and 
receptive language areas (Partovi et  al. 2012; 
Zacà et  al. 2012), especially in patients with 
brain tumors or epilepsy. Meanwhile a consen-
sus recommendation is published (Black et  al. 
2017). Also in cases with functional deficits 
nowadays, resting-state fMRI can be used to 
demonstrate language neuronal networks (Tie 
et al. 2014).

4.3  Visual Cortex

Up to one-third of the cerebral cortex is involved 
in vision. This reflects the importance of vision in 
everyday life. Visual information is transferred 
from the retina to the lateral geniculate nucleus 
and finally to the visual cortex following a well- 
known retinotopic organization. Originally, this 
information was obtained from PET imaging 
studies (Fox et  al. 1986, 1987) and later con-
firmed by fMRI (Belliveau et  al. 1991, 1992). 
Since it is important to select an optimal stimula-
tion frequency for visual paradigms (Fox and 
Raichle 1984; Kwong et  al. 1992), stimulation 
was originally performed with LED goggles. 
Nowadays, computer-simulated patterns are 
commercially available. Tumors afflicting the 
visual cortex around the calcarine fissure or the 
optic radiation can produce changes in functional 
imaging tasks. Particularly in high-grade gliomas 
involving the occipital lobe or tumors situated in 
the posterior temporal horn, such as intraventric-
ular meningeomas or plexus papillomas, critical 
planning regarding the extent of resection or the 
surgical access is necessary to avoid disruption of 
the optic radiation (Fig.  5). Despite the wide-
spread use of functional mapping in surgery, the 
identification of visual structures is rarely 
reported with fMRI (Hirsch et  al. 2000; Roux 
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et al. 2001a; Schulder et al. 1999; Li et al. 2013), 
MEG (Nakasato and Yoshimoto 2000) or PET 
(Fried et al. 1995). More often DTI is nowadays 
applied to identify the optic radiation in temporal 
lobe surgery for tumors or epilepsy (Taoka et al. 
2008; Winston et  al. 2011; James et  al. 2015; 

Faust and Vajcoczy 2016). In addition, the first 
reports of electrical subcortical stimulation of the 
optical pathways (Gras-Combe et al. 2012) have 
been published. A combination of fMRI and DTI 
displaying visual cortical areas as well as the 
optic radiation would be desirable to minimize 

Fig. 4 Functional localization of the Wernicke language 
area in relation to a left fronto-temporal low-grade glioma 
involving the basal ganglia and insula. Word listening 
(auditory stimulation) was used to elicit BOLD-activation. 

Transverse sections with an overlay of functional activa-
tion maps on a T1-weighted contrast enhanced 3D-data 
set

Fig. 5 Functional localization of the primary visual cor-
tex in relation to a left parieto-occipital meningioma with 
signal alterations (perifocal edema) in the left optic radia-

tion. Transverse sections with an overlay of functional 
activation maps on a T2-weighted fluid attenuated inver-
sion recovery MR sequence (FLAIR)
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the postoperative risk of visual field defects, 
which can tremendously affect the quality of life.

4.4  Auditory Cortex

Functional activation of the auditory cortex has 
rarely been used for neurosurgical procedures or 
neuronavigation (Hale 2018). It is well known 
that a tonotopic organization of blood flow 
responses to different tonal frequencies exists. 
Sound stimulation activates the primary auditory 
cortex in the contralateral hemisphere, whereas 
speech causes bilateral activation (Binder et  al. 
1994; Lauter et al. 1985). Based on new hypoth-
eses about the origins or consequences of tinni-
tus, causing neuroplastic changes in the auditory 
cortex (Langguth et  al. 2003; Mahlke and 
Wallhauser-Franke 2004; Mühlnickel et  al. 
1998), a case report described the effects of 
chronic auditory cortex stimulation implanted 
with the help of auditory-fMRI neuronavigation 
(DeRidder et  al. 2004). Auditory-fMRI was 
superimposed on morphological 3D-MRI and 
displayed together in a neuronavigation system, 
which was used to place an epidural paddle elec-
trode. After successful test stimulation, an 
impulse generator was implanted with excellent 
results after 10 months.

4.5  Pain

There are numerous studies dealing with the acti-
vation of different cortical and subcortical brain 
areas evoked by mechanical or thermal noxious 
stimuli. In addition, therapeutic effects of surgi-
cal and non-surgical measures have been studied. 
fMRI is used for neuronavigation in cases with 
central or peripheral neuropathic pain and thera-
peutic motor cortex stimulation (Pirotte et  al. 
2005; Rasche and Tronnier 2016; Roux et  al. 
2001b; Sol et al. 2001). Depending on the local-
ization of the painful area and the patients’ ability 
to perform the required tasks a mapping of the 
motor cortex is performed. The fMRI data are 
integrated into a neuronavigation system and dis-
played in the operating room together with the 

morphological MRI images. In cases of missing 
limbs or in plegic patients virtual movements can 
be trained or the opposite healthy motor cortex is 
projected onto the affected site, although in these 
latter cases neuroplastic distortions have to be 
taken into consideration. Via a burr hole approach 
an epidural lead electrode can then be placed 
over the somatotopic representation correspond-
ing to the painful body area (Figs. 6 and 7). One 
challenge is that the functional areas might differ 
from the morphological data due to neuroplastic 
changes. This is known from several studies on 
neuroplasticity in pain (Flor 2003; Karl et  al. 
2004). However, a valid correlation between 
direct cortical stimulation and fMRI with a mean 
distance of 3.8 mm has been found in the major-
ity of cases (Pirotte et al. 2005). DTI is used to 
detect the integrity of corticothalamic tracts as 
presurgical assessment for motor cortex stimula-
tion in central post-stroke pain (Goto et al. 2008). 
Furthermore, DTI has meanwhile been integrated 
into functional surgery as well. Apart from indi-
cations in neuropsychiatric diseases (Bathia et al. 
2012; Coenen et al. 2011; Tohyama et al. 2020) it 
is also used for the stimulation of fiber tracts in 
chronic pain (Hunsche et al. 2013; Coenen et al. 
2015).

4.6  Psychological Function, 
Memory

Functional imaging has revolutionized our under-
standing in different neuropsychiatric diseases. 
Task-related and resting-state fMRI have revealed 
the neural circuits and functional connectivity in 
untreated and treated patients as compared to 
controls (Cheng et  al. 2013; Jung et  al. 2013). 
Additionally, morphometric and 
MR-spectroscopy is used to highlight treatment 
effects (Athmaca 2013; Zurowski et  al. 2012). 
Presurgical fMRI reveals lateralization variants 
and is especially used to predict memory deficits 
in patients undergoing epilepsy surgery 
(Mandonnet et al. 2020; Buck and Sidhu 2020). 
Morphological, functional metabolic, and volu-
metric data point to several brain regions that are 
important to the etiology and maintenance of 
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obsessive compulsive disorder (OCD). However, 
these imaging techniques have not been used for 
individual deep brain stimulation targeting 
although first attempts are well on the way 
(Gutman et al. 2009). Another interesting topic is 
the possibility to predict memory changes or def-
icits after surgical procedures (Henke et al. 2003). 

This is most important in patients undergoing 
epilepsy surgery, especially temporal lobectomy 
(Powell et  al. 2004; Rabin et  al. 2004). The 
implementation of activation patterns in the 
medial temporal lobe (for episodic-like or 
“event”-memory) or temporal cortex (for 
semantic- like or “fact” memory) into a 

Fig. 6 Functional neuronavigation used for computer- 
assisted placement of an epidural motor cortex stimula-
tion lead in treatment of chronic pain. The fused images 
display anatomical and functional information as well as 
the planned electrode placement site (yellow circular 

lines) along with the navigation device (pointer instru-
ment, blue line). Coronal (top left), sagittal (top right), 
and transverse views (bottom left), “navigation view” 
(bottom right). White clusters indicate primary sensorim-
otor BOLD-activation after DICOM export
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neuronavigation system will decrease the proba-
bility of postoperative memory deficits. This also 
holds true for frontal lesions, where the patients, 
different from temporal amnesia, exhibit impair-
ments in memory of temporal events (order, 
source, or context). The (pre-) frontal cortex is 
responsible for the active retrieval of memory 
and encoding while the temporal cortex is mainly 
responsible for memory storage and automatic 
retrieval (Miyashita 2004). Therefore in the 
future specifically designed event-related fMRI 
paradigms will help to predict the risk of certain 
types of postoperative memory deficits. Also the 
use of preoperative non-invasive neurostimula-
tion techniques in combination with fMRI (so-
called  concurrent TMS-fMRI), and the integration 
of these data in a neuronavigation system will be 
a territory of future research (Bestmann and 
Feredoes 2013; Blankenburg et al. 2010; Zaehle 
et al. 2010)

4.7  Resting-State fMRI

There has been an increasing number of studies 
using resting-state fMRI to characterize abnor-
mal brain connectivity in patients with different 
neurological and psychiatric disorders (Horwitz 

et al. 2013). The technology is based on the brain 
oxygen level dependency (BOLD) principle just 
as paradigm- or task-based fMRI, but does not 
require the patient’s cooperation (Lv et al. 2018). 
However, it has not been proven that these func-
tional (neuroplastic) changes can be correlated 
with anatomical structural changes relevant for 
the planning of surgical approaches. Although 
measuring spontaneous activity and generating 
resting-state correlation maps similar to func-
tional maps from activation tasks, imaging of 
these networks is technically very labor-intense 
and underlies several conditions as the selection 
of the “seed regions” in order to identify refer-
ence networks from examination and statistical 
analysis of large groups of individuals. A recent 
study integrated resting-state data into surgical 
decision making in a restricted number of patients 
with epilepsy. The authors described an advan-
tage in identifying areas responsible for speech 
arrest but they did not look for paraphasic errors, 
which are also important for the functional out-
come (Mitchell et al. 2013). For more details on 
resting-state fMRI we refer the reader to chapter 
“Presurgical Resting-State fMRI”.

4.8  Diffusion Tensor Imaging (DTI)

While fMRI may be used to highlight cortical 
structures, DTI is used to map white matter struc-
tures and specific fiber connections (Fig. 8). It is 
based on the preferential diffusion of water along 
white matter tracts within the CNS and allows the 
neurosurgeon to delineate a lesion with respect to 
subcortical projection fibers. DTI data can be 
incorporated into navigational data sets to facili-
tate more radical tissue resections as well as a 
reduced risk of postoperative new neurological 
deficits (Elhawary et  al. 2011; Wu et  al. 2007). 
Deterministic tractography algorithms have been 
integrated in most commercially available navi-
gation systems, are easy to use, and can be 
applied without the requirement for support by a 
specialist. While these features helped a great 
deal making DTI useable for surgical approaches, 
they are also the main target for controversy 
(Jones 2010; Jones et  al. 2013; Thomas et  al. 

Fig. 7 Lateral X-ray plain film showing the localization 
of a paddle electrode implanted via a burr hole
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Corticospinal tract

Arcuate fascicle

Optic radiation

Fig. 8 Three fiber systems with high relevance for surgi-
cal approaches. The underlying imaging is a DTI sequence 
with 30 motion probing gradients scanned on a 3  T 
Siemens Magnetom. The tractography was performed 
using Brainlab Elements. Top: The corticospinal tract is 
critical for limb movement and locomotion. For tractogra-
phy, usually two regions of interest are selected, the brain-
stem and the precentral gyrus. Middle: The arcuate 
fascicle of the dominant hemisphere connects sensory and 
motor speech areas with each other as well as with further 
brain regions. Mostly, Broca’s area (opercular portion of 

inferior frontal gyrus) and Wernicke’s area (posterior third 
of superior temporal gyrus) are used as seed volumes. 
Bottom: The optic radiation connects the lateral genicu-
late body with the visual cortex in the occipital lobe. The 
fibers run anteriorly towards the temporal lobe, take a 
sharp turn, and run backwards towards the occipital lobe 
on the roof of the lateral ventricle’s temporal horn and 
trigone. Because of the tight bend close to the temporal 
pole, this portion, the Meyer’s loop, is very difficult to 
visualize and is often not included in the tractography 
result
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2014). DTI imaging is susceptible to MR arti-
facts such geometric aberrations or in the vicinity 
of metal, bone, or air. This fact as well as the usu-
ally limited spatial resolution of the acquired data 
is not obvious to the user after overlying the data 
with high-resolution structural MRI datasets. 
Furthermore, deterministic tractography algo-
rithms have weaknesses if fibers cross within a 
single voxel (leading to a seemingly low focal 
anisotropy, FA), in the case of tight turns of fibers 
(such as the Meyer’s loop) and regarding thin 
fiber tracts, which only have a limited influence 
on the overall FA within the passed voxels. These 
weaknesses and the high dependency on the 
selected seed volumes for tracking may lead to 
unreliable tractography results and unfavorable 
decision making by inexperienced users. Despite 
the easy application of DTI today, surgery still 
requires the surgeon to have thorough anatomical 
and technical knowledge (Pujol et al. 2015).

Probabilistic tractography algorithms are less 
likely to propagate errors from one voxel to the 
next than deterministic algorithms, but generate 
multiple possible trajectories between two seed 
volumes. By estimation and visualization of their 
individual likelihood, many of the above men-
tioned weaknesses of tractography may be over-
come (Jeurissen et  al. 2019). Many different 
algorithms have been developed and there is far 
less standardization among probabilistic tractog-
raphy than for deterministic ones. Furthermore, a 
higher degree of expertise is required on the user 
side along with a need for computation power 
and time. Consequently, probabilistic tractogra-
phy only has a minor impact on surgery today.

Because also the white matter undergoes ana-
tomical changes due to brain shift, the intraopera-
tive update of neuronavigational data with 
high-field MRI is a promising tool for image- 
guided surgery. The gold-standard for the detec-
tion of subcortical fibers remains intraoperative 
subcortical stimulation. Correlational studies 
estimate that the white matter tracts determined 
via DTI are in a vicinity of 8 mm of the stimu-
lated areas (a range from 0 to 15  mm was 
described by Maesawa et al. 2010, Prabhu et al. 
2011, Seidel et  al. 2020, Zolal et  al. 2012). 
Therefore, a combination of DTI integrated neu-

ronavigation with subcortical stimulation is con-
sidered the most effective way for a safe resection 
within subcortical areas.

Another new approach for intraoperative deci-
sion making or preoperative planning is the use 
of navigated transcranial stimulation (nTMS) for 
neuronavigation. NTMS is currently examined 
for its applicability and reliability for the delinea-
tion of cortical and subcortical projection areas, 
which have to be spared during surgical resection 
of brain lesions (Krieg et  al. 2012, 2013). The 
information obtained with nTMS has been com-
pared with direct cortical stimulation, preopera-
tive fMRI, and fiber tracking (Frey et al. 2012). 
Although nTMS has advantages over fMRI 
because it does not rely on patients’ compliance, 
it depends on several parameters (resting motor 
threshold, intraoperative brain shift) and the 
value of its use in the daily clinical routine has 
yet to be determined (Rosenstock et  al. 2020; 
Sollmann et al. 2020) .

4.9  Implementation of Functional 
Imaging Data into 
Intraoperative Imaging

The benefits of integrating functional imaging 
data into a neuronavigation system have been 
described above. In contrast to MEG, fMRI is 
more widely distributed and is therefore nowa-
days used on a clinical routine basis. fMRI how-
ever, depending on the technique and the special 
requirements, still needs an intense and time- 
consuming processing phase before the data can 
be merged into a neuronavigational system. Real- 
time fMRI packages provided by MR scanner 
manufacturers now enable the radiologist to get 
immediate post-imaging results for more “sim-
ple” activation tasks. In an earlier study (Moeller 
et  al. 2004) two different routine clinical 1.5-T 
scanners were used (Magnetom Vision, Siemens 
and Intera, Philips) for a motor paradigm (finger 
tapping). The integrated software performed an 
automatic motion correction and cluster filtering 
displaying the activated brain area during each 
scan. An overlay with the 3D T1-weighted data 
set could be performed semiautomatically. 
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Integrating these software packages into high- 
field MR scanners situated in the operating room 
allows direct intraoperative functional imaging 
(Nimsky et al. 2004). The extent of resection of 
brain tumors or lesions in epilepsy surgery can 
nowadays be further tailored according to the 
functional information obtained from intraopera-
tive fMRI.

4.10  Implementation of Functional 
Imaging Data into 
Intraoperative Mapping

The delineation of cortical structures can be per-
formed intraoperatively either via direct visual-
ization, anatomical correlation to a navigational 
device or neurophysiological methods. In case of 
a large craniotomy the surgeon is able to identify 
anatomical landmarks on the exposed cortex and 
to determine various gyri. The localization of elo-
quent areas by direct inspection of the brain’s 
surface is very limited as there are no reliable 
landmarks except for the motor hand area of the 
precentral gyrus. Especially in cognitive func-
tions, localization of the recruited brain areas is 
highly variable precluding any reliable prediction 
in individual patients. In patients with distorted 
anatomy or limited surgical exposure, neuronavi-
gational devices or neurophysiological tech-
niques help the surgeon to reliably determine the 
boundaries of eloquent brain regions. Especially 
in perirolandic tumors, neurophysiological meth-
ods facilitate the delineation of the motor or sen-
sory cortex. Direct electrical stimulation elicits 
movements in muscle groups corresponding to 
the homunculus. However intraoperatively, elec-
trical cortical stimulation can be hampered by 
agents, such as relaxants, causing a neuromuscu-
lar blockade or by the depth of anesthesia. On the 
other hand, motor responses are also elicited by 
stimulation of premotor and even sensory areas. 
Sensory responses to electrical stimulation of the 
median or the tibial nerve can delineate the sen-
sory cortex. The combination of somatosensory 
evoked potentials (SEPs) and cortical stimulation 
has already been described in the late 1970s 
(Woolsey et al. 1979) and was later refined by the 

use of the phase reversal to differentiate between 
the motor and sensory cortex (Cedzich et  al. 
1996; Romstöck et al. 2002) in brain tumor sur-
gery. Nowadays these techniques are used for the 
validation of functional imaging data by display-
ing the distance between cortical activation and 
neurophysiological response and finally by cor-
relating the data with the clinical outcome or neu-
rological function (Cosgrove et al. 1996; Kober 
et al. 2001; Krishnan et al. 2004; Puce et al. 1995; 
Schiffbauer et  al. 2003) (Fig.  9). Functional 
imaging has the advantage of being able to depict 
activation deep in a sulcus, which is not easily 
accessible for direct stimulation. For further data 
regarding the validity of functional imaging data 
see chapter “Presurgical Functional Localization 
Possibilities, Limitations, and Validity”. A com-
bination of both techniques is also used in func-
tional surgery, e.g., in motor cortex stimulation 
for chronic pain states or tinnitus (Sol et al. 2001; 
Tronnier et al. 1996).

To prevent damage to the subcortical fiber 
tracts during resection of eloquent cortical and 
subcortical lesions, low-threshold monopolar 
motor-mapping using train-of-5 stimuli for the 
identification of a motor threshold and estimation 
of the distance to the respective motor-fibers may 
be considered gold-standard today (Seidel et al. 
2012). The combination with visualization and 
overlaying of the microscopic or exoscopic 
image with preoperatively identified subcortical 
structures in an augmented-reality environment 
may further improve safety in subcortical tumor 
resection. In contrast to continuous monopolar 
motor-mapping, brain shift effects have to be 
taken into account.

Fig. 9 Operative site showing the correlation of intraop-
erative cortical stimulation and fMRI localization
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Interesting developments are operations using 
a real-time atlas-based neuronavigation which 
adapts to intraoperative changes, such as brain 
shift, and applies them to all morphological and 
functional images (Vabulas et al. 2014).

4.11  Cost-Effectiveness

There are no direct cost analyses of functional 
imaging in presurgical evaluation. However, it is 
well demonstrated that neuronavigation is able to 
lower the duration of the hospital stay (Paleologos 
et  al. 2000) hereby significantly reducing the 
incoming expenses. A study reported the costs of 
the Wada test to be 3.7 times higher as compared 
to fMRI (Medina et  al. 2004). Increasing the 
amount of preoperative (functional) imaging will 
certainly increase the costs produced by man-
power and hardware. However the improved 
postoperative quality of life is difficult to balance 
by money. At least in benign lesions or epilepsy 
surgery it seems obvious that less invasive proce-
dures will reduce postoperative morbidity and 
therefore lower the financial burden (Eljamel and 
Mahboob 2016).

5  Perspectives

5.1  Single-Rack Solution

The creation of a single-rack information system 
for the surgeon consisting of a collection of data 
for functional imaging (MEG, fMRI, DTI, and 
Perfusion-MRI), navigation, and electrophysio-
logical monitoring with online information to 
support the surgeon’s intraoperative decisions is 
an important goal (Cartucho et al. 2020). A spe-
cial focus should be put on the imaging and elec-
trophysiological localization of subcortical 
pathways. This integrated “functional” neuronav-
igational approach should be beneficial in surgi-
cal planning and pre- and intraoperative decision 
making, providing online information to facili-
tate surgical resection and decrease postoperative 
morbidity by protecting eloquent cortical and 
subcortical areas. Up to now the surgeon has to 

work with different information systems and thus 
has to integrate all this information during sur-
gery separately when appropriate. An integrated 
multimodal navigation system taking over all 
these tasks would reduce the time of surgery, 
allows a safer resection of brain tumors and pre-
sumably ultimately improves the patients’ 
outcome.

Several topics have to be addressed to create 
such a system:

 – The integration of more complex resting-state 
fMRI data to allow prediction of neuropsy-
chological changes in brain tumor surgery.

 – The correlation of fusion inaccuracies based 
on the fact that up to now only a few anatomic 
landmarks are used for the merging of data.

 – The correction of distortions of the different 
techniques (reduction of distortion by new 
imaging techniques; correction of remaining 
distortion by data processing) and their fusion.

 – Automated export of electrophysiological 
data into a navigation system.

 – The automatic recognition of electrode or grid 
configurations by the navigational system and 
their display on the monitor or microscope 
(see below) for the operating surgeon.

The development of so-called Smart (cyber-) 
Operating Theatres in a few centers around the 
world tries to solve these problems and combine 
the comprehension of diagnostic information 
with a connection to the different therapeutic 
medical devices via communicating interfaces.

5.2  Overlay of Functional Imaging 
Data in the Operation 
Microscope or Exoscope

It would be desirable to overlay the operation site 
with the operation microscope or exoscope with 
all available imaging data in order not only to 
delineate the tumor volume but also functional 
cortical and subcortical sites. Interruptions or dis-
tractions caused by switching the focus between 
the monitor and the microscope repeatedly are 
disturbing and time consuming. Using the 
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methods of augmented reality can realize a more 
efficient use of the different planning data. This 
could be achieved by superimposing heads-up- 
displays upon the microscopic view or by a 
respective planning of the data in the microscopic 
view (Tronnier et al. 2000; Alfonso-Garcia et al. 
2019; Carl et al. 2020). Dedicated micro-optical 
overlay modules are already designed for insert-
ing and overlaying three-dimensional data within 
the operating microscope (Aschke et  al. 2003; 
Makela et  al. 2001). Further refinements to 
enhance the surgeon’s three-dimensional percep-
tion and a fast integration of these data are 
required to make intraoperative imaging data 
implementable.

Special tracking methods or computational 
models which compensate for intraoperative 
brain shift have to be developed. Tracking points 
could be vessel branches, other anatomical land-
marks, or implanted markers (e.g., LEDs). 
Additional information provided by intraopera-
tive imaging such as ultrasound should be inte-
grated into the surgical workflow by automated 
actualization and integration of these imaging 
data into the microscopic view. This will require 
different import filters and a merging of different 
data formats.

5.3  Imaging the Basal Ganglia

First trials examining the basal ganglia with func-
tional somatotopic mapping (Maillard et  al. 
2000) have been performed. If it were possible to 
demonstrate the somatotopy of the hand, foot, or 
face areas in distinct basal ganglia nuclei, such as 
the internal pallidum or the subthalamic nucleus, 
these data could be used for surgical planning of 
the target and trajectories in stereotactic func-
tional procedures such as pallidotomies or deep 
brain stimulation (DBS). Unfortunately, despite 
major advances in MRI technology and nearly 
exclusive use of high-field strengths (1.5 and 
3 T), reliable differentiation of the different tha-
lamic nuclei is still not possible. Due to the 
increased use of DBS for neuropsychiatric disor-
ders, functional imaging such as DTI or tractog-
raphy is more often required as a preoperative 

imaging method (Coenen et  al. 2011; Gutman 
et al. 2009; Owen et al. 2007) as well as to study 
the postoperative effect of DBS on neuronal cir-
cuits (Albaugh and Shih 2014; Rozanski et  al. 
2014). An alternative to indirect segmentation of 
the thalamus using DTI is the elastic adaptation 
of atlas data on the individual three-dimensional 
anatomy (Su et al. 2019; Chakravarty et al. 2008; 
Ranjan et al. 2019).

Interestingly, despite these techniques for 
safer orientation within the basal ganglia, a sub-
stantial portion of thalamotomies, pallidotomies, 
and DBS procedures is still performed based on 
indirect atlas-based targeting. The reason might 
be, that the results, especially in awake proce-
dures, are mostly very good (Dallapiazza et  al. 
2019) and the need for improvement is relatively 
low.

5.4  Neuroplasticity

Although it is known that over- or under use of a 
specific function will create cortical neuroplasti-
city, either by enhanced afferent normal or patho-
logical activity (musicians, writer’s cramp), 
decreased afferent activity (blind individuals, 
patients with amputation) or disproportion of 
agonist/antagonist function (focal dystonia), 
pathological changes of the cortex (stroke, brain 
tumor, brain surgery) also demonstrate the brain’s 
capacity for plastic changes (Fujii and Nakada 
2003). This has serious implications for the dif-
ferent forms of therapy (Lotze et  al. 1999; Wu 
and Kaass 1999; You et al. 2005). To the best of 
our knowledge, no longitudinal study has been 
performed looking for immediate postoperative 
changes in fMRI and long-term changes after 
surgical resection and neurological recovery. 
This will be one of the most interesting applica-
tions of resting-state and activation task fMRI 
pre- and postoperatively in the future.

5.5  Imaging the Spinal Cord

Functional imaging of the spinal cord is still in 
development. Movement artifacts of the cord 
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itself, CSF flow, its small cross diameter, and 
inhomogeneities caused by the surrounding bone 
and cartilage make the interpretation of the 
images difficult. The detection of changes of 
function by pathological lesions is far from being 
technically solved (Giove et  al. 2004; Stroman 
et al. 2005). DTI techniques are recently used to 
examine microstructural changes in degenerative 
disease (as cervical myeolopathy), infection 
(multiple sclerosis), and pain (Shabani et  al. 
2020; Ropele and Fazekas 2019; Zhang et  al. 
2020).

5.6  Molecular Imaging

A variety of imaging technologies are being 
investigated as tools for studying gene expression 
in living subjects, especially after gene therapy. 
The application of such tools for presurgical 
planning in humans is desired though it still 
seems like a long way to implement them and 
overcome technical difficulties. SPECT and PET 
are the most mature of the current imaging tech-
nologies with high sensitivity and good access to 
scanners. MRI is also currently used for molecu-
lar imaging of different pathologies including 
brain tumors in rodents in order to evaluate gene 
therapy protocols (Moffat et al. 2003; Rehemtulla 
et al. 2002; Varma et al. 2013). PTPmu labeled 
nanoparticles were successfully used to label 
pediatric and adult glioblastomas in stereotactic 
surgical procedures (Covarrubias et al. 2020). It 
can be expected that in the near future personal-
ized treatment concepts based on application of 
fluorescent nanoparticles for intraoperative MRI 
will become available and possibly improve 
treatment outcome in glioma surgery (Šamec 
et al. 2020).

6  Summary

Functional imaging can provide information on 
the localization of essential functional cortex and 
subcortical pathways preoperatively. It enables 
the surgeon to assess the surgical risk, to take 
therapeutic decisions, and to advise the patient 

carefully about the estimated risks and benefits of 
the procedure. Functional imaging enables the 
surgeon to make his resection plan by estimating 
the position and relationship of the abnormal and 
the important functional tissue that should be 
preserved. In addition, functional imaging allows 
function-guided resection rather than the resec-
tion relying only on morphology which neuro-
navigation alone can offer. Limiting factors are 
the interference with tumor mass and/or sur-
rounding edema compromising local blood flow 
and the possible presence of preoperative neuro-
logical deficits preventing the performance of 
functional tasks during imaging. To date, the 
resection borders cannot be determined reliably 
based on fMRI data. However first reports in a 
very limited number of patients have suggested 
that resection of tumor at a distance of at least 
10 mm may be safe and may cause no decline in 
neurological function (Roessler et al. 2005). On 
the other hand, resection in an area less than 
5  mm away from functional cortex will most 
likely result—at least temporarily—in neurologi-
cal deficits. To overcome the problem of intraop-
erative brain shift, a correlation with direct 
electrical stimulation for motor cortex, as well as 
SEPs for visual, auditory, and sensory cortex can 
be applied (Cirillo et  al. 2019; Sanvito et  al. 
2020). Finally, the use of intraoperative high- 
field MR scanners will provide insight into the 
evaluation of some functions intraoperatively. 
Eventually, intraoperative mapping of speech and 
other higher cognitive functions still requires 
awake craniotomy.
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Abstract

Presurgical mapping using functional neuro-
imaging techniques—and particularly fMRI—
is now commonly used in clinical practice and 
not just for research applications. Presurgical 
functional neuroimaging with its contribu-
tions to surgical planning and to the predic-
tion of postoperative outcome is now well 
established.

Validation studies of functional imaging 
techniques have shown the potential of fMRI 
to localize motor areas and to lateralize and 
localize language and memory functions. 
However, particularly for cognitive brain 
functions, the imaging results strongly depend 
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on the methodology and require optimal clini-
cal standard procedures. Currently, functional 
neuroimaging is considered complementary to 
direct electrical stimulation (DES) providing 
additional information, such as information 
on the entire functional network and on the 
contralateral hemisphere, which is not acces-
sible to DES.  Until now, fMRI cannot fully 
replace DES.  In contrast, for language func-
tions, and more recently, for memory func-
tions, fMRI has supplanted the intracarotid 
amobarbital procedure (IAP) or Wada test. 
Diffusion tensor imaging (DTI) fiber tracking, 
which determines anatomical relationship 
between the tumor and adjacent fiber tracks, 
also plays a major role for presurgical 
mapping.

1  Possibilities and Limitations 
of Functional Brain Mapping

In presurgical functional mapping, determining 
the accuracy of functional maps is essential, the 
presurgical localization of eloquent areas at risk 
allowing to avoid postoperative deficits. Among 
the available and established functional imaging 
methods, functional MRI (fMRI) is the most 
widely used. FMRI can be easily performed 
using clinical MRI scanners. Within the same 
scanning session, high- resolution three-dimen-
sional (3D) images of the brain and functional 
images with or without contrast injection are 
acquired (depending on the brain tumor entity), 
providing accurate anatomic detail about the 
lesion. The following paragraphs will focus on 
the possibilities and limitations of blood-oxygen-
level-dependent (BOLD) contrast fMRI.

1.1  Spatial Localization of BOLD 
Signal

Because fMRI maps are based on secondary 
metabolic and hemodynamic events that follow 
neuronal activity and not on the electrical activ-
ity itself, it remains unclear what the exact spa-

tial specificity of fMRI is, despite proven 
congruence of fMRI localization and neuronal 
activation (Logothetis and Wandell 2004). 
Moreover, the physiological phenomenon under-
lying BOLD contrast is not yet fully understood. 
For details, see chapter “Revealing Brain 
Activity and White Matter Structure Using 
Functional and Diffusion- Weighted Magnetic 
Resonance Imaging.”

1.1.1  Spatial Specificity 
of Deoxyhemoglobin-Based 
(BOLD fMRI) Methods

Experimental multiple-site single-unit recordings 
and fMRI studies on the same animal have sug-
gested that the spatial specificity of T2* BOLD 
contrast might be in the range of 4–5  mm for 
single-condition maps, i.e., the task compared 
with the rest condition (Ugurbil et al. 2003). This 
may be adequate for presurgical brain mapping 
currently performed in the human brain with an 
image resolution of 3–5 mm, but a much better 
resolution can be achieved under certain circum-
stances (Harel et al. 2006).

The explanation for this low resolution is that 
deoxyhemoglobin changes which are initiated at 
the point of increased neuronal activity do not 
remain stationary and propagate into large drain-
ing vessels. Thus, deoxyhemoglobin changes 
incorrectly appear as activation away from the 
actual site of neuronal activity. Therefore, 
increased contribution of small vessels 
 (capillaries) versus large draining vessels is a 
critical issue for improving the spatial resolution 
of BOLD contrast images. The respective contri-
bution of small versus large vessels depends on 
several factors, including the field strength and 
the type of MR-sequence used for 
BOLD-imaging.

1.1.2  The Type of Sequence: Spin 
Echo (T2) Versus Gradient Echo 
(T2*) BOLD fMRI

1.1.2.1 The Intra- and Extravascular 
Components of BOLD Signal
The most commonly used fMRI approach was 
introduced in 1992 and is based on T2* (i.e., 
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gradient echo) BOLD contrast, which visualizes 
regional alterations in deoxyhemoglobin accom-
panying changes in neuronal activity (Heeger 
et al. 2002; Logothetis and Wandell 2004).

BOLD contrast originates from the intra-
voxel magnetic field inhomogeneity induced by 
paramagnetic deoxyhemoglobin inside the red 
blood cells, which in turn are compartmental-
ized within the blood vessels. Magnetic 
susceptibility differences between the deoxyhe-
moglobin-containing compartments and the sur-
rounding space generate magnetic field gradients 
across and near the boundaries of these com-
partments. Consequently, BOLD contrast has 
thus an intravascular and extravascular contri-
bution (Fig. 1).

The intravascular T2-BOLD effect is associ-
ated with the magnetic field gradient generated 
outside the red blood cells and inside the vessels. 

The field gradients around the red blood cells are 
very small compared to diffusion distances 
around and across the membranes of these cells 
(Fig.  1). Therefore, the effect is dynamically 
averaged and is detectable as a T2 effect. When 
regional deoxyhemoglobin content increases, the 
T2 of blood decreases (Thulborn et al. 1982). This 
intravascular effect is present in large as well as 
in small vessels.

The extravascular BOLD effect is associated 
with the magnetic field gradient generated out-
side the boundaries of the blood vessels. This 
gradient is due to the difference in magnetic sus-
ceptibility induced by deoxyhemoglobin between 
the vessels and the surrounding diamagnetic tis-
sue. For small vessels such as capillaries, water 
diffusion during image acquisition (typically 
50–100 ms for echo planar images (EPI)) dynam-
ically averages the magnetic field gradient and 

a b

Fig. 1 The extravascular BOLD effect is associated with 
the magnetic field gradient generated outside the boundar-
ies of the blood vessels, which is due to the difference in 
magnetic susceptibility induced by deoxyhemoglobin 
between the vessel and the surrounding diamagnetic tis-
sue (after Hoppel et al. 1993). The black curves outside 
the vessels represent the field gradient produced by the 
blood, which is inside the vessels. (a) For small vessels 
such as capillaries, the field gradients around the vessels 
are large compared to diffusion distances; therefore, the 
extravascular BOLD is a T2 effect as water diffusion 

dynamically averages in the magnetic field gradient. (b) 
For large vessels, the field gradients around the vessels are 
small compared to diffusion distances. The signal loss in 
the voxel is the result of a static averaging; therefore, the 
extravascular BOLD is a T2* effect. In (a, b), the intravas-
cular BOLD effect is associated with the magnetic field 
gradient generated outside the red blood cells inside the 
vessels. Similarly to the extravascular BOLD effect 
around capillaries, the intravascular BOLD is detectable 
as a T2 effect
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results in a T2 effect, similarly to the intravascular 
BOLD effect. For large vessels, dynamic averag-
ing is not possible anymore. In contrast, static 
averaging will result in a signal loss within the 
voxel. A water molecule located in the vicinity of 
the blood vessel will see a static magnetic field, 
which will vary with the proximity to the vessel 
(Fig. 1). As this magnetic field varies across the 
voxel, the signal of the entire voxel will be 
dephased, resulting in a T2* effect.

1.1.2.2  Specificity of Spin Echo (T2) 
Versus Gradient Echo (T2*) BOLD

As detailed above, the T2-BOLD response arises 
from intra- and extravascular effects originating 
from small and large vessels. The intravascular 
contribution originates from both large and small 
vessels, whereas the extravascular part is domi-
nated by small vessel contributions (Boxerman 
et  al. 1995). Thus, the spin echo (SE) BOLD 
fMRI response is due to apparent changes in T2 
originating from the diffusion of water in the 
presence of magnetic field gradients generated in 
the extravascular space around the microvascula-
ture (Ogawa et al. 1993; Boxerman et al. 1995), 
as well as from the exchange of water into and 
out of red blood cells within the blood itself 
(Pawlik et al. 1981; van Zijl et al. 1998; Ugurbil 
et al. 1999). At high magnetic fields, blood has a 
short T2, shorter than the echo times that are used 
in fMRI experiments. Therefore, the blood is not 
expected to contribute significantly to the mea-
sured BOLD signal changes. Consequently, at 
high field strength, the SE BOLD mainly origi-
nates from the extravascular space around the 
microvasculature and hence provides greater 
specificity to changes in neuronal activity (Lee 
et  al. 1999; Duong et  al. 2003; Ugurbil et  al. 
2003; Yacoub et al. 2003).

1.1.2.3 Field Dependence of BOLD Signal
Both the signal-to-noise ratio (SNR) and spatial 
resolution of BOLD fMRI increase with the main 
magnetic field strength. Higher magnetic fields 
will also preferentially attenuate the macrovas-
cular contribution (Ugurbil et al. 2003).

The BOLD response is expected to behave 
differently with increasing magnetic fields in 
small versus large blood vessels (Ogawa et  al. 
1993). The BOLD signal increases quadratically 
with the magnetic field strength for capillaries 
and linearly for larger vessels (Ogawa et  al. 
1993). Therefore, in addition to increasing the 
fMRI signal, higher magnetic fields will specifi-
cally enhance the signal from parenchymal capil-
lary tissue. In contrast, BOLD signal originating 
from large vessels will be overrepresented at 
lower magnetic field strengths (Ciobanu et  al. 
2015; Ladd et al. 2018).

1.2  fMRI Artifacts and Limitations

In clinical fMRI, we need to consider several 
types of artifacts and methodological limitations, 
the most important of which we discuss below. 
For details, see chapter “Clinical BOLD fMRI 
and DTI: Artifacts, Tips and Tricks.” It is impor-
tant to note that even validation studies using 
established reference procedures are prone to 
such interferences.

1.2.1  Movement Artifacts
Head motion is a critical issue in BOLD 
fMRI. Head motion consists of rigid body global 
deformations and translations. The effect of 
motion on image artifacts also depends on the 
extent of the head’s movements in relation to the 
size of the voxels used for imaging. When voxels 
have side lengths smaller than a millimeter, 
motion control becomes crucial. Head motion 
does not depend on which part of the brain is 
imaged. In single-shot EPI, each image is virtu-
ally devoid of motion artifacts since the acquisi-
tion time is very short (<100 ms). However, head 
motion may occur between successive images 
within fMRI series. Most fMRI studies are cur-
rently performed with a spatial resolution of 
3–4 mm (in-plane voxel size) and a slice thick-
ness of 4–5 mm (e.g., matrix: 64 × 64, field of 
view = 24 cm). Head motion artifacts predomi-
nantly affect tissue interfaces with large changes 
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in signal intensity (Fig. 2). A movement of one 
tenth of a voxel (300–400 μm) may lead to simi-
lar or larger signal changes than the physiological 
signal increase due to the task performance 
(Fig. 2). One can reduce these artifacts by care-

fully setting up the subject in the magnet (pad-
ding foams). External devices, such as a bite bar 
setup, can further minimize head motion but are 
rarely used in clinical practice. Carefully explain-
ing the task to the subject may also reduce head 

a

b

Fig. 2 Head motion artifact. A movement of one tenth of 
a voxel (300–400 μm) may result in signal changes simi-
lar or even larger than the physiological signal increase 
due to task performance, and, unfortunately, the motion 
correction software cannot distinguish between the two 
signals. Artifacts most severely affect tissue interfaces. An 
example is provided in (a). The picture shows the frontal 
sulcus. In the left diagram, the 4  mm voxel of interest 

(middle) contains 90% cerebrospinal fluid (CSF, sig-
nal = 100 arbitrary units) and 10% gray matter (GM, sig-
nal  =  10) resulting in an average signal of 91 (left 
diagram). A 0.4 mm motion (one tenth of the voxel size) 
will result in an average signal intensity of 82 (80% CSF 
and 20% GM, right diagram). (b) Typical head motion 
artifacts in two different subjects
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motion. Furthermore, nowadays, motion correc-
tion is implemented in all fMRI preprocessing 
software.

Cardiac and respiratory motion results in 
physiological fluctuations of the BOLD signal. 
Brain motion due to cardiac pulsation is negligi-
ble in the motor cortex but becomes significant in 
the upper brain stem and diencephalon (Enzmann 
and Pelc 1992). Brain motion has a small ampli-
tude (0.16 mm) but can represent as much as 30% 
of the voxel size at ultrahigh spatial resolution 
(0.5  mm in plane). EPI images are particularly 
sensitive to changes in resonance frequency 
which can arise from respiration and are more 
significant at high magnetic field strengths (Van 
de Moortele et al. 2002). Noise generated from 
respiration-induced phase and frequency fluctua-
tions and from cardiac-induced fluctuations can 
be corrected using different algorithms (Pfeuffer 

et al. 2002), some of them based on physiological 
recordings (Hu et al. 1995).

1.2.2  Magnetic Susceptibility 
Artifacts

These artifacts are due to differences in the mag-
netic susceptibility of bone, air, and brain struc-
tures. These susceptibility differences generate 
field gradients which result in an inhomogeneous 
static magnetic field. The consequences are signal 
loss and distortion in EPI images. These  artifacts 
are particularly predominant in regions containing 
air and bone, such as sinuses and inner ear struc-
tures. They are prevalent in calcified structures and 
after brain hemorrhage because of metallic parti-
cle deposition, such as in vascular malformations 
(Fig. 3). They are also frequently observed follow-
ing brain surgery because of the presence of metal-
lic particles deposited during surgery.

Fig. 3 Magnetic susceptibility artifact in a patient with a 
cavernous angioma of the left central region. Left: 
Activation map during lip movements superimposed on 
transverse T1-weighted images suggesting that the lesion 
is located at a distance from the activation in the primary 
motor area. Right: Same activation map superimposed on 

a transverse EPI T2* image showing the lesion surrounded 
by a large area of signal drop due to T2* shortening sus-
ceptibility artifact. Although no activation is visible inside 
the area of signal drop, it is not possible to conclude that 
the functional area does not extend inside this area

L. Chougar et al.



349

Magnetic susceptibility artifacts increase with 
field strength. Their impact can be reduced by 
using higher bandwidths, shorter TE, thinner 
slices, and better shimming procedures in order 
to improve static magnetic field homogeneity.

1.2.3  BOLD Response Alterations 
Induced by the Lesion

Neurovascular coupling that underlies BOLD 
contrast can be altered in normal aging and in 
vascular diseases and can thus affect the BOLD 
signal (Pineiro et  al. 2002; D’Esposito et  al. 
2003; Hamzei et  al. 2003). This is particularly 
important in BOLD fMRI studies in patients with 
brain tumors because the abnormal vasculature is 
an essential feature of tumor growth (Folkman 
et  al. 1989). Decreased activation has been 
reported on the side of the tumor predominantly 
in high-grade glioma (Holodny et al. 1999, 2000). 
It has been suggested that negative BOLD 
responses correlate with decreased neuronal 
activity (Shmuel et al. 2006) or neuronal inhibi-
tion in epilepsy (Kobayashi et al. 2005), but the 
different factors contributing to decreased BOLD 
activation in patients with brain tumors are not 
fully understood. They may also include a loss of 
autoregulation in the tumor vasculature and 
venous or pressure effects (Holodny et al. 1999, 
2000). Several studies have suggested that the 
regional cerebral blood volume (rCBV) mea-
sured by perfusion MRI is altered in gliomas 
(Ludemann et  al. 2001; Cha et  al. 2003; Law 
et al. 2004) and that fMRI activation decreases in 
the vicinity of brain tumors (Holodny et al. 2000; 
Fujiwara et al. 2004; Hou et al. 2006; Jiang et al. 
2010). Studies which used DES as a reference 
have shown that glioma grade influences the 
diagnostic performance of presurgical fMRI for 
motor and language mapping: in WHO grade II 
and III gliomas they found higher sensitivity and 
lower specificity than in glioblastoma multiforme 
(Bizzi et  al. 2008; Castellano et  al. 2017). 
Similarly, tumor type influenced fMRI activation 
in the ipsilateral primary motor cortex which was 
significantly reduced in glioblastoma (Fraga de 
Abreu et al. 2016; Castellano et al. 2017).

In patients with brain arteriovenous malfor-
mations (AVMs), flow abnormalities may inter-

fere with fMRI detection of language-related 
areas (Lehericy et  al. 2002). Wada tests and/or 
postembolization fMRI have shown that severe 
flow abnormalities contribute to abnormal lan-
guage lateralization and impair the detection of 
the BOLD signal (Lehericy et  al. 2002). 
Neurovascular coupling can be altered in several 
ways in patients with brain AVMs. Hypotension 
or the presence of a so-called steal phenomenon 
may negatively influence the normal functions in 
areas adjacent to the lesion (Barnett et al. 1987; 
Fogarty-Mack et al. 1996). Changes in cerebral 
blood flow (Barnett et  al. 1987; Young et  al. 
1990), perfusion pressure (Hassler and Steinmetz 
1987; Fogarty-Mack et al. 1996), oxygen metab-
olism (Fink 1992), autoregulation processes, and 
vasoreactivity (Barnett et  al. 1987; Hassler and 
Steinmetz 1987; Young et  al. 1994; Fogarty- 
Mack et al. 1996), all of which have been reported 
in areas adjacent to AVMs, may alter the BOLD 
signal intensity and its detection.

1.2.4  Effect of Subject Task 
Performance and Statistical 
Threshold

For a given task, the magnitude of the BOLD sig-
nal variation depends on the subject’ task perfor-
mance. For example, activation of the primary 
motor cortex increases with movement frequency, 
amplitude, and force (Waldvogel et  al. 1999). 
Similarly, activation in language areas will 
become more important as the number of words 
produced increases during a verbal fluency task. 
Therefore, monitoring the subject performance 
during the task is important for correct data 
interpretation.

The statistical threshold used for activation 
maps determines the displayed size of the cluster 
of active voxels. A low threshold means high sen-
sitivity but poor specificity and comes with the 
risk of false-positive activations. Conversely, a 
high threshold will increase specificity, on the 
cost of sensitivity, and of increasing the risk of 
false negatives (Fig. 4).

1.2.5  Alternatives to Task-Based fMRI
Task-based fMRI comes with a few limitations. 
Preoperative task-based fMRI requires subject 
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cooperation, and, therefore, is not feasible in 
patients with neurological deficits, or impaired 
consciousness or in young children. Choosing 
the appropriate task is another important factor 
for the reliable activation of eloquent brain areas. 
These difficulties can be overcome by several 
approaches, e.g., by passive movement for motor 
mapping (Ogg et  al. 2009). More recent 
approaches rely on functional connectivity tech-
niques. Functional connectivity refers to the tem-
poral correlation between various fMRI signals 
in spatially unconnected regions. It can be stud-
ied by measuring coherent signal fluctuations in 
BOLD fMRI time series in the resting brain 
(Biswal et  al. 1995). For instance, resting-state 
functional imaging studies have revealed covary-
ing fluctuations in distributed brain networks.

Previous studies have shown that brain tumors 
induce a loss of functional connectivity 
(Bartolomei et al. 2006; Guggisberg et al. 2008). 
This decreased resting-state functional connec-
tivity in the tumor area has been shown to be 
strongly associated with the absence of eloquent 
cortex in DES experiments (Martino et al. 2011). 
In addition, resection of areas with reduced con-
nectivity bears a low risk of postoperative deficits 
(Guggisberg et  al. 2008). Resting-state fMRI 
could also efficiently detect the motor and lan-
guage network when compared with DES 
(Mitchell et  al. 2013). A recent study in brain 
tumors has shown that sensorimotor and lan-
guage resting-state networks were identifiable 

within 1 min of scan time with high concordance 
between DES, task-based fMRI and resting-state 
fMRI (within 5–10 mm Euclidean distance in the 
motor cortex, Broca’s, and Wernicke’s areas) 
(Vakamudi et al. 2019).

In the future, resting-state fMRI may be used 
as a surrogate for task-based fMRI when task 
performance is limited, e.g., in patients with poor 
cooperation or impaired consciousness 
(Castellano et  al. 2017). For more details see 
chapter “Presurgical Resting-State fMRI.”

2  Validation of Presurgical 
Mapping Using Established 
Reference Procedures

2.1  Direct Electrical Stimulations

Currently, invasive electrophysiological investi-
gations remain the reference procedure (gold 
standard) for brain surgery, in particular for 
tumors located near or within eloquent cortical 
and/or subcortical structures (Keles and Berger 
2004; Duffau et  al. 2005). Direct electrical 
 stimulation (DES) allows mapping large num-
bers of motor, somatosensory, and cognitive 
functions. DES also permits the study of 
anatomo- functional connectivity by directly 
stimulating white matter tracts (Duffau et  al. 
2002, 2003b; Keles et al. 2004). Therefore, DES 
is viewed as an accurate and reliable technique to 

Fig. 4 Variation in brain activations detected with statis-
tical thresholds ranging from p < 0.01 (left) to p < 0.00001 
(right). A low threshold may increase the number of non- 
essential areas (false positives) and the size of the critical 

areas, whereas a high threshold may exclude eloquent 
areas from reaching statistical significance (false 
negatives)
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localize cortical and subcortical regions at surgi-
cal risk regarding brain function. Consequently, a 
reproducible functional disturbance induced by 
DES will indicate where to stop with the resec-
tion, both for cortical and subcortical structures. 
Tumor removal is hence performed around func-
tional boundaries to optimize the accuracy of 
tumor removal and to minimize the risk of post-
operative functional deficits.

However, DES has some limitations. It only 
allows loco-regional and not whole brain map-
ping. Further, it is a time-consuming and invasive 
procedure, and the number of tasks that can be 
performed during surgery is limited. Therefore, 
DES should be combined with other metabolic 
and functional imaging methods.

2.1.1  Basic Principles
Electrical stimulation increases membrane excit-
ability via an initial phase of passive modification 
of the local membrane potential (MP) at the level 
of the cathode (the negative electrode). The inner 
side of the membrane becomes progressively less 
negative than the outer side (the membrane 
becomes inversely hyperpolarized with regard to 
the anode). The intensity of this phenomenon 
depends on the stimulation parameters and on the 
characteristics of the membrane (Jayakar 1993). 
Stimulation of the membrane is easier at the ini-
tial segment of axons in myelinated fibers and in 
fibers of greater diameter (Ranck Jr 1975). If the 
MP reaches the depolarization threshold, voltage- 
dependent ion channels will open and Na+ ions 
will enter into the neuron. This Na+ entry will 
invert the MP between +20 mV and +30 mV. A 
secondary outflow of K+ ions, associated with an 
inhibition of the inward flux of Na+ ions, brings 
the MP back to its resting state. This rapid 
sequence of MP fluctuations—the action poten-
tial—is always the same, regardless of the stimu-
lation parameters (law of all or nothing).

2.1.2  Risks Associated with DES
Direct electrical stimulations can damage the 
brain. Tissue damage can result from numerous 
causes. Accumulation of negative charges at the 
cathode or of metal ions at the anode can dam-
age the brain (Agnew and McCreery 1987). 

Biphasic impulses in DES can prevent this 
because the second stimulus inverses the effects 
of the first one. Excessive heat produced by 
hydrolysis induces vacuolization and chroma-
tolysis (Doty and Barlett 1981). An intracellular 
current leakage from the anode to the cathode 
through the cytoplasm can damage the mito-
chondria and the endoplasmic reticulum 
(Pudenz et al. 1977). Repetitively and synchro-
nously stimulated neurons can alter neuronal 
homeostasis (Fertziger and Ranck Jr 1970; 
Agnew and McCreery 1987). These risks are 
directly linked to the charge density. Animal 
studies have shown that no lesions occur when 
the charge does not exceed 55  μC/cm2/phase 
(Gordon et al. 1990). Stimulations can also gen-
erate seizures. The frequency of seizures is esti-
mated at 5–20% (Sartorius and Berger 1998). 
Monitoring the stimulation with electrocorti-
cography helps detecting after discharge in 
patients (corresponding to discharge occurring 
after the stimulation has ceased) (Lesser et  al. 
1984), except for children who have 
 nonmyelinated fibers (Jayakar et al. 1992). The 
recording electrodes should ideally be located 
in the immediate proximity of each stimulation 
location and therefore should follow the stimu-
lation electrode. They should also have a small 
diameter to allow stimulation of the cortex.

Finally, any conductive substance such as 
cerebrospinal fluid or blood can distribute the 
current beyond the target tissue, thus increasing 
the risk of false negatives of DES.  Any stimu-
lated structure must therefore be kept dry.

2.1.3  Practical Stimulation Methods
The optimal stimulation parameters (best benefit/
risk ratio) have been extensively studied (Nathan 
et al. 1993; Duffau 2004). They can differ signifi-
cantly depending on the degree of cerebral matu-
ration and fiber myelination (Jayakar et al. 1992), 
as well as anesthetic drugs and pathological pro-
cesses (tumor, epilepsy, postictal status) (Jayakar 
1993).

Bipolar stimulation is usually performed using 
a probe with two tips which are 5  mm apart 
(Fig. 5) and using the following parameters: rect-
angular impulses, biphasic current at 50  Hz 
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(Lesser et  al. 1987) or 60  Hz (Ojemann et  al. 
1989; Berger 1995), and intensities of 
1–18 mA. Under local anesthesia, current inten-
sities of less than 6–8 mA with an impulse dura-
tion of 0.3  ms (Lesser et  al. 1987) to 1  ms 
(Ojemann et al. 1989; Berger 1995) are standard 
parameters. Typically, the stimulation intensity is 
progressively increased from 4 mA (under gen-
eral anesthesia) or 1 mA (under local anesthesia), 
by increments of 1 mA in order to find the opti-
mal threshold generating responses without caus-
ing seizures.

In children, the response rates are lower than 
in adults (less than 20% <5  years or even 0% 
<1  year) because of the immaturity of fibers 
(higher chronaxie in nonmyelinized fibers). 
Therefore, a progressively and alternately 
sequential increase of impulse intensity and dura-
tion has been proposed (Jayakar et al. 1992).

2.1.4  Neuropsychological Evaluation
Defining the eloquent cortical areas using DES 
requires appropriate tasks and an accurate record-
ing of the clinical response to determine whether 
stimulation of the site interferes with function. 
For this purpose, speech therapists or psycholo-
gists are present in the operation room in order to 
interpret DES-induced dysfunctions (Duffau 
et al. 2002).

Motor functions can be mapped in patients 
who are awake or under general anesthesia, by 
inducing involuntary motor responses. Awake 
patients have to stay generally passive during 
stimulation. Rarely, when looking for negative 
motor areas in the premotor cortex (Luders et al. 
1995), the patient is asked to make regular move-
ments which are then altered during the stimula-
tion. Changes in movement parameters are 
recorded (slowdown, decrease in precision or 
amplitude, interruption). Under general anesthe-
sia, small movements can be overlooked. This is 
a frequent problem for neck movements because 
the intubation cannula often prevents muscular 
contractions from being perceived. Concomitant 
intraoperative electromyographic recording and 
motor evoked potentials improve the detection 
(Yingling et al. 1999). However, these measures 
require additional effort. They require additional 
equipment, the presence of an electrophysiolo-
gist in the operating room, and electrodes on the 
entire hemibody contralateral to the stimulation 
side if the lesion is in the vicinity of the corona 
radiata and/or the internal capsule (Duffau et al. 
2003a). Sensory functions are mapped intraoper-
atively by patient-reported dysesthesia (responses 
are therefore subjective).

For cognitive function, language (spontaneous 
speech, naming, comprehension, etc.), calcula-
tion, memory, reading, or writing are evaluated in 
awake patients by generating transient distur-
bances (Ojemann et al. 1989; Duffau et al. 2002). 
Selecting the most appropriate tests is critical 
here. Eloquent sites can be detected only if the 
proper function has been tested. This is why sen-
sitive tasks are used rather than specific ones.

Language mapping usually includes a count-
ing test followed by an object-naming task. The 
counting test detects articulatory dysfunctions 
including slowing down, dysarthria, anarthria, 
complete speech arrest, more or less associated 
with facial movements and/or hoarseness and/or 
automatic swallowing. During the object-naming 
task, various symptoms such as articulatory dis-
orders, pure anomia, phonemic or semantic para-
phrasias, or even perseverations, are induced. 
These tasks are short (less than 4 s duration) and 
therefore compatible with surgical requirements 

Fig. 5 Intraoperative view showing bipolar stimulation 
of a patient using a probe with two tips which are 5 mm 
apart. During surgery, the probe is placed on the cortical 
surface of the patient. Stimulation sites are labeled using 
small tags
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under local anesthesia. Depending on the local-
ization of the lesion, a third more specific task is 
also performed. This task is chosen in each 
patient based on the individual cortical language 
organization, as evaluated preoperatively by a 
neuropsychological assessment and by functional 
neuroimaging. Tasks include verb generation, 
tasks in foreign languages for bilingual individu-
als, memory, calculation, repetition, reading, or 
even comprehension tasks for patients with pos-
terior temporoparietal lesions (Gatignol et  al. 
2004).

2.1.5  Co-registration with Functional 
Imaging Data

Several methods have been used to compare DES 
with functional imaging data. Initially, simple 
visual comparisons were obtained between intra-
operative views of DES and fMRI data (Jack Jr 
et  al. 1994; Yousry et  al. 1995). Co-registration 
has also been performed by comparing pictures 
of DES positive sites with the preoperative 3D 
rendering of the brain (Pujol et al. 1996; Lehericy 
et  al. 2000b) (Fig.  6). However, these methods 
are not quantitative. 3D rendering displays brain 
activation as viewed transparently from the sur-
face of the brain. Therefore, the display includes 
activation that is located in the depth of the sulci 
and gyri. More recently, co-registration has been 
obtained using stereotactic neuronavigation pro-
cedures (Lehericy et  al. 2000b; Krings et  al. 
2001b; Krishnan et  al. 2004). This technique 
allows a 3D multiplanar comparison of the DES 
positive sites with functional data, as well as 
measurements of distances and overlap.

2.1.6  Limitations of Functional 
and DES Comparison

DES and functional imaging methods provide 
fundamentally different types of data. DES inter-
feres directly and only locally with neuronal 
function, thus blocking the ability of the patient 
to perform a task. Therefore, it is assumed that 
DES allows identification of critical language 
areas only. In contrast, functional imaging meth-
ods provide activation maps obtained during per-
formance of motor, language, or cognitive tasks 
in primary and secondary functional areas. 

Consequently, imaging techniques do usually not 
only include the primary target area, but also 
activity in nonessential areas that are associated 
with task performance, but could potentially be 
resected without permanent functional deficit. As 
mentioned above, functional maps and areas are 
visualized based on a statistical threshold. 
Therefore, a low threshold may increase both the 
number of nonessential areas and the size of the 
critical areas, whereas a stringent threshold may 
not allow critical areas to reach statistical signifi-
cance. Craniotomy and debulking may induce 
deformation, which impairs image registration 
(Hill et  al. 2000; Krings et  al. 2001b). Finally, 
tasks performed during neurofunctional imaging 
and intraoperative procedures are not identical 
because of the different setups in the MR-scanner 
or OR, respectively (Lurito et  al. 2000). These 
limitations need to be kept in mind when compar-
ing the different techniques.

2.2  Intracarotid Amobarbital 
Procedure (IAP) or Wada Test

The intracarotid amobarbital procedure (IAP), or 
Wada test, was first reported as a means to iden-
tify the hemisphere of language dominance in 
patients with epilepsy in the 1950s (Wada and 
Rasmussen 1960). IAP was then modified to also 
measure memory function in patients undergoing 
surgery for epilepsy (Milner et al. 1962). The role 
of IAP is to assess language and amnesic risks by 
ensuring that the hemisphere contralateral to the 
operated one is able to subserve language and 
memory functions. Thus, IAP helps to predict 
and prevent postoperative language and memory 
deficits and to give an estimate of linguistic and 
neuropsychological outcome (Sperling et  al. 
1994; Loring et al. 1995).

2.2.1  Methods
IAP is performed in an angiography suite in the 
presence of a neurology and neuroscience team 
(Rausch et al. 1993; Akanuma et al. 2003). The 
patient is positioned on the angiography table. 
EEG monitoring is performed. After local skin 
anesthesia and femoral artery access, a diagnostic 
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catheter is placed selectively in the internal 
carotid arteries (ICA) under fluoroscopic guid-
ance. Then amobarbital is injected in the ICA for 
each side separately. Therefore, the IAP induces 
a temporary inactivation of the cortex supplied by 
the anterior and middle cerebral arteries in the 
hemisphere ipsilateral to the injection. Rarely, 
both hemispheres are tested on two consecutive 
days. During the 10–15  min of the procedure, 
patients receive a battery of language and mem-
ory tasks following amobarbital injection (Jones- 
Gotman 1987). Language tasks usually include 
speech production (serial speech, naming), 
speech reception (simple motor commands, 
token test), and other speech tasks, such as read-

ing aloud and spelling. Tasks are scored so that a 
lateralization index (LI) can be calculated for 
each task. The LI can be expressed as the differ-
ence between the scores during left injection 
minus the scores during right injection of amo-
barbital, divided by the maximum possible score.

2.2.2  Risks and Limitations 
of the Wada Test

The IAP has several disadvantages (Simkins- 
Bullock 2000). Its risks include those of intraca-
rotid catheterization. Following cerebral 
angiography, the ischemic event rate has been 
estimated to be between 0.3% and 1.8% (0.07–
0.3% permanent) (Dion et al. 1987; Cloft et al. 

Fig. 6 Concordance of fMRI and intraoperative cortical 
stimulation. Upper left: Surface rendering of the cortex in 
a patient with a left premotor low-grade glioma (enlarged 
view of the figure in the lower row). The tumor is repre-
sented in blue. Activation during performance of right- 
hand movement is shown in red. Upper right: Intraoperative 

view of the same patient (same orientation). The letters 
outline the tumor margins. The numbers indicate the stim-
ulation sites that elicited hand movements. Note the good 
correspondence between the fMRI activation map and 
direct electrical stimulations
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1999). Test–retest reliability and external valida-
tion cannot be performed. IAP evaluation is per-
formed within a short period of time 
(approximately 3–10 min). Anesthesia can induce 
behavioral effects (e.g., aphasia, attention defi-
cits, neglect, and somnolence). Amobarbital 
injected via the ICA will inactivate the amygdala 
and the anterior hippocampus but never or rarely 
the posterior two-thirds of the hippocampus (Jack 
Jr et al. 1989; Hong et al. 2000b). This represents 
a critical concern for the validity of memory 
assessment. Moreover, in some patients, mesial 
temporal perfusion can be unaffected during IAP 
(de Silva et al. 1999). In addition, IAP also inac-
tivates the rest of the hemisphere ipsilateral to the 
injection and in some patients also the contralat-
eral hemisphere (Hong et  al. 2000b). To over-
come these limitations, selective IAP via an 
injection in the posterior cerebral artery has 
therefore been proposed to test for memory func-
tion (Jack Jr et al. 1989). The risk of morbidity of 
this procedure is much greater than via direct 
ICA injection, and thus it is not widely used (Jack 
Jr et al. 1989). For language functions, the IAP 
provides information on the hemispheric lan-
guage dominance but not on the anatomical loca-
tion of language areas and their relation to the 
lesion. Lastly, the total direct costs of the Wada 
test have been estimated to be 3.7 times that of 
fMRI (Medina et al. 2004).

2.2.3  Validation of the Wada Test
IAP has been validated in several ways. Recording 
of intrahippocampal activity using depth elec-
trodes has shown that the EEG background activ-
ity can be significantly suppressed in the posterior 
hippocampal regions even in the absence of amo-
barbital perfusion in these areas (Kurthen et  al. 
1999). Using HMPAO-SPECT, hypoperfusion in 
the territories of the anterior and middle cerebral 
arteries was observed during IAP (de Silva et al. 
1999). Hypoperfusion in medial temporal struc-
tures was noticed in the great majority of these 
patients (de Silva et al. 1999). Further, in the epi-
leptogenic hemisphere, the degree of hippocam-
pal damage correlated with the impairment in 
Wada memory performance (Sass et  al. 1991; 
O’Rourke et al. 1993; Davies et al. 1996).

In a few patients with unilateral temporal lobe 
epilepsy, IAP may also paradoxically lateralize 
memory function. In these patients, IAP showed 
poorer memory performance in the non- 
epileptogenic hemisphere (Davies et  al. 1996; 
Rouleau et  al. 1997; Detre et  al. 1998; Spencer 
et al. 2000). Paradoxical IAP memory lateraliza-
tion (i.e., ipsilateral to the seizure focus) was still 
concordant with fMRI lateralization scores in two 
patients with temporal lobe epilepsy (Detre et al. 
1998). Spencer et  al. (2000) suggested that in 
patients with medial temporal lobe epilepsy not 
well lateralized by noninvasive evaluation and in 
patients with neocortical or mesial frontal epi-
lepsy, IAP may provide incorrect localization 
which ultimately alters surgical management 
(Spencer et al. 2000). This paradoxical lateraliza-
tion has rarely been reported using FDG-PET 
(Sperling et al. 1995; Nagarajan et al. 1996). In 
such cases, combined FDG-PET with IAP studies 
did not report memory impairment contralateral 
to the hypometabolic zone (Salanova et al. 1992).

3  Important Results 
of Validation Studies in Brain 
Tumors and Epilepsies, 
Overview, and Current State

3.1  Motor Function

3.1.1  Functional Mapping
Validation of more recent functional noninvasive 
methods, such as fMRI, magnetoencephalogra-
phy (MEG), and transcranial magnetic stimula-
tion (TMS), can be performed by comparison 
with earlier techniques such as PET. Nevertheless, 
DES remains the current reference procedure, 
and therefore comparison of functional noninva-
sive methods with DES is the best validation 
method.

Functional mapping of motor areas can be 
performed either to localize the central area or to 
locate motor areas at risk of functional deficits. 
Therefore, there are two different levels of 
validation.

The first level is to determine whether func-
tional imaging methods can accurately localize 
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the central sulcus. In the normal brain, the hand 
area and therefore the central sulcus can be accu-
rately localized using anatomical landmarks only 
(Yousry et  al. 1997) (Fig.  7). In patients with 
brain tumors, however, mass effect frequently 
distorts normal cortical anatomy and can make 
localization of the central area difficult by using 
anatomical landmarks alone (Lehericy et  al. 
2000b). In such cases, preoperative functional 
localization is of special interest. See also chapter 
“Task-Based Presurgical Functional MRI in 
Patients with Brain Tumors.”

3.1.1.1 fMRI vs. DES
Compared to DES, fMRI was very reliable 
in localizing the motor cortex, with complete or 
almost complete agreement using visual com-
parison with 3D MRI (Jack Jr et al. 1994; Yousry 

et al. 1995; Pujol et al. 1996, 1998; Roux et al. 
1999) (Fig.  6) or preoperative ultrasonography 
(Fandino et al. 1999), co-registration of preopera-
tive pictures with 3D rendering of the brain (Puce 
et al. 1995; Lehericy et al. 2000b), or neuronavi-
gation procedures (Hirsch et  al. 2000; Lehericy 
et  al. 2000b). Early studies in 28 patients with 
surgical brain lesions reported that 100% of 
 positive MR activation sites were within 20 mm 
of DES positive sites and that 87% of correlations 
were within 10 mm of DES (Yetkin et al. 1997). 
Another study in 8 patients with brain tumors 
reported a good correlation between fMRI activa-
tion and DES sites, with all fMRI activations 
related to positive DES responses (Roux et  al. 
1999). In patients with intra-axial lesions, over-
lapping results were obtained in 25–63% (<1 cm) 
and neighboring zones in 29–75% (<2 cm), while 

ba
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Fig. 7 Typical variations of anatomy of the hand area. 
Movements of the left hand in three different subjects. 
Activated pixels are overlaid onto anatomical T1-weighted 
images in the right hemisphere. (a) Typical omega-shaped 

hand area (patient with a right medial frontal arteriove-
nous malformation). (b) Epsilon-shaped hand knob. (c) 
More complex aspect of the hand area (three-digit aspect)
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contradictory results were observed (Krings et al. 
2001b; Reinges et  al. 2004). Results were less 
good in patients with extra-axial lesions, with 
contradictory results in 42% (activation in a dif-
ferent gyrus or >2 cm from DES site) (Reinges 
et  al. 2004). Other more studies reported an 
agreement between fMRI and DES regarding 
localization in 92% (Lehericy et  al. 2000b), 
92.3% (Spena et  al. 2010), 83.7% (Gonzalez- 
Darder et al. 2010), and 77% of subjects (Bartos 
et al. 2009). The choice of statistical thresholds to 
display activation maps is also an important fac-
tor to take into account as the optimal threshold 
varies between subjects (Chang et al. 2010).

3.1.1.2 fMRI vs. TMS
Compared to TMS, fMRI peaks produced no 
motor evoked potential (MEP) when located 
more than 2  cm away from TMS sites (Krings 
et al. 1997b).

The next level is to determine whether func-
tional imaging data can accurately localize motor 
areas and to assess how reliable this information 
is to assess where to stop with the surgical resec-
tion in order to prevent functional deficits.

3.1.1.3 fMRI vs. PET
fMRI produced very similar results as PET 
(Bittar et  al. 1999a). The average distance 
between fMRI and PET activation peaks was 
7.9  ±  4.8  mm, with 96% of the peaks being 
located on either the same or adjacent sulci or 
gyri. Overlapping voxels activated by each 
modality occurred in 92% of the studies.

Agreement between PET and fMRI functional 
localization was 95.6% for intra-axial lesions and 
spatially concordant as determined by intracra-
nial stimulation (Bittar et al. 1999b). PET results 
overlapped with DES in 60–92% (<1 cm) and in 
neighboring zones in 29–75% (<2  cm) (Krings 
et  al. 2001b; Reinges et  al. 2004). The mean 
localization difference between fMRI and PET 
was 8.1  ±  4.6  mm (range, 2–18  mm) (Reinges 
et al. 2004). Another study reported that the eval-
uation of PET findings by cortical stimulation 
had a 94% sensitivity and a 95% specificity for 
the identification of motor-associated brain areas 
(Schreckenberger et  al. 2001). PET results for 

extra-axial lesions were even superior to those 
obtained with fMRI with 75% overlapping and 
25% neighboring activation, showing no contra-
dictory results (Reinges et al. 2004).

3.1.1.4 TMS vs. DES/fMRI
TMS combined with neuronavigation has also 
been used for presurgical motor mapping (Picht 
et  al. 2011; Coburger et  al. 2013; Krieg et  al. 
2013) evaluated by comparison to fMRI and 
DES.  TMS sites were close (within 5  mm) to 
DES positive sites (Picht et al. 2011). Compared 
to DES, TMS responses fell within 1 cm of the 
electrical cortical stimulation sites (Krings et al. 
1997a; Forster et al. 2011).

TMS sites further than 2 cm away from fMRI 
peaks produced no motor evoked potentials 
(MEPs) (Krings et al. 1997b, 2001b), while the 
mean distance between the fMRI and TMS acti-
vation peaks was below 1.5  cm (Krings et  al. 
2001a; Forster et  al. 2011). Further, TMS was 
able to locate the motor cortex when fMRI failed 
(Coburger et al. 2013).

3.1.1.5 fMRI vs. MSI
Magnetic source imaging (MSI) using somato-
sensory stimulation has also been evaluated in 
patients with brain tumors (Schiffbauer et  al. 
2002). In one study, the distance between two 
corresponding points determined using MSI and 
DES was 12.5  ±  1.3  mm for somatosensory–
somatosensory and 19 ± 1.3 mm for somatosen-
sory–motor comparisons. Intraoperative sites at 
which DES evoked the same patient response 
exhibited a spatial variation of 10.7  ±  0.7  mm 
(Schiffbauer et al. 2002).

Overall, these studies suggest that the local-
ization accuracy among the different functional 
methods is similar. Earlier studies have suggested 
that in patients with a minimum distance of 2 cm 
between tumor and activation site, no deficits in 
motor function are expected after surgery 
(Mueller et  al. 1996; Yetkin et  al. 1997). Other 
studies have suggested that even a shorter dis-
tance of <1  cm (lesion to function site) can be 
achieved (Krishnan et  al. 2004; Bartos et  al. 
2009). Therefore, fMRI methods are considered 
a useful adjunct to DES.
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The value of functional imaging techniques 
for the accurate localization of functionally 
important areas at risk for postoperative deficits 
can also be assessed empirically by a comparison 
to the postoperative outcome. In this regard, 
fMRI has proven to be very accurate for the pre-
diction of occurrence of motor and language defi-
cits after medial frontal lobe surgery (Krainik 
et al. 2001, 2003; Wood et al. 2011). Furthermore, 
it has been shown that the fMRI results for the 
presurgical localization of motor and sensory 
areas as well as language areas are consistent 
across different MR-scanners at 1.5 and 3.0  T 
(Tyndall et al. 2017).

It should be kept in mind that fMRI results 
should be interpreted cautiously as they highly 
depend on several factors, such as the quality of 
the examination (movement artifacts), data pro-
cessing (smoothing), statistical thresholds, and 
ultimately the experience of the reader. Lastly, 
functional brain mapping techniques alone can-
not assess subcortical white matter tracts. 
Therefore, combined fMRI and DTI fiber track-
ing methods have the potential to provide a more 
complete presurgical mapping than any other 
functional technique by its own.

3.1.2  DTI Fiber Tracking 
of the Corticospinal Tract

Compared to the already described functional 
imaging techniques, fewer validation studies 
have been published for DTI fiber tracking. 
Previous studies have shown the reconstruction 
of well-known fiber tracts, including the cortico-
spinal, long association (Roux et al. 1999; Mori 
et al. 2002), and brainstem fiber tracts (Stieltjes 
et  al. 2001). Results of fiber tracking have also 
been correlated with postmortem animal studies 
in formalin-fixed hearts in rabbits (Holmes et al. 
2000) and in the skeletal muscle of rats in vivo 
(Damon et al. 2002). In vivo DTI has been com-
pared to ex vivo DTI and also to the uptake of 
wheat germ agglutinin-horseradish peroxidase 
(WGA-HRP)-stained histological sections in the 
macaque monkey (Dauguet et al. 2007). A good 
correspondence has been reported between DTI 
fiber tracts originating in the left somatosensory 
cortex and the histological reference. In humans, 

tractography results have been compared with the 
expected known anatomy, dissections, or DES 
(Lawes and Clark 2010).

Validation studies of DTI fiber tracking have 
been performed using subcortical DES in patients 
with brain lesions. Two studies from the same 
group used cortical positive DES as seeding 
points for fiber tracking (Berman et  al. 2004; 
Henry et al. 2004). Tracts originating from DES 
sites eliciting movement of the face matched 
somatotopically correct the known connections 
of the primary motor area of the face. For the cor-
ticospinal tract, a good agreement was reported 
in 92–95% between DTI reconstructed tracts and 
positive functional subcortical DES sites (Coenen 
et al. 2003; Kamada et al. 2005; Bello et al. 2008, 
2010; Ohue et  al. 2012; Zhu et  al. 2012). The 
mean distance range between the stimulated sites 
and the corticospinal tract was 6–14 mm (Bozzao 
et al. 2010; Gonzalez-Darder et al. 2010; Prabhu 
et al. 2011; Zhu et al. 2012; Vassal et al. 2013). 
These distances depended on the intensity used 
for stimulation (Kamada et  al. 2009). Using a 
1.5  T intraoperative MRI, a 86% agreement 
between DTI-based tractrography and DES was 
found, with a linear correlation between the dis-
tance to the corticospinal tract and the intensity 
of DES. In the false-positive cases, the location 
of the corticospinal tract using tractography was 
not confirmed by DES, which might be due to 
tumor infiltration. Indeed, tumor infiltration and 
gliosis might alter the tissue conductivity and 
result in negative DES (Javadi et al. 2017). DTI 
tractography may underestimate the presence of 
functional fibers in the border of the lesions 
(Spena et al. 2010). Finally, the topography of the 
tract, i.e., inside or at the boundary of the tumor, 
has been confirmed by DES (Bello et  al. 2008, 
2010).

Conventional diffusion tensor imaging models 
and tractography techniques are often suboptimal 
in areas of fiber crossing or fanning. For the cor-
ticospinal tract, these techniques are often unable 
to show the superior medial and lateral portions 
of the tract. Improved diffusion modeling using 
high angular resolution diffusion imaging 
(HARDI) allows a better reconstruction of these 
parts showing a good agreement with cortical and 
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subcortical DES (Berman et  al. 2008; Berman 
2009; Bucci et al. 2013).

Therefore, even though the current data are 
encouraging, further improvement in tractogra-
phy techniques and more comparisons between 
DTI and DES in larger series of patients are 
required.

3.2  Language Function

Regarding language, functional imaging can 
determine language dominance and localize the 
various language areas. For the validation of 
functional imaging techniques for the hemi-
spheric language dominance, the IAP is used as a 
reference. In contrast, DES serves as a reference 
for the validation of the localization of different 
language areas (corticography).

3.2.1  Hemispheric Dominance 
for Language

FMRI has shown a high concordance (>90%) 
with IAP for the degree of asymmetric activation 
between brain hemispheres during language 
tasks indicating language dominance (Desmond 
et al. 1995; Binder et al. 1996; Bahn et al. 1997; 
Hertz-Pannier et  al. 1997; Benson et  al. 1999; 
Lehericy et  al. 2000a; Carpentier et  al. 2001; 
Gaillard et al. 2002; Rutten et al. 2002b; Sabbah 
et  al. 2003; Woermann et  al. 2003). A meta- 
analysis including 22 studies with 504 patients 
showed that fMRI correctly classified 94% of 
patients with typical language lateralization with 
the Wada test, indicating that fMRI is a reliable 
triage test for language (Bauer et al. 2014). For 
patients with a clear left lateralization result on 
fMRI, further language testing with the Wada test 
is unnecessary. For patients in whom fMRI fails 
to show clear left-lateralization, further testing 
would be warranted (Bauer et  al. 2014; Kundu 
et al. 2019). A good correlation has been observed 
using productive tasks, such as word or verb gen-
eration, and semantic decision tasks, whereas no 
correlation has been observed for receptive tasks 
(Lehericy et al. 2000a) (Fig. 8).

Overall, language fMRI studies largely agree 
on a 10% failure rate to lateralize language as 

compared to the IAP (Desmond et  al. 1995; 
Binder et  al. 1996; Bahn et  al. 1997; Hertz- 
Pannier et al. 1997; Benson et al. 1999; Lehericy 
et al. 2000a; Carpentier et al. 2001; Gaillard et al. 
2002; Rutten et  al. 2002b; Sabbah et  al. 2003; 
Woermann et  al. 2003). A false categorization 
using fMRI was more frequent in patients with 
left temporal lobe epilepsy (Woermann et  al. 
2003).

The use of well-controlled paradigms with the 
recording of a patient’s performance (such as 
semantic decision making or picture naming) 
apparently does not provide better results than 
more simple paradigms without the control of the 
patient’s performance (such as a silent generation 
task with a low-level reference condition). The 
same may also apply to quantitative post- 
processing (counting the number of activated 
voxels to calculate the laterality indices) versus 
visual examination of fMRI maps (Woermann 
et al. 2003).

3.2.2  Localization of Language Areas
Fewer studies have been performed for quantita-
tive comparison between language functional 
imaging data and DES. DES was consistent with 
the MEG-based localization in 13 patients during 
a visual and auditory word-recognition task 
(Simos et al. 1999). Using a verb generation task 
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Fig. 8 Correlation between fMRI and Wada results. 
Pearson linear regression between the Wada and fMRI lat-
erality indices in the frontal lobes in a semantic fluency 
task obtained in ten patients with temporal lobe epilepsy. 
(From Lehericy et al. (2000a) with permission)
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in eight patients with glioma, via PET-activated 
areas, showed a 73% sensitivity and 81% speci-
ficity to predict aphasic disturbance during intra-
operative stimulation (Herholz et  al. 1997). In 
seven patients with intractable epilepsy, cortical 
regions that showed increased rCBF (PET) 
 during both visual and auditory naming tasks 
were located in the same regions as subdural 
electrodes disrupting language during electrical 
stimulation (Bookheimer et al. 1997). In contrast, 
cortical regions underlying electrodes that did 
not disrupt language did also not show any con-
sistent rCBF changes during PET activation 
(Bookheimer et al. 1997).

In three patients with primary tumors, regions 
involved in receptive language function identified 
by fMRI and DES were similar but not identical 
(Lurito et al. 2000). In 11 patients with surgical 
brain lesions, the sensitivity/specificity of a set of 
five different language tasks ranged from 
81%/53% for areas that touched DES positive 
sites to 92%/0% for areas separated by 2  cm 
(FitzGerald et al. 1997). Using a combination of 
three different fMRI tasks, the sensitivity of 
fMRI was 100% in seven of eight patients with 
temporal lobe epilepsy (<6.4  mm of the DES 
site). In the remaining patient, the sensitivity was 
only 38% (Rutten et  al. 2002a). Overall, these 
data yielded a specificity of 61% (Rutten et  al. 
2002a). Compared to DES, the sensitivity and 
specificity of language tasks were 22% and 97% 
for a naming task and 36% and 98% for a verb 
generation task, respectively (Roux et al. 2003). 
A better correlation (sensitivity, 59%; specificity, 
97%) was achieved by combining the two fMRI 
tasks (Roux et  al. 2003). A more recent study 
reported a correlation between fMRI and DES in 
only 42.8% (Spena et  al. 2010). In a meta- 
analysis of nine studies which compared preop-
erative fMRI and DES for language mapping, the 
sensitivity and specificity of fMRI in comparison 
with DES as a gold standard ranged from 59% to 
100% and from 0% to 97%, respectively 
(Giussani et  al. 2011). The variety of methods 
used in these studies contributed to this large 
range of values. The correspondence between 

fMRI and DES mapping depended heavily on the 
statistical threshold used for fMRI data evalua-
tion and varied between patients, tasks, and stud-
ies (FitzGerald et al. 1997; Rutten et al. 2002a; 
Roux et al. 2003; Giussani et al. 2011). Individual 
language tasks were not as sensitive as a set of 
language tasks (Fig. 9). In patients with gliomas, 
the sensitivity and specificity of fMRI combining 
three language tasks (letter word generation, cat-
egory word generation, semantic association) as 
compared with DES, were 37.1% (95% confi-
dence interval [CI] 20.7–57.2) and 83.4% (95% 
CI 77.1–88.3), respectively (Kuchcinski et  al. 
2015). Astrocytoma subtype, tumor rCBV less 
than 1.5 and a distance to tumor greater than 
1 cm were independently associated with fMRI 
false-positive occurrence (Kuchcinski et  al. 
2015).

Therefore, fMRI results for language mapping 
largely depend on the quality of the equipment, 
the type of tasks, the expertise of the analysis and 
its interpretation (Giussani et  al. 2011; Garrett 
et al. 2012), as well as tumor grade and perfusion 
characteristics (Kuchcinski et al. 2015).

3.2.3  DTI Fiber Tracking of Language 
Tracts

Only few comparisons between DTI fiber track-
ing of language tracts and DES have been per-
formed in patients with brain lesions (Fig.  10). 
DTI fiber tracking has been used to delineate the 
pathways between functional regions (Henry 
et  al. 2004). Tracts from stimulated sites in the 
inferior frontal cortex resulting in face motor, 
speech arrest, and anomia have been generated 
from the DTI data. Connections were found 
between speech arrest, face motor, and anomia 
sites and the SMA proper and cerebral peduncle 
(Henry et al. 2004). Fiber tracking has been per-
formed in brain tumor patients and normal con-
trols to study the connection between the frontal 
and parietotemporal lobes through the arcuate fas-
cicle (Henry et  al. 2004). Tracts connecting the 
inferior frontal gyrus to the supramarginal gyrus, 
the posterior superior temporal gyrus, and the 
middle temporal gyrus were closely located to the 
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intraoperative cortical stimulation speech arrest 
sites (Henry et  al. 2004). More recent studies 
combining DES and tractography for language 
tracts have shown that DES positive subcortical 
sites correspond with DTI fiber tracts in 81–97% 
(Bello et al. 2008; Leclercq et al. 2010).

3.3  Memory Functions

Mesial temporal sclerosis or hippocampal 
sclerosis is the most common cause of intractable 
temporal lobe epilepsy, the treatment of 
which is temporal lobectomy or selective 

Story listening

a b

c d

Silent word generation

Silent reading Sentence repetition

Fig. 9 Activation pattern of four language tasks. Left: 
Receptive tasks. (a) Story listening task compared to the 
listening to the same story played backward. Activation is 
mainly located in posterior temporal areas. (b) Silent 
reading compared to fixation. Activation is located in the 
inferotemporal cortical areas and Broca’s area. Right: 
Productive tasks. (c) Silent word generation task com-

pared to rest. Activation predominates in the dorsolateral 
frontal areas and inferior parietal areas, including the 
angular gyrus. (d) Sentence repetition aloud compared to 
rest. Activation includes frontal (Broca’s area and the 
lower part of the primary sensorimotor area in the face 
region) and temporal areas (including the primary audi-
tory cortex)
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amygdalohippocampectomy. As mesial temporal 
lobes are key structures for memory functions, 
their resection can result in verbal and non-verbal 
memory impairment depending on language lat-
eralization. Connectivity with temporal and 
extratemporal language areas in the speech-dom-
inant hemisphere, usually the left, makes the ipsi-
lateral hippocampus relatively specialized in 
verbal memory tasks. Conversely, connectivity 
between posterior cortical regions and the non-
dominant hemisphere, usually the right, involves 
the ipsilateral hippocampus in visuospatial mem-
ory functions (Massot-Tarrús et al. 2019). After 
temporal lobe resection involving the speech- 
dominant hemisphere, verbal memory decline is 
well documented (Lee et al. 2002) in comparison 
with visual memory loss in the nondominant 
hemisphere (Lee et  al. 2002; Witt et  al. 2015; 
Schmid et al. 2018). In a systematic review, risk 
of verbal memory decline after left-sided tempo-

ral lobe surgery was estimated at 44% (vs. 20% 
after right-sided surgery). For visual memory, no 
difference with regard to side of surgery was seen 
(21% after left-sided surgery vs. 23% after right- 
sided surgery) (Sherman et  al. 2011; Schmid 
et al. 2018).

The Wada test has been widely used to deter-
mine the hemispheric dominance of verbal mem-
ory in order to predict postoperative verbal 
memory performance (Schmid et  al. 2018; 
Massot-Tarrús et al. 2019). However, unlike lan-
guage lateralization assessment, memory lateral-
ization and its predictive value for postoperative 
decline are less valid if based on the Wada test. 
As detailed above, the posterior two-thirds of the 
hippocampus and the parahippocampal cortex 
are not explored by the Wada test since their vas-
cularization is supplied by the posterior cerebral 
artery. Furthermore, aphasia may have a major 
impact on verbal memory testing during cortical 
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Fig. 10 Relationship between DTI fiber tracking and pre-
operative electrical stimulations in a patient with a low- 
grade glioma of the left insula. Electrical stimulations 
performed during surgery in the depth of the resection 
cavity resulted in speech arrest. (a) DTI fiber tract recon-
struction of the arcuate fasciculus (transverse section; the 
fiber tract is represented in blue as if viewed from above). 
(b) Oblique 3D reconstruction of the arcuate fasciculus in 
blue showing the close proximity between the deep part of 
the resection cavity and the fiber tract (arrow). (c, d) 3D 
reconstructions of the fiber tract (blue), the tumor (light 
green), and the surgical resection site (red) showing the 

close proximity between the deep part of the surgical 
resection and the fiber tract (c superior view as in a; d 
oblique 3D reconstruction, same view as in b). Note that 
the resection cavity touches the fiber tract in agreement 
with DES findings. (e) Surgical view showing positive 
DES sites for motor responses (1–4 and 40), somatosen-
sory responses (10–11), and speech responses (paraphra-
sias: 25–26 and 41–43). Sites positive for language were 
obtained in the depth of the resection cavity (41–43). 
Abbreviations: A anterior, I inferior, L left, P posterior, R 
right, S superior
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anesthesia of the speech-dominant hemisphere. A 
superselective Wada test with injection of amo-
barbital into the posterior cerebral artery or ante-
rior choroidal artery may overcome these 
limitations and allow memory testing while pre-
serving language functions but has higher risk of 
complications. On the other hand, the action of 
amobarbital being limited in 3–5 min, an exhaus-
tive and reliable evaluation of memory functions 
under anesthesia conditions is difficult. To 
address these issues, non-invasive procedures 
including PET, fMRI, and MEG have been 
applied to presurgical evaluation of language and 
memory functions (Schmid et al. 2018; Massot- 
Tarrús et al. 2019).

A good correlation has been demonstrated 
between PET and IAP results. Patients with 
mesial temporal lobe epilepsy showed an 
18F-fluorodeoxyglucose (FDG) PET hypometab-
olism in the hemisphere ipsilateral to the lesion, 
functional deficits on the IAP, or both, as well as 
verbal memory and word fluency impairment 
(Rausch et al. 1994; Arnold et al. 1996; Salanova 
et  al. 2001). IAP hemispheric memory perfor-
mance and hippocampal glucose metabolism 
showed a positive correlation with the frequency 
of seizures and a negative correlation with the 
duration of epilepsy (Jokeit et  al. 1999). The 
results of FDG-PET were predictive for an 
impaired IAP memory performance (Salanova 
et al. 2001). Memory impairment contralateral to 
PET hypometabolism in the temporal lobe has 
never been seen (Salanova et al. 2001). Finally, in 
patients with temporal lobe epilepsy, the FDG- 
PET asymmetry index in the mesial temporal 
lobe correlated with the IAP asymmetry index for 
memory performance (Hong et al. 2000a).

Functional MRI studies have shown consis-
tent activation of medial temporal structures dur-
ing memory tasks in normal subjects (Small et al. 
1999; Dupont et  al. 2000, 2010; Zeineh et  al. 
2003). In patients with epilepsy, several studies 
have evaluated the lateralization value of fMRI 
activation for memory functions (Detre et  al. 
1998; Dupont et  al. 2001, 2010; Jokeit et  al. 
2001; Golby et  al. 2002; Rabin et  al. 2004; 
Janszky et  al. 2005; Richardson et  al. 2006; 
Binder et al. 2010). The preoperative fMRI asym-

metry index of memory function correlated with 
the changes between pre- and postsurgical mea-
sures for memory retention (Rabin et  al. 2004; 
Janszky et  al. 2005). Asymmetry ratios in the 
medial temporal lobe also significantly correlated 
with memory lateralization by IAP testing (Detre 
et al. 1998; Golby et al. 2002; Rabin et al. 2004). 
In ten right-handed patients with hippocampal 
sclerosis, fMRI provided the strongest indepen-
dent predictor of memory outcome after surgery 
(Richardson et al. 2004). At the individual sub-
ject level, fMRI data had a high positive predic-
tive value for memory decline (Richardson et al. 
2004). Overall, preoperative fMRI can predict 
postoperative verbal memory alterations and 
improve the accuracy of the prediction of these 
deficits in patients with temporal lobe epilepsy 
(Binder 2011). Thus, fMRI has proven to be effi-
cient for the preoperative evaluation and predic-
tion of memory functions following surgery and 
has gradually replaced the Wada test (Schmid 
et al. 2018; Massot-Tarrús et al. 2019).

4  Conclusion

Despite its limitations, fMRI is now increasingly 
used as a clinical noninvasive tool to locate elo-
quent brain areas, lateralize language and mem-
ory functions, and predict postoperative outcome. 
Care should be taken to control and reduce arti-
facts stemming from different sources, including 
motion, magnetic susceptibility, and alterations 
in BOLD contrast. DTI tractography is used in 
addition to fMRI to evaluate white matter fiber 
tracts in surgical candidates with brain lesions. 
Motor mapping has been largely validated by 
using DES. Language lateralization using fMRI 
has replaced the Wada test in most centers. 
Localization of language areas using fMRI 
mainly depends on the choice of tasks, activation 
thresholds, and subject’s performance and is less 
well validated than DES.  FMRI has also 
 supplanted the Wada test for memory lateraliza-
tion and the prediction of memory impairment 
after temporal lobectomy for temporal lobe epi-
lepsy. Overall, preoperative mapping with fMRI 
can be considered a useful adjunct to DES.
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Abstract

Several modalities can be used in conjunction 
with functional neuroimaging, which includes 
structural and volumetric magnetic resonance 
imaging (MRI), perfusion MRI (pMRI), func-
tional MRI (fMRI), diffusion tensor imaging 
(DTI), single-photon emission computed 
tomography (SPECT), positron emission 
tomography (PET), MR spectroscopy (MRS), 
and magnetoencephalography (MEG). Fusion 
of these modalities combines complementary 
information, expands resolution limits, and 
can improve data quality. The multimodal 
nature of this approach allows use of different 

imaging modalities for a single evaluation, 
thus providing a more comprehensive evalua-
tion of the brain. Their respective contribu-
tions and limitations will be summarized in 
this chapter. Further discussed are key clinical 
uses for multimodal data, especially in context 
of pre-surgical planning for functional 
neuroimaging.

1  Introduction to Multimodal 
Functional Neuroimaging

Given recent advances in neuroimaging, several 
modalities are now available for clinical use, 
including structural and volumetric magnetic 
resonance imaging (MRI), perfusion MRI 
(pMRI), functional MRI (fMRI), diffusion tensor 
imaging (DTI), single-photon emission computed 
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tomography (SPECT), positron emission tomog-
raphy (PET), MR spectroscopy (MRS), and mag-
netoencephalography (MEG) (Zhang et al. 2020). 
The modality of choice often depends on the 
clinical scenario, ranging from the initial diag-
nostic evaluation of a lesion to pre-surgical or 
pre-treatment planning. At times, the use of mul-
tiple imaging modalities can provide more infor-
mation about a specific lesion in the brain than 
the use of a single imaging approach due to the 
ability to exploit differences in multiparametric 
imaging features (Florez et  al. 2018). As such, 
multimodal neuroimaging itself can be referred 
to as collective information offered by multiple 
imaging modalities. The nature of the multimodal 
approach overcomes the limitations of individual 
modalities by allowing for a more robust, multi-
parametric, and thus more comprehensive evalu-
ation of the brain. There is inherent 
cross-validation of findings from different 
sources and/or sequences, thereby increasing the 
probability of identifying more specific associa-
tions and patterns related to functional neuroim-
aging. In a broader sense, it can help to define the 
roles of different brain areas from various per-
spectives. Use of multimodal imaging has 
become one of the major components that has 
facilitated the growth of neuroimaging research, 
especially when coupled with the wider availabil-
ity of hybrid imaging such as PET/CT and PET/
MRI/EEG. Within the field of functional multi-
modal neuroimaging, there has been a focus on 
computational analysis of data, including pre- 
processing, voxel extraction, image fusion, and 
post-processing. These computational advances 
aid to address the variations in spatiotemporal 
resolution between the modalities and merge bio-
physical information (Liu et al. 2015).

Briefly, neuroimaging can be divided into two 
categories: structural imaging and functional 
imaging, the latter of which will be the main 
focus of this chapter. While conventional struc-
tural imaging is useful to evaluate the anatomical 
structure of the brain and is useful for diagnosis 
of and determining treatment response in certain 
diseases, functional imaging typically focuses on 
biophysical parameters and metabolization and 
can be obtained while carrying out certain tasks 
including sensory and motor functions (Zhang 

et  al. 2020). The sources of neuroimaging data 
can either be obtained from simultaneous imag-
ing measurements taken at the time of imaging 
acquisition (e.g. EEG/fMRI or PET/CT) or by 
integrating separate measurements. For example, 
the combination of EEG with fMRI improves the 
spatiotemporal resolution that cannot be achieved 
by a single modality alone (Liu et  al. 2015). 
Furthermore, structural neuroimaging obtained 
via MRI and functional neuroimaging from PET 
and SPECT have become an essential part of 
 pre- surgical evaluation, which is often used for 
the identification of ideal patients for treatment 
and for planning intracranial EEG (icEEG) 
recordings (Tempany et al. 2015; Whiting et al. 
2006). With pre-surgical planning, the use of co- 
registration enables multimodal comparison, 
which allows for characterization of the lesion to 
be resected, particularly in brain tumors and epi-
lepsy surgery. Composite pre-surgical brain map-
ping techniques with respect to the 
pharmacological characterization related to both 
PET and SPECT provide relevant information on 
the metabolic state and molecular events within 
the tumor, even beyond the single depiction of 
activation maps obtained with fMRI alone. These 
multimodal approaches can reduce the need for 
invasive pre-surgical monitoring in certain cases, 
and can be used for the pre-operative assessment 
of infiltration zones around brain resection tar-
gets (Jacobs et  al. 2005). The main foci of this 
chapter will be perfusion MRI, nuclear medicine, 
and MEG/EEG; functional MRI, resting state 
fMRI, and diffusion tensor imaging (DTI) will be 
briefly highlighted, but these modalities are cov-
ered more comprehensively in separate chapters.

2  Multimodal Neuroimaging 
for Pre-surgical Planning

In the context of pre-surgical imaging, a multi-
modal approach is primarily aimed at addressing 
two principle challenges: delineation of tumor 
margins and localization of regional or involved 
critical brain structures. Initial structural imaging 
analysis is essential, though the addition of func-
tional data to conventional imaging and neuro-
navigation can further aid surgeons regarding 
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optimal tissue site resection. Pre-operative brain 
mapping with use of functional MRI is being 
increasingly used as part of the surgical planning 
process, allowing for detailed intraoperative 
mapping. In addition, the incorporation of diffu-
sion tensor imaging (DTI) allows for the visual-
ization and localization of critical white matter 
tracts, particularly in relation to a brain lesion if 
present (Tempany et al. 2015).

Intracranial EEG monitoring is essential for 
epilepsy surgical planning, though it comes with 
its own limitations. The advent of multimodal 
neuroimaging has made it possible to show epi-
leptic abnormalities that could not be previously 
identified, thereby improving the localization of a 
seizure focus. Recent advances in neuroimaging 
such as MRI morphometry, DTI, MRS, and MEG 
have improved ideal patient selection for treat-
ment and surgical planning (Zhang et al. 2014). 
Altogether, non-invasive neuroimaging has 
shown to be promising in  localizing seizure 
focus, especially in non-lesional epilepsy or 
extratemporal lobe epilepsy (ETLE), with neuro-
imaging possibly reducing the need for invasive 
pre-surgical monitoring in certain cases (Zhang 
et al. 2014; Tanaka et al. 2010).

2.1  Multiparametric MRI 
Techniques

2.1.1  Volumetric Analysis 
of Structural MRI

Structural MRI such as T1- and T2-weighted 
imaging can allow for volumetric measurements 
and can provide a macroscopic profile to evaluate 
structural differences (Wu et  al. 2017). Target 
volume definition is a critical step in pre-surgical 
planning, with the ability of statistical and image 
processing techniques to improve the ability to 
determine the boundaries of tumor and peritu-
moral fluid (edema) (Florez et  al. 2018). 
Individual MRI parametric maps obtained from 
structural MRI typically present single snapshots 
in time that are highly dynamic, incorporating 
imaging datasets for specific brain structure mea-
surements and calculation of volume. The infor-
mation can be obtained during the same imaging 
acquisition, though other approaches employ the 

use of longitudinally acquired single parametric 
maps. One strategy for analyzing multiparamet-
ric data involves extracting specific parameters, 
such as volume, and then applying it to statistical 
models to calculate differences between groups 
or multivariate regression to predict expected 
outcomes (Wu et al. 2010). Recent advances in 
image acquisition and image analysis techniques 
have enabled the use of larger longitudinal and 
cross-sectional studies for more advanced analy-
sis (Wu et al. 2017). Furthermore, region of inter-
est (ROI) analysis allows for comparison of 
different regions of signal intensity among differ-
ent patients, with volumetric applications used to 
investigate several brain disorders ranging from 
brain tumors to epilepsy. A benefit of volumetric 
or ROI based methods is that these techniques do 
not require specific spatially aligned datasets to 
concentrate on particular regions of interest. 
Another often complementary strategy for per-
forming multimodal analysis is a voxel-wise 
approach. In this technique, a statistical paramet-
ric map is generated by transforming the quanti-
tative values from each voxel, with the voxel data 
extracted from the normalized images in aligned 
space. The resultant output can demonstrate 
regions where feature selections differ signifi-
cantly between groups. Such methods allow for 
appreciation of voxel-by-voxel changes that may 
otherwise be obscured when taking aggregate 
values (Wu et  al. 2010; Ashburner and Friston 
2000). Therefore, a single image derived from a 
combination of potential markers into a simple 
imaging frame would be an ideal tool for quanti-
fying the impact of interventions (Wu et  al. 
2010). Although results from volume based stud-
ies have been generally difficult to validate, many 
studies have compared results of volume based 
analyses to manual and visual measurements and 
have found relatively good correspondence 
between the techniques (Whitwell 2009).

2.1.2  Perfusion MRI (pMRI)
Perfusion MRI can be performed with endoge-
nous or exogenous tracers. For exogenous agents, 
MR perfusion imaging relies on an injected con-
trast bolus tracked over time, which can be then 
used to investigate perfusion characteristics of a 
region of interest. These contrast-enhanced 
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perfusion images can be accomplished through 
two techniques: dynamic susceptibility contrast 
(DSC) and dynamic contrast-enhanced (DCE) 
imaging. Dynamic susceptibility contrast- 
enhanced MRI employs a bolus tracking tech-
nique that is based on T2 (spin echo imaging) or 
T2*  (gradient echo imaging) effects before, dur-
ing, and after the administration of a contrast 
agent (Boxerman et al. 2016). Dynamic contrast- 
enhanced MRI also employs bolus tracking with 
T1-weighted imaging, where permeability char-
acteristics of brain lesions such as tumors can be 
assessed with the advantage of a lower contrast 
dose and better temporal resolution. In contrast to 
DSC, DCE’s T1-weighted technique measures 
the T1 relaxivity effects, rather than the suscepti-
bility effects, of the injected dose of paramag-
netic contrast. The relaxivity effect refers to the 
generated signal of T1 shortening, which is 
related to the relaxation time and is inherently 
stronger than susceptibility signal (Petrella and 
Provenzale 2000). For endogenous agents, arte-
rial spin labeling (ASL) can be used, which relies 
on magnetically labeled spins using protons 
within arterial blood as the tracer (Detre and 
Alsop 1999).

In terms of pre-surgical evaluation of epilepsy, 
vascular perfusion changes have been increas-
ingly investigated for their potential to localize 
the seizure onset zone, with the observation of 
transient postictal vascular changes, and the asso-
ciation of ischemia and epileptic foci (Li et  al. 
2019; Weinand et al. 1997). Changes in the perfu-
sion parameter of cerebral blood flow (CBF) are 
often concordant with multimodal approaches 
based on EEG, MRI, SPECT, and PET. Similarly, 
ASL has also been found to non-invasively detect 
interictal and postictal alterations in CBF (Li 
et al. 2019; Guo et al. 2015). Recently, there have 
been applications of ASL perfusion imaging in 
functional connectivity studies, and as a comple-
mentary method to blood-oxygen-level depen-
dent (BOLD) functional MRI with the added 
benefit of physiological parameters such as blood 
flow (Jahng et al. 2014).

Pre-surgical resection planning and/or stereo-
tactic guided biopsy is commonly used in combi-
nation with perfusion imaging. Due to the internal 
heterogeneity of brain tumors and dependence on 

contrast enhancement to guide biopsy, sampling 
error remains a common problem. In perfusion 
imaging, cerebral blood volume (CBV) can be 
augmented as a measure of microvascular density 
in tumors. Studies have shown that regions of 
increased CBV, which can serve as a marker of 
tumor angiogenesis, may be better suitable 
 targets for biopsy in patients with gliomas. In 
these situations, the threshold of CBV or CBF 
values can be applied to lesions, even those in 
those that have been previously treated, to delin-
eate tumor from nontumoral areas and designate 
biopsy sites with the highest likelihood of obtain-
ing higher grade portion of tumor (Fig.  1) 
(Boxerman et  al. 2016; Prah et  al. 2018). This 
supports that notion that perfusion MRI can help 
to reduce the sampling error in the 
 histopathological diagnosis and improve surgical 
site selection (Maia et al. 2004; Hoxworth et al. 
2020).

2.1.3  Diffusion Tensor Imaging (DTI)
One of the primary goals of pre-surgical planning 
for brain tumors is to maximize the extent of 
resection while minimizing morbidity. It is espe-
cially important to pre-operatively determine the 
spatial relationship between cortical and subcor-
tical eloquent areas and lesion margins (Fig. 2) 
(Bailey et al. 2015). DTI is often used clinically 
in pre-operative planning prior to surgical resec-
tion, as tumors can be highly infiltrative (Liu 
et  al. 2015). DTI involves a form of diffusion 
imaging where fiber tracts can be delineated 
based on the relative fractional anisotropy, thus 
allowing for the delineation of brain white matter 
pathways. By obtaining diffusion images along 
many different orientations, diffusion tensor 
imaging is able to estimate the appropriate orien-
tation of axonal fiber bundles, due to the fact that 
water diffuses most readily along the length of 
axons (Liu et al. 2015; Bailey et al. 2015). The 
interpretation of these fiber tracts in relation to 
the surgical target provides a distinct advantage 
over conventional MRI in identifying the inva-
sive or infiltrative nature of the tumor. 
Additionally, it can aid in the surgical planning of 
possible entry points as well as overall trajectory, 
while anticipating the best intraoperative routes 
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to prevent postsurgical neurological deficits 
(Bailey et al. 2015).

2.1.4  Functional MRI (fMRI)
Functional MRI is being increasingly used in 
pre-surgical planning for localization of eloquent 

cortex and to predict postoperative language as 
well as memory outcomes (Baumgartner et  al. 
2019). Though the gold standard involves corti-
cal stimulation and mapping from indwelling 
electrodes or evaluation of stimuli during an 
awake craniotomy, blood-oxygen-level- 

a b c

Fig. 1 (a) T1 weighted post-contrast image demonstrates 
a heterogenous and peripherally enhancing tumor pre-
dominantly involving the right frontotemporal lobes. (b) 
Dynamic susceptibility contrast (DSC) map of cerebral 
blood volume (CBV) demonstrates increased areas of 

blood volume along the anterior and medial margins of 
the tumor (white arrow). (c) Arterial spin labeling (ASL) 
image demonstrates similar areas of hyperperfusion or 
high blood flow

a b

Fig. 2 (a) Fluid-attenuated inversion recovery (FLAIR) 
coronal image demonstrates a heterogeneous mass within 
the left parietal lobe with regional hypertintense signal, 
compatible with biopsy-proven glioblastoma. (b) 
Diffusion tensor imaging-streamline tractography super-

imposed on a structural MRI T1-weighted image demon-
strates the expected course of the left superior longitudinal 
fasciculus (arcuate fasciculus) immediately underlying 
the lesion
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dependent functional magnetic resonance imag-
ing is able to also reliably and non-invasively 
provide this information and can potentially 
replace the Wada test for language lateralization 
in specific cases (Bailey et al. 2015; Baumgartner 
et al. 2019). This MR imaging method produces 
information related to brain function using blood 
oxygenation level dependent contrast imaging, 
which is sensitive to changes in the state of oxy-
genation of the hemoglobin. At its core, the fMRI 
images are based on hemodynamic responses to 
neuronal activity or task-based functions, which 
are obtained using paradigms to activate the 
motor and language systems, thereby allowing 
for lateralization (Dierker et al. 2017; Amaro and 
Barker 2006). Recent studies have demonstrated, 
for example, in patients with frontal lobe epi-
lepsy, a significant postoperative naming decline 

was observed when the resection overlapped with 
areas of language fMRI activation, even when 
prior stimulation results were negative in these 
areas, further supporting the role of fMRI for pre- 
surgical language localization (Baumgartner 
et al. 2019; Sidhu et al. 2018).

The combination of detailed anatomical infor-
mation with physiological information on cere-
bral hemodynamics after cognitive activity 
creates a structural and functional model of the 
brain. Additionally, this structural-functional co- 
registration makes fMRI an ideal tool for pre- 
surgical planning of patients with mass lesions 
affecting functionally important brain regions 
(Fig. 3). The data can be used for risk manage-
ment and for determining operative trajectories, 
which can be additionally useful for neuronavi-
gation purposes; individual risks of permanent 

a b

Fig. 3 (a) T1-weighted post-contrast MR image demon-
strates an enhancing mass within the left parietal lobe, 
compatible with biopsy-proven glioblastoma. (b) Overlay 
of functional MR activation map acquired during a lan-
guage task (visual responsive naming) on a structural 
T1-weighted MR image demonstrates positive activation 

(light blue) within the left intraparietal sulcus (white 
arrow), in an area related to reading comprehension. This 
important functional area was confirmed on neurosurgical 
stimulation. Areas of dark blue represent areas of negative 
activation, the clinical significance of which is unclear
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neurological deficits can be assessed pre- 
operatively and different surgical strategies can 
be considered (Krings et  al. 2001). Functional 
MRI and its clinical applications are further 
described in detail in separate accompanying 
chapters.

2.1.5  Resting State Functional MRI 
(rs-fMRI)

Advances in understanding of resting state func-
tional connectivity and improved data analysis 
techniques have enabled more widespread use 
and clinical application of resting state fMRI (rs- 
fMRI) for pre-surgical planning, which is often 
considered a complement or alternative to task- 
based fMRI (Dierker et al. 2017; Kokkonen et al. 
2009; Rosazza et al. 2014). This technique relies 
on the spontaneous fluctuations of the BOLD 
fMRI signal or most commonly referred to as the 
resting state functional connectivity, with associ-
ated topographies defined as resting state net-
works (Dierker et  al. 2017; Raichle 2015). In 
terms of clinical interpretation, resting state net-
works and tasked-based fMRI responses exhibit 
similar, although not identical, topographies 
(Dierker et al. 2017). Compared to tasked-based 
fMRI, rs-fMRI is less demanding and can be per-
formed in patients who may not be able to com-
ply with task-based paradigms, such as young 
children or altered patients (Lee et  al. 2013). 
Additionally, image acquisition does not require 
specialized equipment or specialized technical 
training (Dierker et al. 2017).

Resting state MRI has been applied to pre- 
surgical planning not only for brain tumor 
patients, but in epilepsy patients as well, given 
that the higher spatial resolution afforded by the 
resting state images over EEG can provide an 
advantage in mapping epileptic foci or networks 
(Lee et  al. 2013). A recent study by Liu et  al. 
found overall agreements between functional 
MRI modalities and intraoperative cortical stim-
ulation data. The regions localized based on the 
spontaneous activity correlations were found to 
be similar to the regions defined by the move-
ment tasks and cortical stimulation (Liu et  al. 
2009). Furthermore, rs-fMRI may also be benefi-
cial in selecting patients for epilepsy surgery and 

in evaluating patient outcomes, with special 
attention to resting state networks that may be 
important in the development and maintenance of 
the brain’s functional organization (Lee et  al. 
2013). Resting state fMRI and its clinical appli-
cations are further described in detail in separate 
accompanying chapters.

2.1.6  MR Spectroscopy (MRS)
Magnetic resonance spectroscopy (MRS) is a non-
invasive technique that maps brain metabolism by 
measuring the relative concentrations of metabo-
lites and neurotransmitters within brain tissue. This 
is done by acquiring signals from carbon-bound, 
non-exchangeable protons, and showing the highest 
information density within a spectral region 
(Trabesinger et al. 2003). This has the potential to 
be used in imaging protocols for pre-surgical diag-
nostics of epilepsy surgery, as reduced neuronal 
markers such as N-acetyl- aspartate (NAA) or 
increased glial markers such as choline (Cho) are 
compatible with focal epileptogenic lesions, and 
increased lactate suggesting the presence of epilep-
tic activity (Pittau et al. 2014). With regard to mass 
lesions, source MR images co-registered with MRS 
can identify specific voxel-wise location(s); this is 
often based on multimodal single-voxel MRS data 
acquired with structural MRI for the identification 
of regions of viable tumor, investigation of the 
tumor extent, and monitoring of the effectiveness of 
therapy (Pittau et al. 2014; Vigneron et al. 2001). In 
this context, MRS can also be useful to evaluate the 
degree of tumor invasion by co-registration of the 
metabolic maps derived from post-processing onto 
the structural MRI data for use in neuronavigation 
systems (Gasser et al. 2005). There has been further 
research into the use of MRS for surgical navigation 
purposes. For example, a recent study investigating 
a multimodal approach of targeted PET- and a 
MRS-guided stereotactic biopsy tool using intraop-
erative navigation in combination with software to 
analyze and integrate physiological imaging data to 
identify biopsy targets was found to spatially cor-
relate and validate a variety of imaging biomarkers 
against tissue features (Grech-Sollars et al. 2017). 
Additional multimodal approaches include a com-
bination of MRS with functional landmarks, 
obtained from fMRI to increase the sensitivity for 
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the assessment of tumor borders and the localiza-
tion of functionally eloquent areas (Nimsky et al. 
2006).

2.2  Combined MRI and Nuclear 
Medicine

FDG-PET imaging has important applications in 
pre-surgical imaging, notably to assess interictal 
brain dysfunction through evaluation of metabo-
lism using radioactive tracers. For example, in 
cases of mesial temporal lobe epilepsy, FDG- 
PET can demonstrate hypometabolism involving 
the temporal lobe (Fig.  4), as well as possible 
extratemporal sites such as the insula or perisyl-
vian regions. Such topographic information pro-
vided by areas of hypometabolism on PET has 
been shown to correlate with other modalities, 
specifically EEG, with a strong correlation with 
the extent of the electroclinical network defined 
by clinical seizure semiology (Baumgartner et al. 
2019; Chassoux et al. 2016). Studies have found 
that the hypometabolic patterns on FDG-PET can 

be predictive for surgical outcome in patients 
with mesial temporal lobe epilepsy (Baumgartner 
et al. 2019; Chassoux et al. 2017; Farooque et al. 
2017). Furthermore, in cases of MRI-negative 
temporal lobe epilepsy, hypometabolism within 
the epileptogenic zone was found to predictor of 
a more favorable surgical outcome (Immonen 
et al. 2010). In cases of MRI-negative extratem-
poral lobe epilepsy, FDG-PET co-registered with 
MRI is highly sensitive to detect focal cortical 
dysplasia and was found to be significantly supe-
rior to visual analysis for the identification of the 
epileptogenic zone, thereby improving diagnosis 
and overall surgical outcome (Baumgartner et al. 
2019; Chassoux et al. 2010; Mendes Coelho et al. 
2017). Recently, machine learning techniques 
optimized for cortical surface sampling of com-
bined PET and MRI and PET data was found to 
be superior to both quantitative MRI and multi-
modal visual analysis for the detection of focal 
cortical dysplasia (Baumgartner et al. 2019; Tan 
et al. 2018).

Single-photon emission computed tomogra-
phy (SPECT) is another nuclear medicine imag-

a b

Fig. 4 (a) Coronal T2-weighted image demonstrates 
increased signal within the right hippocampus (white 
arrow), as well as volume loss when compared to the left. 
Findings are compatible with mesial temporal sclerosis. 
(b) PET-MRI with FDG from the same patient demon-
strates markedly decreased FDG uptake within the right 

mesial temporal lobe and right hippocampus region (white 
arrow), corresponding to the structural findings on MRI 
and representing the focus of seizure activity. In addition, 
there is moderately decreased FDG uptake in the left 
mesial temporal lobe
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ing technique, which employs gamma rays to 
generate tomographic images. Ictal SPECT can 
provide information on fluctuations involving 
CBF, which is considered a surrogate marker of 
increased neuronal activity based on the seizure 
onset zones. The use of SPECT is primarily used 
in cases where extratemporal MRI negative, or 
possibly in discordant PET and MRI studies 
(Sidhu et al. 2018). The specificity of this tech-
nique can be significantly improved in combina-
tion with MRI, in which statistical mapping 
subtraction SPECT is co-registered to MRI in a 
multimodal approach (Baumgartner et al. 2019; 
O’Brien et al. 1998). Applied statistical paramet-
ric mapping can identify changes in CBF that are 
statistically significantly different on a voxel-by- 
voxel basis (Baumgartner et al. 2019).

2.3  Combined MRI and MEG 
(MSI)/EEG

Magnetoencephalography detects magnetic fields 
produced by the brain’s electrical activity based 
on the principle that electrical charges that move 
from one point to another and generate a mag-
netic field at a right angle to the flow of current. 
Magnetoencephalography signals, like EEG, are 
produced by excitatory and inhibitory postsynap-
tic potentials rather than by direct action poten-
tials (Kharkar and Knowlton 2015). The 
difference between these two modalities lies in 
that fact that MEG detects magnetic instead of 
electric fields produced by neuronal currents, 
using sensors homogeneously placed around the 
head (Pittau et  al. 2014; Murakami and Okada 
2006). Thus, while both MEG and EEG measure 
cerebral activity in real time and during the same 
acquisition, they measure different physical 
properties of this activity. Another key difference 
is that the generated magnetic fields diffuse 
across the skull and scalp without any apprecia-
ble distortion or interference, whereas electrical 
potentials of EEG can be distorted due to the dif-
ferent electrical conductivities from variations of 
the calvarium or prior postsurgical alterations. 
This difference allows for recording MEG in 
patients with atypical calvarial anatomy or post-

surgical changes without the major limitations 
encountered with EEG, which necessitates accu-
rate modeling of the skull anatomy. Given that 
MEG is only sensitive to the activity of neurons 
located tangentially to the skull, it mainly reflects 
the activity within the cortical sulci that is unbal-
anced by the contralateral surface. However, 
EEG is able to record the activity of neurons 
despite different orientations (Pittau et al. 2014; 
Ahlfors et al. 2010). Given that MEG and EEG 
are sensitive to different physical features of neu-
ral activity, the two techniques can therefore be 
complementary (Lopes da Silva 2013). As such, 
there is potential that EEG/MEG combinations 
with high spatial sampling of both modalities 
could be valuable in specific difficult clinical sit-
uations (Pittau et al. 2014).

Magnetoencephalography dipoles cluster 
around known epileptogenic abnormalities, 
allowing MEG to detect and localize epilepti-
form disturbances of cerebral activity with excel-
lent temporal and spatial resolution (Fig.  5) 
(Pittau et al. 2014; Kharkar and Knowlton 2015). 
When this data is co-registered with functional 
and structural modalities of MRI, the MEG 
dipole sources can be displayed in three- 
dimensional space on the structural MRI images 
of the brain, and can localize information pertain-
ing to interictal activity (Pittau et  al. 2014; 
Kharkar and Knowlton 2015; Marks 2004). MEG 
has also been applied to pre-surgical planning of 
epilepsy cases, providing useful data for pre- 
surgical localization. When coupled with struc-
tural and functional imaging modalities, it allows 
for non-invasive localization of the epileptogenic 
region. Recent studies have found that MEG, 
when used in conjunction with other elements of 
the pre-surgical evaluation, can allow for accu-
rate localization and further reduce the need for 
invasive intracranial monitoring (Marks 2004). 
Furthermore, this can be especially true in cases 
where the primary intracranial implantation does 
appropriately capture the seizure onset. MEG- 
guided intracranial implantation has been shown 
to correctly identify epileptogenic zones, sur-
passing interictal PET CT, as the area of hypome-
tabolism is usually larger than the epileptogenic 
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zone (Kharkar and Knowlton 2015; Nelissen 
et al. 2006; Sutherling et al. 2008).

Although MEG’s widespread use is some-
what limited by the requirement for special-
ized equipment and facilities (Marks 2004), 
current and recent advances in multimodal 
approaches offer future opportunities for fur-
ther integration of MEG and EEG with MRI, 
and in particular, with fMRI. While EEG and 

MEG are able to demonstrate the brain activa-
tion at much greater temporal resolution, MRI 
produces the anatomical template which 
enhances the inherent poor spatial resolution 
of EEG and MEG source images (Liu et  al. 
2015). This, coupled with the hybrid ability to 
obtain simultaneous EEG and fMRI record-
ings, can detect cerebral hemodynamic 
changes related to interictal epileptiform dis-

a

c

b

Fig. 5 Coronal (a), sagittal (b) and axial (c) MRI overlay 
of Equivalent Current Dipole (ECD) modeling of a dipole 
cluster demonstrates lateralization of the EEG recordings 
to the left temporal lobe (yellow triangles). The white tri-
angle demonstrates an ictal event. Additionally, the lan-
guage area (red) is overlaid, which reveals that the 
epileptogenic area involves the language area, further 
demonstrating the unique ability of MEG to display both 

functional tasks and epileptogenic information together. 
Not pictured because of space limitations are the MEG 
channels demonstrating the spike signals. 
Stereoelectroencephalography confirmed MEG and deter-
mined the epileptogenic zone to be primarily within the 
left middle temporal gyrus. (Figure provided and adapted 
by courtesy of Dr. Elizabeth Davenport)

A. Trinh et al.



383

charges identified on scalp EEG (Pittau et al. 
2014; Gotman et  al. 2006). Such multimodal 
approaches offer the ability to non-invasively 
localize the epileptic focus and to better under-
stand the epileptic networks in light of pre- 
surgical planning (Pittau et al. 2014).

3  Advantages and Limitations 
of Multimodal Functional 
Neuroimaging

As discussed, multimodal imaging allows use of 
different imaging modalities for a single evalua-
tion, thus providing a more comprehensive evalu-
ation of the brain. The major benefits of 
multimodal data fusion include the ability to cor-
rect distortion, a higher combined temporal/spa-
tial resolution, and use of both structural and 
functional information. Advances in multimodal 
imaging have focused on the standardization of 
these modalities, via atlas based brain segmenta-
tion and image fusion, with data analysis shifting 
from qualitative to quantitative evaluation (Zhang 
et al. 2020).

Though the fusion of modalities combines 
complementary information, expands resolu-
tion limits, and overall improves data quality, 
these methods do come with their own limita-
tions, as summarized in their respective sec-
tions (Zhang et al. 2020; Liu et al. 2015). On a 
global scale, multimodal neuroimaging is 
largely limited by the availability and safety of 
the imaging equipment, though hybrid acqui-
sition scanners are becoming more abundant 
in the clinical setting. As a construct, multi-
modal neuroimaging analysis is much more 
challenging than single modality analysis, 
often requiring sophisticated computing anal-
ysis models including complicated data nor-
malization, data fusion, and data integration. 
This also includes pre-processing, feature 
extraction, machine learning, and post- 
processing to account for the variations in the 
spatiotemporal resolution and integrating the 
functional and biophysical information of the 
multimodal data (Zhang et al. 2020; Calhoun 
and Sui 2016; Tulay et al. 2019).

As multimodal neuroimaging and computing 
methods continue to be applied in the clinical set-
ting for pre-operative planning and neuronaviga-
tion, there has been growing interest and growth 
in multimodal neuroimaging research (Liu et al. 
2015). Currently, there have been significant 
improvements modern neuroimaging both in 
terms of acquisition quality and the emerging 
availability of imaging modalities. It is expected 
that the effect of multimodal imaging fusion 
could also effectively scale the amount and quan-
tity of information accessible to radiologists to 
make higher quality evaluations and more precise 
diagnoses (Zhang et al. 2020).
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Abstract

This chapter gives an overview of the type of 
neuroplastic information that can be generated 
by functional magnetic resonance imaging 
(fMRI) and diffusion tensor imaging (DTI) 
after damage of the central or peripheral ner-
vous system. After an introductory overview 
about clinical neuroplasticity, benefits of neu-
roplastic investigations are demonstrated. 
Thereby, a better evaluation of the patient’s 
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functional state, better individual prognosis, a 
progression in understanding the nervous sys-
tem, as well as ameliorated treatment strate-
gies are outlined. Afterwards, some important 
cellular and molecular mechanisms relevant 
for neuroplastic changes are discussed, since 
fMRI and DTI are limited to identifying neu-
roplasticity on a level of neuronal populations 
and their connections. Finally, a review about 
neuroplastic changes, in response to nervous 
system disease, is given. The review is com-
pleted by demonstrating a new, promising 
therapeutic approach supporting brain plastic-
ity, for which fMRI and DTI data are 
important.

1  Introduction

Clinical neuroplasticity is the ability of neurons 
and neural networks to reorganize themselves on 
a functional and structural level in response to 
damage. It differs from non-clinical reorganiza-
tion taking place due to normal brain develop-
ment of healthy individuals, occurring 
continuously throughout life. Detecting clinical 
brain plasticity is not always easy, since it may be 
mistaken for damage-induced changes. For 
example, structural changes such as altered white 
matter connectivity and network integrity may be 
a result of brain damage, instead of structural 
reorganization (Marebwa et  al. 2017). Further, 
clinical neuroplasticity has to be differentiated 
from functional effects which arise during resolu-
tion of oedema, perfusion deficits, inflammation 
and diaschisis. During their resolution clinical 
symptoms disappear, but improvements are not 
due to neuroplasticity. Physiological compensa-
tion of an impaired function may also happen 
outside neuroplastic processes. As an example, 
proximal muscles could compensate a distal 
paresis, just by changing the movement pattern. 
All these interrelationships should be kept in 
mind, when interpreting structural and functional 

alterations by fMRI and DTI data, in the clinical 
context.

What kind of neuroplastic information can be 
generated by fMRI and DTI? Briefly summa-
rized, fMRI enables the detection of local 
increases and decreases of brain activity. On the 
one hand, spontaneously occurring brain activity 
may be detected by resting state fMRI (rs-fMRI). 
On the other hand, brain reactions evoked by 
tasks (task-based fMRI) or by medication (phar-
macological fMRI) can be detected as well. Since 
typical BOLD fMRI (blood oxygen level depen-
dent fMRI) reflects changes in the local concen-
tration of deoxyhemoglobin, the signals depend 
on the local perfusion situation. Correct conclu-
sions about neuronal activity are only possible 
when there is no disturbing vascular situation 
(like in early stages after ischemic stroke, where 
maximum vessel dilation occurs). Further, BOLD 
signals reflect both excitatory and inhibitory neu-
ronal activation. Regarding spatial reorganiza-
tion, an increase in BOLD signal may occur 
within a typical task area or in a non-typical but 
functionally related area due to activation of 
additional resources. This may be seen as 
increased activity in spared brain areas close to 
the pathology or as increased activity in second-
ary brain areas remote from the pathology. For 
example, in the motor network the premotor cor-
tex is extensively connected to the primary motor 
cortex (M1) and can partly substitute M1 via pro-
jections to the spinal cord. Evaluation of signal 
increases/decreases is also far from trivial. 
Increase of local neuronal activity (overactiva-
tion) may be locally driven or be a consequence 
of disinhibition mediated by remote connected 
areas. Decrease of local neuronal activity (under-
activation) may be mediated by remote areas 
(inhibition) or be a consequence of damage to 
local or distant (diaschisis) tissue. State of the art 
fMRI techniques allow investigation, how brain 
areas are functionally connected to each other, 
i.e., which brain areas form networks and how 
these networks do neuroplastically change.

While fMRI describes functional alterations, 
DTI data describe structural changes. More spe-
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cifically, DTI describes fibre tracts, with regard to 
tract integrity, tract volume and structural con-
nectivity. This is done by monitoring diffusion of 
proton signals from water molecules, which 
diffuse faster in parallel to white matter tracts 
than perpendicular to them. To some extent, it is 
also possible to characterize tissue architecture 
(e.g. cellular density, vasculature, necrosis, extent 
or margins of a neoplasm). The following section 
gives an overview about the clinical benefits we 
may expect from fMRI/DTI patient 
investigations.

2  What Are the Clinical 
Benefits of Neuroplasticity 
Investigations?

Acquiring information about neuroplastic devel-
opments in patients using fMRI or DTI helps to 
improve patient care. Studying neuroplastic 
effects and mechanisms by using fMRI and DTI 
neuroimaging techniques aids evaluating the 
patient’s functional state, establishing an indi-
vidual prognosis and improving treatment strate-
gies. Further, fMRI/DTI helps to understand how 
the nervous system acts in response to disease 
(for recent reviews see Cirillo et  al. 2019; 
Guggisberg et  al. 2019; De Giglio et  al. 2018; 
Fox and King 2018; Pini et al. 2018; Tahedl et al. 
2018; Chou et al. 2018; Duffau 2017; Hartwigsen 
and Saur 2019; Puig et al. 2017; Bergmann et al. 
2016; Kong et  al. 2016; Reid et  al. 2016; 
Chiaravalloti et  al. 2015; Enzinger et  al. 2016; 
Hamaide et al. 2016). As fMRI and DTI are non- 
invasive, these techniques are powerful tools for 
investigating both structural and functional 
changes due to lesions, neurodegeneration, or 
other neurological dysfunctions in cross- 
sectional, but also longitudinal studies. Although 
the latter is still relatively scarce, increasing evi-
dence supports the usefulness of fMRI and DTI 
for assessing neuroplasticity in clinical practice. 
It is important to stress the benefit of combining 
fMRI and DTI investigations since they comple-
ment one another. While fMRI can acquire infor-

mation about the functional changes associated 
with neuroplasticity (Tao and Rapp 2019), DTI 
may show their structural correlates on a micro-
structural level (Zheng and Schlaug 2015). This 
is particularly important for detecting regions 
that are involved in retaining function in brains 
with major pathologies (e.g., tumours). Knowing 
the functional and structural reorganization in 
such patients will support successful surgery 
(Panigrahi et al. 2017).

2.1  Better Evaluation 
of the Patients’ Functional 
State

Assessing patients’ functional brain state has 
been proven essential for many treatment consid-
erations, most prominently in lesion cases with 
subsequent neuronal reorganization of motor 
functions (e.g., after a stroke). Importantly, dam-
age from lesions need not be constrained to the 
lesion area but it could affect remote areas that 
are functionally connected to the latter (Carrera 
and Tononi 2014). FMRI and DTI provide infor-
mation about momentary functional as well as 
structural reorganization of both ipsi- and con-
tralesional hemispheres (Guggisberg et al. 2019).

2.2  Better Individual Prognosis

Using fMRI and DTI to investigate neuroplasti-
city can aid in giving a better individual progno-
sis to patients. Patients with temporal lobe 
epilepsy will often show atypical language net-
work formations, i.e. rerouting of language path-
ways within the dominant left hemisphere to 
non-traditional language areas or a shift to the 
right hemisphere (Chang et  al. 2017). So far, 
electrical cortical stimulation is used as the gold 
standard for mapping language centres in the cor-
tex and for surgical planning. However, fMRI 
and DTI measurements are increasingly used to 
define functional arrangement and individual 
post-operative outcome (Trimmel et  al. 2019; 
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Osipowicz et al. 2016; Hutchings et al. 2015; see 
Chou et al. 2018 for a review on paediatric epi-
lepsy patients). Concerning motor recovery after 
stroke, a mounting body of evidence suggests 
that DTI investigations of the corticospinal tract 
can be an invaluable predictor (reviewed by Puig 
et  al. 2017). For MS patients, a recent study 
showed continuous functional reorganization 
using effective connectivity analysis, a measure 
of information flow between brain network 
nodes. This change in effective connectivity 
could be inversely correlated to clinical markers 
and may present a possible biomarker of a 
patient’s functional reserve capacity (Fleischer 
et al. 2020).

2.3  Improvement of Treatment 
Strategies

Improvement of treatment strategies concerns 
any type of intervention, be it behavioural, phar-
macological, surgical, or brain stimulation thera-
pies. For example, the definition of typical 
reorganizational profiles with fMRI/DTI may 
guide development of brain stimulation protocols 
that focus on brain regions most relevant for 
functional recovery (Bergmann et al. 2016). Such 
protocols can then be applied across the proper 
group of patients. Another popular application 
lies in tumour surgery and its goal of removing 
the ideal amount of tumour tissue without losing 
function or hindering rehabilitation (Flouty et al. 
2017). Functional reorganization can occur both 
before and after a first resection, either close to 
the lesioned area but also by recruiting more dis-
tant regions. Investigating this on an individual 
level with task-based fMRI (Cirillo et al. 2019) 
may allow another surgical attempt to remove 
more cancerous tissue. Especially for gliomas 
close to eloquent locations (e.g. speech areas), 
fMRI may be critical for preserving function 
(Panigrahi et  al. 2017; Michaud and Duffau 
2016). There have been promising results using 
non-invasive brain stimulation techniques as a 
complementary treatment strategy in neurode-
generative diseases, such as dementia (Beisteiner 

et al. 2019; Pini et al. 2018), and also for stroke 
patients in early stages (Du et  al. 2019). FMRI 
and DTI may provide valuable information in 
terms of stimulation location, stimulation intensi-
ties, temporal precision for treatment onset and 
for following treatment effects (Bergmann et al. 
2016; Goldsworthy et al. 2015).

2.4  Progress in Understanding 
How the Nervous System Acts 
in Response to Disease

Further increasing our understanding of neuronal 
response mechanisms to disease is essential to 
improve treatments and patient care. 
Neuroplasticity represents an important factor in 
the neuronal response to pathologies. For this 
endeavour, longitudinal studies offer a clearer 
picture of neuronal dynamics and compensatory 
mechanisms that may be targeted for treatment 
strategies (Hannanu et  al. 2020). Furthermore, 
this kind of study can also help to identify critical 
windows for neuroplastic reorganization during 
disease progression (Fleischer et  al. 2020). 
Adaptive neuroplasticity is a finite process and 
there are temporal limitations regarding opportu-
nities to utilize it for treatments (De Giglio et al. 
2018; Santhanam et al. 2018). Apart from inves-
tigation of the functional reserve of classical 
functional areas, fMRI and DTI may also reveal 
regions that are newly recruited during reorgani-
zation. Reorganization profiles may vary depend-
ing on individual differences in disease 
progression or classification (Zhang et al. 2018). 
Studies have also shown possible maladaptive 
plasticity in several cases (Raffin et  al. 2016; 
Spielmann et al. 2016). For instance, in patients 
with MS, neuronal reorganization may be corre-
lated with increased dysfunction in cognitive per-
formance (Chiaravalloti et  al. 2015; Tona et  al. 
2014). Cases such as these still need to be further 
studied to increase understanding of their precise 
mechanisms, as well as how to accurately discern 
them from beneficial plasticity. Furthermore, 
fMRI and DTI can detect neuronal reorganiza-
tion even with no noticeable clinical effects 
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(Dalhuisen et  al. 2020). Although clinical 
improvement is the primary goal in studying neu-
ronal plasticity, understanding the underlying 
mechanisms is essential to develop clinical meth-
ods for modulating functional reorganization in a 
therapeutic sense.

3  Mechanisms 
of Neuroplasticity

This chapter gives a short overview about princi-
pal mechanisms which drive neuroplasticity and 
indicates recent literature for further reading. 
Neuroplasticity, as observed with fMRI/DTI, can 
be caused by changes at the molecular, cellular or 
neural population level. Besides direct damage to 
a brain area, neural populations may also change 
indirectly as a consequence of molecular and cel-
lular changes following brain lesions.

3.1  Molecular Changes

At the molecular level, changes were described 
for the expression of growth-associated genes 
with increased growth-enhancing factors, 
reduced growth inhibiting factors and the expres-
sion of maturation regulating proteins. Liu et al. 
(2019) identified over 400 genes that seem to be 
involved in short- and long-term plasticity pro-
cesses, and their data provides molecular evi-
dence of the prediction of long-term learning 
results. Phillips (2017) outlines in her review that 
the brain-derived neurotrophic factor (BDNF) is 
an important protein for growth and maintenance 
of neurons involved in emotional and cognitive 
function. It is decreased in major depressive dis-
order, but can be optimized by moderate physical 
activity and therefore increase plasticity. Also, 
pharmacological substances can induce change. 
Roy et  al. (2020) compared pre/post ketamine 
data in adolescents with treatment-resistant 
depression for molecular signaling and showed 
that ketamine led to changes in neural flexibility 
and symptom relief in those affected. Moreover, 
the glutamate and the gamma-aminobutyric acid 

(GABA) levels contribute to neuroplasticity. For 
example, some studies found receptor changes 
such as modified expression and responsiveness 
of cholinergic and GABA receptors, the latter 
leading to a loss of inhibitory interneurons. 
Inhibitory synapses, just like their excitatory 
counterparts, are found to be malleable in their 
long-term neuroplasticity. Concerning long-term 
changes in inhibitory receptors, G-protein- 
coupled receptors play a central role for synaptic 
transmission. In contrast, the potentiation and 
depression of inhibitory synapses are related to 
endocannabinoid systems, glutamate systems, 
GABAB and opioid receptors (Rozov et al. 2017). 
For an overview concerning research on bio-
chemical processes, consult Gulyaeva (2017) 
who describes specific proteins and their modula-
tions as the molecular basis for neuroplasticity. 
Molecular changes can also be induced by thera-
peutic brain stimulation. As an example, 
Antonenko et  al. (2019) showed that tDCS- 
induced electric fields can increase sensorimotor 
network strength which is associated with 
decreased GABA levels.

3.2  Cellular Changes

At the cellular level, the function or number of 
synapses is a major neuroplastic mechanism that 
underlies changes. This includes both the rein-
forcement of existing but functionally silent syn-
apses (particularly at the periphery of lesions) 
and the formation of new synapses. Further neu-
roplastic changes concern dendritic arborization 
and axonal sprouting, which may even happen at 
great distances, and may be influenced by altered 
inhibitory and excitatory inputs on local 
neurons.

Cellular neuroplasticity can also be modulated 
by glial cells, which affect excitability, synaptic 
transmission and coordination of activity across 
networks. Indeed, astrocytes seem to be particu-
larly relevant to the overall orchestration of syn-
aptic plasticity (De Pittà et al. 2016). This might 
occur in part due to metaplasticity, describing the 
dynamic regulation of the synaptic transmission 
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range. Regulating transmission range avoids 
excitotoxicity and allows integration of 
 plasticity- relevant signals over time. Pathologic 
integration of plasticity-relevant signals, and 
other forms of synaptic pathology, might contrib-
ute to brain diseases, such as Alzheimer’s disease 
(Singh and Abraham 2017).

Activity-dependent cellular plasticity can also 
be found in some myelin-forming cells, which 
not only affects myelin structure but also neuro-
logical function as modulated by experience 
(Monje 2018). Further, microglia likely plays a 
key role in synapse regulation by detecting syn-
apse function and influencing synapse pruning/
formation throughout human life (Ikegami et al. 
2019).

Cellular changes also occur with respect to 
neuroblast activity. Kaneko et al. (2017) reported 
that after a brain insult, neuroblasts of the adult 
brain relocate in the region of the injured tissue in 
order to repopulate it and thus contribute to 
neuroplasticity.

Overall, it is important to keep in mind that 
cellular changes may occur perilesionally as well 
as distant from a lesion, in functionally/structur-
ally connected brain areas.

3.3  Neuronal Population Changes

The action and interaction of neuronal popula-
tions (brain areas) are affected by the neuroplas-
tic mechanisms previously described. The 
molecular and cellular alterations change inhibi-
tory and excitatory influences on the neuronal 
populations and lead to altered connections on a 
local level (changed activity of a network node) 
or a global one (changed network configuration). 
Neuronal population changes include local over-
activations or deactivations, increase or decrease 
of functional connectivity and increase or 
decrease of effective connectivity (i.e. modula-
tory influences between brain areas). It is also 
clear that functional connectivity is linked with 
structural connectivity—e.g. Sbardella et  al. 
(2015) reported that internetwork functional con-
nectivity changes correlate with microstructural 

brain damage in multiple sclerosis. Neuronal 
populations are also influenced by the perineural 
nets (PNNs), an extracellular matrix architecture, 
wrapping specific neurons as the brain develops. 
Perineural nets orchestrate plasticity in the adult 
central nervous system through chondroitin sul-
phate proteoglycans, their chief component. They 
might also contribute to a multitude of brain dis-
eases and modify with ageing, learning, memory 
and drug abuse (Sorg et al. 2016). While perineu-
ral nets are obviously structured that influence 
neuronal function, in typical cases of brain dis-
ease altered brain function induces a neuroplastic 
change in structure. As an example for structural 
network changes detectable with DTI, a study 
with tumour patients showed increased small- 
worldness features, altered regional parameters 
especially in hub regions, and increased connec-
tion density—particularly between the hemi-
spheres and in regions of the limbic/subcortical 
systems (Yu et al. 2016).

4  Review of the Clinical 
Literature on fMRI and DTI

Previous literature about clinical neuroplasticity 
detectable by fMRI and DTI described both 
maladaptation and beneficial changes driving 
recovery. Important topics concern prediction of 
patient outcome after surgery and presurgical 
planning. DTI and fMRI may either detect neu-
roplastic changes related to local brain activa-
tion or more global functional/structural 
network changes. Because neuroplasticity is 
affected by many factors a standard classifica-
tion of neuroplastic changes or neuroplasticity-
based standard prediction of patient outcome is 
difficult. Important factors influencing neuro-
plasticity are type and stage of the disease, loca-
tion and size of a lesion as well as type and 
intensity of clinical interventions. Further, 
patient characteristics like age, type of diseased 
brain function and the method used for detect-
ing neuroplasticity are important. The influence 
of these factors on fMRI/DTI results is still 
poorly understood.

N. Karahasanović et al.



393

Clinical literature mostly focuses on neuro-
plasticity caused by pathomorphological changes 
of a previously healthy nervous system. 
Therefore, such diseases will also be the focus in 
this review chapter. Nevertheless, literature about 
genetic or psychiatric disease as well as inborn 
morphological effects also exists. Clinical fMRI/
DTI research includes dementia (Jacobs et  al. 
2015), Parkinson’s disease (Lu et  al. 2016; van 
Nuenen et  al. 2012), Huntington’s disease 
(Harrington et  al. 2015; Scheller et  al. 2013), 
Schizophrenia (Palaniyappan et  al. 2012), focal 
dystonia (Mantel et  al. 2020; Altenmüller and 
Müller 2013), amyotrophic lateral sclerosis 
(Mohammadi et  al. 2015), spinal cord injury 
(Oni-Orisan et  al. 2016; Cadotte et  al. 2012), 
traumatic brain injury (Watson et  al. 2019; 
Caeyenberghs et  al. 2012a, b), agenesis of the 
corpus callosum (Genç et  al. 2015; Wolf et  al. 
2011), congenital blindness (Bonino et al. 2015; 
Collignon et  al. 2011), effects of therapeutic 
immobilization (Langer et  al. 2012), systemic 
lupus erythematosus (Wu et al. 2018; Hou et al. 
2013), fibromyalgia (Bosma et al. 2016; Craggs 
et al. 2012), small vessel disease (van der Holst 
et al. 2017; List et al. 2013), hepatic encephalop-
athy (Qi et  al. 2015), tinnitus and hearing loss 
(Schmidt et al. 2017), or Mal de Debarquement 
syndrome (Jeon et al. 2020; Cha et al. 2012).

We will give an overview of recently 
described neuroplastic responses to important 
neurological diseases, for which a large body of 
published data already exists. This intends to 
provide current examples for clinical fMRI/DTI 
investigations and cannot be comprehensive. 
However, the examples demonstrate the com-
plexity of the field and the limitations of clinical 
neuroplasticity investigations. An important 
aspect of this overview is that it includes not 
only important diseases but also diseases with 
differing pathophysiological characteristics. 
This allows a better understanding which neuro-
plastic fMRI/DTI responses can be detected 
under which circumstances. First off, we will 
describe neuroplasticity in patients that suffered 
from stroke—most research about clinical neu-
roplasticity has been published for this disease. 

The characteristic of stroke is neuronal damage 
typically generated from one single destructive 
event, with a subsequent regeneration period 
and no additional pathologies. We will then 
review studies on epilepsy, tumour, multiple 
sclerosis and peripheral nervous system disor-
ders. The characteristic of epilepsy is permanent 
pathological neuronal activity that may function 
as a continuous neuroplastic driving factor. The 
characteristic of brain tumours is a steady 
increase of brain destruction at a specific site 
with differing speed. The characteristic of mul-
tiple sclerosis is the continuous accumulation of 
brain lesions over many years in a multitopic 
fashion. Lastly, peripheral nervous system dis-
orders do not induce brain plasticity by damage 
to the brain. Here, peripheral nerves are dam-
aged, resulting in a changed information flow 
between somatic periphery and the brain.

4.1  Stroke

4.1.1  Local Brain Activation Changes
Poststroke, the damaged brain undergoes recov-
ery through considerable reorganization of spared 
areas and pathways, either spontaneously or with 
the help of appropriate rehabilitation. The degree 
of impairment depends on factors such as the 
extent of damage, the character of it, and the effi-
cacy of the initial medical care (Alia et al. 2017). 
Various factors may affect neuroplasticity, 
including one of the most prominent factors: the 
level of destruction of a primary brain area. 
Typically, neuroplastic reorganization is not able 
to fully recover the damaged function after a pri-
mary brain area has been lesioned. Pinter et  al. 
(2020) showed in their study that patients follow-
ing stroke had significant reduction in white mat-
ter integrity in the affected hemisphere 1–3 days 
poststroke, which additionally decreased across 3 
months compared with controls. These advanced 
MRI data on white matter integrity improve 
understanding of poststroke reorganization in a 
damaged hemisphere. Following a stroke, senso-
rimotor dysfunction can considerably lower the 
quality of life. Upper limb dysfunction is 
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experienced by the majority of patients post-
stroke. The greatest potential for functional 
improvement is in the first month. Intensive train-
ing is best in the first month due to its association 
with greater changes in activation in motor (sup-
plementary motor area and cerebellum) and 
attention (anterior cingulate) regions (Hubbard 
et al. 2015). In subjects with motor deficits of the 
upper limb, fMRI/DTI may document contribu-
tions of the contralesional hemisphere for recov-
ery (Cunningham et  al. 2015). Pundik et  al. 
(2018) identified alterations in  local cortical 
thickness related to the recovery of sensory per-
ception: arm function rehabilitation after stroke 
was associated with increased bilateral cortical 
thickness in high-order sensory cortices.

Local brain activation changes poststroke usu-
ally improve the damaged function, but in some 
cases can result in a functional disturbance—
called maladaptation. The activation of the right 
hemisphere during speech in left hemispheric 
stroke patients may be a sign of inaccurate recov-
ery attempts. If such maladaptive local brain acti-
vation focuses on the “wrong” hemisphere, a 
therapeutic approach could be to suppress this 
paradoxical activation in order to improve speech 
deficits (Heiss 2020). However, differentiation of 
adaptive and maladaptive fMRI activity is not 
trivial. Spielmann et  al. (2016) wanted to com-
pare maladaptive with healthy brain activation. In 
patients with chronic nonfluent aphasia, fMRI 
activation during verb paraphasias was compared 
with those during successful verb naming. The 
authors found a large overlap of activated brain 
areas. This indicates that for understanding the 
full neuroplastic picture, investigation of local 
brain activation changes should always be sup-
plemented by fMRI/DTI network investigations 
which sometimes may better capture the com-
plexity of maladaptive and adaptive 
neuroplasticity.

4.1.2  Network Changes
Although stroke typically results from one single 
destructive event with no additional primary 
pathologies, research with fMRI/DTI has shown 
that this disease impacts the whole brain. Major 

secondary changes in the white matter tracts and 
distant neural activities indicate stroke as a net-
work disease (Guggisberg et al. 2019).

Concerning motor rehabilitation, several stud-
ies demonstrated a close correlation between 
poststroke motor recovery and network neuro-
plasticity. For example, Almeida et  al. (2017) 
studied intra- and interhemispheric fMRI resting 
state functional connectivity associated with 
motor function. This was done in poststroke 
patients with variable degrees of recovery. 
Independent of the degree of recovery, all patients 
showed increased functional connectivity 
between the primary motor region (M1) and the 
contralateral hemisphere. However, only patients 
with low recovery showed a decreased internet-
work connectivity (between executive control, 
sensorimotor and visuospatial networks). These 
findings were recently extended by Min et  al. 
(2020). In their study poor recovery patients had 
lower interhemispheric functional connectivity 
than healthy controls, but no connectivity differ-
ences were found between good recovery patients 
and controls. Authors conclude that fMRI resting 
state connectivity may provide useful clinical 
information for predicting hand motor recovery 
during stroke rehabilitation. However, not only 
resting state data but also task-based fMRI may 
help to further elucidate the poststroke motor 
recovery process. Hannanu et  al. (2020) used 
fMRI data from a passive sensorimotor task to 
predict motor recovery. They found that the type 
of fMRI network activity predicts recovery for 
different types of movements. Recovery of move-
ments required for a precision visuomotor task 
correlated with brain activity in two segregated 
dorsomedial and dorsolateral networks responsi-
ble for reach and grasp movements. In contrast, 
recovery in a rough force task correlated only 
with activity of the dorsolateral network. A most 
problematic consequence of stroke concerns 
speech impairments. fMRI network investiga-
tions may be helpful for therapeutic speech mon-
itoring. An fMRI study by Santhanam et  al. 
(2018) related effective connectivity measures 
with therapeutic success: behavioural improve-
ment following aphasia therapy was associated 
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with connectivity more closely resembling that 
of healthy controls. Concerning methodological 
progress, over the last decade various sophisti-
cated methods for fMRI network analysis have 
been developed. A quite powerful approach—
graph theory—is increasingly used (Ulm et  al. 
2016). A study by Tao and Rapp (2019) exam-
ined written language deficits after a left- 
hemisphere stroke using task-based fMRI data 
and graph theory. They found that the difference 
between global and local network integration is 
related to deficit severity and treatment response. 
The greater the written language deficit and the 
lower the treatment response, the more global 
and less local network integration was found. On 
the other hand, successful behavioural treatment 
improved local network integration.

4.2  Epilepsy

Contrary to stroke, a typical feature of epilepsy is 
permanent pathological neuronal activity which 
may function as a continuous neuroplastic driv-
ing factor. Nevertheless, compensatory activation 
changes and functional connectivity changes, as 
described in stroke, can also be found in epilepsy. 
For example, Chang et  al. (2017) performed a 
study on left temporal lobe epilepsy (LTLE) and 
found that patients with better language perfor-
mance showed an interhemispheric language 
reorganization with right-lateralized brain activa-
tions (dominance of the right hemisphere). A 
right-lateralization was also found for structural 
DTI data. The authors concluded that these left to 
right reorganizations may help to mitigate lan-
guage impairment in LTLE. To study white mat-
ter integrity of the hippocampus in temporal lobe 
epilepsy (TLE), DTI has also been used by 
Chiang et al. (2016). They found that mean dif-
fusivity values of the right hippocampus as well 
as fractional anisotropy values of the left external 
capsule were important predictors for the dis-
eased hemisphere (left or right TLE). In addition, 
DTI may also provide information about disease 
duration: in left TLE patients’ mean diffusivity 
values of the left hippocampus were associated 

with longer disease duration. For drug-resistant 
TLE patients, resective surgery is a common 
therapeutic option. However, in around 30% of 
cases patients still suffer from seizures after 
resective surgery (Hutchings et al. 2015). Other 
patients may suffer from cognitive damage post- 
surgery, for example, memory deficits (Dupont 
2015). To improve this situation and the selection 
of surgery targets in temporal lobe epilepsy 
patients, Hutchings et al. (2015) designed a com-
putational model using structural connectivity 
maps of patients and healthy controls derived by 
DTI.  The model successfully recognized TLE 
associated regions and patient specific TLE asso-
ciated nodes. Furthermore, the model was found 
to successfully predict patient specific recom-
mendations for resective surgery which may lead 
to better outcomes. To predict cognitive outcome, 
specifically verbal fluency, and functional reorga-
nization following anterior temporal lobectomy 
(ATL) Osipowicz et al. (2016) combined fMRI, 
DTI and resting state fMRI in a patient study. 
They found that ATL does result in language net-
work reorganization (indicated by fMRI activa-
tion maps) which co-occurs with functional 
connectivity changes (seen on resting state fMRI) 
and white matter changes (shown by DTI). In 
general, authors conclude that using a combina-
tion of fMRI, resting state fMRI and DTI is a 
promising method and successfully predicts cog-
nitive outcome post-resective surgery. In some 
cases of epilepsy, disconnective surgery is used 
to avoid spreading of pathological brain activity. 
Rosazza et al. (2018) studied motor function after 
disconnective surgery using fMRI and DTI. They 
found that patients with more presurgical recruit-
ment of their intact hemisphere had a better out-
come after surgery. The most radical surgery 
approach in epilepsy is the removal of large parts 
of a whole hemisphere—hemispherectomy (Rath 
et al. 2008). In a DTI study Meoded et al. (2016) 
investigated brain plasticity in children after 
hemispherectomy. They studied changes in the 
white matter tracts of the contralateral hemi-
sphere and the correlation between white matter 
DTI values and age at the time of the operation as 
well as time since the operation. They found DTI 
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to be a useful tool for brain plasticity investiga-
tion, concluding that patients suffering from 
acquired disease, rather than congenital, had bet-
ter cerebral reorganization, especially when sur-
gery was performed at a young age.

4.3  Tumour

Brain tumours typically show a steady increase 
of brain destruction at a specific site with  differing 
speed. Besides generation of focal deficits, they 
also interfere with whole brain networks (Yu 
et  al. 2016), causing compensatory activation 
changes and changed functional/structural con-
nectivity. Patients suffering from slow growing 
lesions, like low-grade gliomas, are likely to 
recover from early functional deficits by neuro-
plastic reorganization over time (Duffau 2007). 
Yu et  al. (2016) investigated altered anatomical 
networks in tumour patients using DTI and found 
increased small-worldness acting as a compensa-
tory mechanism. Additionally, structural reorga-
nization was documented by increased connection 
densities. A major problem with brain tumours 
are mass effects resulting in considerable ana-
tomical distortions. This renders it difficult to 
accurately map white matter tracts or localize 
functionally important brain areas. Niu et  al. 
(2016) have shown that it is possible to use a 
combination of fMRI guided DTI tractography 
(hence, a dual ROI method) to precisely track the 
fibre pathways of the corticospinal tract (CST) 
and successfully localize the primary motor cor-
tex (PMC). The most important therapy for brain 
tumours—radical resection—bears the risk of 
postsurgical dysfunctions, particularly for 
tumours located close to eloquent cortex or 
essential white matter tracts. Therefore, presurgi-
cal information about eloquent cortex and tract 
localization are crucial. Dubey et al. (2018) used 
DTI to investigate integrity and location of dis-
placed/infiltrated WM tracts and found that com-
plete resection was mostly successful when the 
WM tracts were only displaced rather than infil-
trated (comparable to previous data by Castellano 
et  al. 2012). The most promising approach for 

presurgical diagnostics is a multimodal approach, 
at least combining fMRI and DTI data. Panigrahi 
et al. (2017) conclude that the preoperative use of 
fMRI and DTI allows “maximum safe resection” 
of insular gliomas. Flouty et al. (2017) used mul-
timodal mapping of the brain combining even 
four methodologies: fMRI, DTI, electrical stimu-
lation via subdural grid implantation and high 
gamma power mapping. In many cases radiation 
therapy follows after incomplete tumour resec-
tion. Also, this approach benefits from presurgi-
cal fMRI/DTI definitions of neuroplastic 
reorganization in response to pathology. Such 
data may avoid post-radiotherapy damage of 
essential cortex and white matter tracts (Zhu 
et al. 2016). Wang et al. (2015) give an example 
for a successful DTI/fMRI approach to plan radi-
ation treatment and spare bilateral primary motor 
cortex and white matter tracts during radiation.

4.4  Multiple Sclerosis (MS)

Multiple sclerosis is characterized by continuous 
accumulation of new brain lesions over many 
years in a multitopic fashion. Here, neuroplastic 
reorganization in response to pathology strongly 
depends on disease stage (Rocca and Filippi 
2007). There is also clinical heterogeneity of 
lesions, regarding their neuroradiological appear-
ance, extent and location (Enzinger et al. 2016). 
Most imaging studies recently published focus 
on functional connectivity changes in MS patients 
and their impact on therapeutic approaches. For 
example, to investigate functional connectivity 
changes induced by an individual lesion, Droby 
et al. (2016) performed a resting state fMRI study 
in relapsing-remitting MS patients. They report 
two major findings: (1) a recruitment of intact 
cortical regions to compensate for tissue damage 
and (2) a massive multinodal connectivity 
increase immediately following a new lesion. 
This massive neuroplastic reaction gradually 
decreased with time. Resting state fMRI thus 
indicates that two phases of neuroplasticity may 
exist: an acute overconnection and a chronic neu-
roplastic adaptation to optimize brain perfor-
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mance. Another resting state fMRI study in 
relapsing-remitting MS found more complex 
connectivity changes with some networks 
increasing and others decreasing connectivity 
(Castellazzi et  al. 2018). The authors also 
describe that the connectivity patterns depend on 
disease duration. They conclude that interpreta-
tion of MS functional connectivity data is com-
plex and connectivity changes may depend on 
multiple issues: functional compensation 
attempts, successful adaptation, unsuccessful 
maladaptation, stage of neurodegeneration and 
the pre-symptomatic clinical condition. As with 
other diseases, the combination of fMRI and DTI 
technologies allows even deeper insights in MS 
pathophysiology. A combined fMRI/DTI study 
by Sbardella et al. (2015) describes correlations 
between altered functional connectivity and 
white matter damage, similar to previous reports 
(e.g. Rocca et al. 2009). Increased connectivity in 
cerebellar and auditory networks positively cor-
related with corpus callosum damage. The 
authors also describe various correlations 
between connectivity changes and the patients’ 
cognitive/motor performance. There are also 
indications that DTI may help to differentiate 
subtypes of MS.  In a recent DTI study, Woitek 
et al. (2020) found higher interhemispheric dif-
ference of mean diffusivity in patients with pri-
mary progressive multiple sclerosis than in those 
with secondary progressive multiple sclerosis. 
Regarding literature on therapeutic approaches, 
Tavazzi et  al. (2018) investigated effects of a 
4 week neurorehabilitation on gait performance 
and fMRI measures. Immediately after neurore-
habilitation, gait performance was improved and 
pathological fMRI overactivations were reduced. 
Functional connectivity was also increased in the 
primary sensorimotor cortex. However, at 
3 months follow up—without further therapy—
all positive findings had disappeared. Repeatedly, 
literature investigating fMRI/DTI effects related 
to MS therapy generated inconsistent findings. 
This is not surprising, given the pathophysiologi-
cal complexity of the disease. Fling et al. (2019) 
investigated neuroplastic changes of the senso-
rimotor network using resting state fMRI in 

patients undergoing walking aid training and 
found increased functional connectivity between 
the supplementary motor areas (SMAs) and the 
primary somatosensory cortices as well as the 
putamen, while connectivity between the SMAs 
and cerebellum decreased. In contrast, Bonzano 
et al. (2015) previously described greater cortico- 
cerebellar connectivity with hand motor training 
in MS patients (finger-tapping tasks). Fling et al. 
(2019) hypothesized that these contradictions are 
due to differences in cerebellar contributions to 
upper and lower extremity neural control. Quite 
obviously, for the complex multiple sclerosis dis-
ease more and larger studies with clearly defined 
patient populations are warranted.

4.5  Peripheral Nervous System 
Disorders

While many studies have focused on brain reor-
ganization after damage to the central nervous 
system, reorganizational mechanisms regarding 
peripheral nervous system disorders are still 
poorly understood. In peripheral nervous system 
disorders brain neuroplasticity occurs in the 
healthy brain and is induced by a changed infor-
mation flow between the somatic periphery and 
the brain after injury to peripheral nerves. As 
with damage to the brain, initial responses to 
peripheral nerve damage often include compen-
satory overactivations as well as functional con-
nectivity changes. Compensatory overactivations 
were described by Fornander et  al. (2010) and 
Rath et  al. (2011) when they found an initial 
increase in the volume of cortical activation in 
brain areas after surgical restoration of complete 
median nerve transection. Chen et  al. (2006) 
transplanted a toe for replacement of a lost finger 
and found that initial overactivation is required 
for re-establishing the lost function as well as for 
learning a new function. The same was observed 
by Eickhoff et al. (2008) after heterotopic hand 
transplantation. In addition, authors found effec-
tive connectivity changes between healthy and 
affected primary motor cortices showing a mal-
adaptive inhibitory influence of the healthy on 
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the affected motor cortex. Further maladaptive 
brain plasticity can be found in amputees with 
fMRI/DTI techniques. Phantom limb pain was 
found to be caused by intact somatotopic repre-
sentations adjacent to the missing limb’s repre-
sentation area “invading” that area within the 
scope of maladaptive plasticity (MacIver et  al. 
2008). However, another model for phantom 
limb pain was proposed by Makin et al. (2013), 
where phantom limb pain may be caused by pre-
served structure as well as (dys-)function in the 
former limb’s area. Raffin et  al. (2016) investi-
gated these models in the primary somatosensory 
cortex by examination of the 3D anatomy of the 
central sulcus and fMRI responses during move-
ments of the hand, elbow and lips in upper limb 
amputees and healthy controls. They found few 
signs of reorganization in the former hand area 
but relevant reorganization of the lip and elbow 
representations which shifted towards the hand 
area. Their results support the maladaptive plas-
ticity model (MacIver et al. 2008). Another fea-
ture consistently described is the fact, that 
somatotopic brain activation typically corre-
sponds to the peripheral nervous system output, 
but not to the effector activated by the output. 
Bitter et  al. (2011) compared three types of 
peripheral surgical reorganization after facial 
nerve damage: Classical hypoglossal-facial nerve 
anastomosis, hypoglossal-facial nerve jump 
anastomosis and facial nerve interpositional 
graft. With all operations the effector (mimic 
musculature) is the same; however, the peripheral 
nervous system output required for identical 
movements changes. Lip movements after facial 
nerve interposition led to brain activation in the 
original facial motor cortex. Lip movements after 
hypoglossal-facial anastomosis were associated 
with activation in the hypoglossal motor cortex. 
For the jump anastomosis however, overlapping 
activation encompassing both the original facial 
and the hypoglossal motor cortex was found. 
Another impressive example of brain activation 
corresponding to peripheral nervous system out-
put (and not the changed effector) is presented in 
patients with brachial plexus lesions. In case of a 
complete avulsion of a brachial plexus it is pos-

sible to connect the denervated biceps with fibres 
of the contralesional C7 root. The brain is then 
required to control flexion of the diseased arm 
with the ipsilesional motor cortex. Functional 
imaging data have shown that this is achieved via 
activation of the ipsilesional C7 arm area (con-
trolling the contralesional C7 root), though ini-
tially a bilateral activation pattern may occur 
(Hua et  al. 2013; Beaulieu et  al. 2006). More 
complex neuroplastic effects can be found when 
biceps reinnervation is done via a connection to 
the side of the phrenic nerve (Beisteiner et  al. 
2011). In an fMRI study by Amini et al. (2018), 
patients with complete plexus avulsion under-
went reconnection of the end of the musculocuta-
neous nerve to the side of the phrenic nerve. 
Despite homuncular organization being a funda-
mental principle for primary motor cortex, they 
observed that the original phrenic nerve area now 
adds a new function: it activates with breathing 
and with hand movements. Fischmeister et  al. 
(2020) further investigated the functional con-
nectivity changes underlying this transformation 
of a monofunctional to a bifunctional motor area. 
They found a consistent increase in FC between 
the area of the diseased arm and the diaphragm 
area while moving the diseased arm. They 
hypothesize that this increased FC is probably 
mediated through horizontal cortical fibres. 
Although fMRI/DTI investigations with periph-
eral nervous system disorders are yet limited, the 
value of a combined fMRI/DTI approach for 
understanding their neuroplastic consequences 
for the brain is unambiguous.

5  Novel Brain Stimulation 
Supported by fMRI/DTI

The past decade has seen a tremendous develop-
ment concerning therapeutic brain stimulation 
methods. Therapeutic brain stimulation supports 
brain plasticity and is guided by morphological 
and functional imaging data. The most prominent 
technology is Transcranial Magnetic Stimulation 
(TMS, Burke et al. 2019). However, several other 
electrophysiological brain stimulation techniques 
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meanwhile have been described (e.g. Transcranial 
Direct Current Stimulation (TDCS), Transcranial 
Alternating Current Stimulation (TACS)). Very 
recently, a completely novel brain stimulation 
technique has been introduced for therapy: 
Transcranial Pulse Stimulation (TPS, see Fig. 1) 
based on ultrasound (Beisteiner et  al. 2019; 
Beisteiner and Lozano 2020). The method gener-
ates a very focused ultrasound pulse (about 3 mm 
wide and 3 cm long, duration about 3 μs), which 
can be targeted to any area of an individual path-
ological brain. As with presurgical diagnostics, 
an optimized planning of the individual therapy 
requires detailed analysis of the morphological 
and functional brain situation. Therefore, clinical 
fMRI and DTI data will become increasingly 
important also for this therapeutic field. A pilot 
study in 35 Alzheimer’s patients has shown sta-
tistically significant cognitive improvement over 
3 months after 2 weeks of TPS therapy (Beisteiner 
et al. 2019). The novel technique has two major 
advantages compared to existing electromagnetic 
brain stimulation methods: (1) unprecedented 
precision for brain area targeting (independent of 
pathological conductivity changes) and (2) access 
to deep brain areas, which has not been possible 
previously. With transcranial ultrasound, non- 
invasive deep brain stimulation (DBS) may 
become a new therapeutic option. There are sev-
eral hypotheses how low energy ultrasound for 
brain stimulation may change neuronal activity 
although much research is still needed. A likely 

basis is mechanical effects on cell membranes 
affecting mechanosensitive ion channels and 
generating membrane pores. As a consequence, 
transmitter and humoral factor concentrations 
change. A recent study investigated a neuroin-
flammation model in a microglia cell culture 
(Chang et al. 2020). Low intensity pulsed ultra-
sound increased production of several neuro-
trophic factors including the neuroprotective 
BDNF (brain-derived neurotrophic factor) and 
reduced neuroinflammation by suppressing 
harming overactivation of microglia. It is increas-
ingly recognized that anti-inflammatory effects 
are important to improve neurodegenerative dis-
eases. Such ultrasound effects may contribute to 
memory improvement in preclinical neurodegen-
eration studies (Chen et al. 2019; Leinenga and 
Götz 2015). Another study investigated effects of 
ultrashort ultrasound pulses on a neuronal stem 
cell culture (Zhang et al. 2017). Here, cell prolif-
eration and differentiation to neurons could be 
enhanced. A mechanism suggested by Hameroff 
et  al. (2013) is that ultrasound directly affects 
cytoskeletal microtubules inside neurons and 
glia. MR informed brain stimulation therapy is 
particularly promising for brain diseases which 
may be improved by neuroplastic reorganization 
and for those including a neuroinflammatory 
component. Neurodegenerative diseases 
(Alzheimer’s, Parkinson’s), stroke, multiple scle-
rosis and psychiatric disorders are primary candi-
dates with several clinical studies already 

Fig. 1 The novel 
ultrasound brain 
stimulation technique 
TPS (Transcranial Pulse 
Stimulation) allows 
imaging based 
stimulation of brain 
plasticity with 
unprecedented precision 
and depth (Beisteiner 
et al. 2019). For precise 
targeting, fMRI and DTI 
data are important
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running. Current work on methodological 
improvements concerns technical optimization of 
deep brain stimulation and optimization of clini-
cal treatment protocols.
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Abstract

DTI and BOLD functional MRI techniques 
suffer from many different types of artifacts. 
These artifacts can have a technical origin like 
susceptibility artifacts in specific brain regions 
or vibration and eddy current artifacts, but 
they can also be related to physiology. The 
draining vein activation observed in the neigh-
borhood of functionally active regions or flow 
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artifacts are such physiologically induced 
artifacts. In clinical fMRI there are also sev-
eral specific problems. These can be 
pathology- induced reduction or absence of 
brain activation in the vicinity of lesions, 
which can lead to false interpretation of the 
resulting fMRI maps. As patients are most of 
the time ill, the pharmaceuticals they are tak-
ing can also influence the BOLD signal, and 
the same applies to a lack of cooperation dur-
ing the scan and head motion, which is also 
detrimental for DTI acquisition. The success 
rate in clinical fMRI/DTI protocols is clearly 
related to the clinician’s/technician’s ability to 
recognize and cope with these technical, phys-
iological, and patient-induced artifacts.

1  Introduction

FMRI and DTI techniques suffer from many dif-
ferent types of artifacts (Zeffiro 1996; Le Bihan 
et al. 2006; Haller and Bartsch 2009; Jones and 
Cercignani 2010; Murphy et al. 2013; Davis and 
Poldrack 2013). Some of these artifacts are of 
purely technical origin (e.g., spikes in EPI 
images), others may be related to physiology 
(e.g., cardiac related physiologic brain motion) or 
a combination of both (e.g., susceptibility- 
induced artifacts on multiband/hyperband acqui-
sitions) (Todd et al. 2016; Reynaud et al. 2017). 
Finally, there are also pathology-induced arti-
facts, which can lead to a possible false interpre-
tation of the results (Lin et  al. 2017). Clinical 
BOLD fMRI, which is nowadays mostly per-
formed at a field strength of 3 T, is a rather insen-
sitive technique since signal intensity changes 
induced by neuronal activity are typically in the 
order of a few percent, i.e., in the magnitude of 
noise (Boxerman et al. 1995; Aguirre et al. 1998). 
Many artifacts will therefore be related to the 
weak contrast-to-noise ratio of fMRI. DTI acqui-
sition techniques on the other hand are also very 
sensitive to hardware-related instabilities and 
eddy currents, and suffer from a very low signal- 
to- noise ratio (Koch and Norris 2000; Le Bihan 
et al. 2006).

The low signal-to-noise ratio and various pos-
sible artifacts limit the success rate of clinical 
fMRI and DTI. Claustrophobia and patient coop-
eration, especially in more difficult tasks such as 
cognitive or language tasks hamper the use of 
active fMRI in severely ill patients. Nonetheless, 
the reported success rate of presurgical fMRI in 
the literature is about 80–95% (Lee et al. 1999; 
Krings 2001a; Håberg et al. 2004; Tyndall et al. 
2017; Vysotski et al. 2018). This is probably an 
overestimation since most patients undergoing 
fMRI have already undergone a selection by the 
referring clinician, and not all patients with brain 
pathologies are referred for presurgical 
fMRI.  When a failure occurs, head movement 
artifacts are the most frequent cause, followed by 
a low contrast-to-noise ratio of the activated 
regions. In the case of the DTI scans and also in 
resting state fMRI where patient cooperation is 
less stringent (no task has to be performed) the 
overall success rate may be higher and also non- 
cooperative patients, pediatric patients, and neo-
nates (Heemskerk et  al. 2013; Leuthardt et  al. 
2018), and even comatose patients may still be 
scanned (Vanhaudenhuyse et al. 2010).

The success rate of advanced clinical neuro-
imaging is clearly related to the clinician’s/tech-
nician’s ability to recognize and cope with the 
technical, physiological, and patient-induced 
artifacts and limitations (Tyndall et al. 2017). But 
there are some tips and tricks of how to detect 
and minimize these artifacts and to distinguish 
real from false brain activation in fMRI, as well 
as real pathologic white matter structure changes 
from artifacts.

2  Artifacts Related to BOLD 
fMRI Signal in Both Active 
and Resting State fMRI

As discussed in chapter “Revealing Brain Activity 
and White Matter Structure Using Functional and 
Diffusion-Weighted Magnetic Resonance 
Imaging,” neurovascular coupling between brain 
activation and cerebrovascular physiology leads 
to three effects that can contribute to the fMRI 
signal: An increase in the regional blood flow 
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velocity (rCBF), regional blood volume (rCBV), 
and local blood oxygenation level. According to 
the latter, the most widely used fMRI technique 
has been called “blood oxygenation level depen-
dent (BOLD) fMRI” (Ogawa and Lee 1990; Rao 
et al. 1993; Turner et al. 1993; Yang et al. 1997).

All imaging modalities that extrapolate task- 
driven or resting state alterations from hemody-
namic changes in neuronal activity produce 
functional maps that have passed through “a vas-
cular filter.” This means that the regional sensitiv-
ity of the imaging modality for detecting 
functional changes following neuronal activation 
depends on the vascular baseline state and the 
vascular density in and around the activated neu-
ronal cluster. Due to the contrast mechanism of 
the BOLD technique exploiting changes in 
deoxyhemoglobin concentration this also applies 
to fMRI experiments (Menon and Kim 1999; 
Mandeville et al. 2001; Logothetis 2002; Goense 
et  al. 2012). Thus, the observed area of signal 
change in BOLD images is larger than and can be 
displaced relative to the actual activated zone. 
These intrinsic effects of the BOLD mechanism 
limit the temporal and spatial resolution of fMRI, 
independently of the acquisition protocol (Engel 
et al. 1997; Menon et al. 1998; Kriegeskorte et al. 
2010).

2.1  Artifacts in Localization 
of Brain Activity (Brain or 
Vein)

The spatial specificity of activated patches 
obtained from fMRI and the accuracy of the acti-
vation location in relation to the sites of neuronal 
(electrical) activity have been shown to depend 
on the acquisition technique (Kim et  al. 2000; 
Logothetis 2000; Duong et al. 2004; Siero et al. 
2013; Koopmans and Yacoub 2019). Several 
authors have raised the concern that BOLD fMRI 
exams performed at lower field strengths may 
predominantly detect large draining veins which 
are not necessarily in the direct neighborhood of 
the activated brain region (Frahm et al. 1994).

In order to recognize BOLD signals arising 
from veins draining the excess of blood from 

activated areas (Kansaku et  al. 1998; Menon 
2002; Nencka and Rowe 2007) the following 
principles can be used:

The activated spots observed from a draining 
vein are mostly small, contiguous on several 
adjacent slices and tubular following the (often 
intrasulcal) path of the vein through different 
slices. The activated functional brain tissue, on 
the other hand, tends to appear more locally con-
tained within the brain parenchyma (Gati et  al. 
1997; Krings 2001a).

By co-registering (overlaying) fMRI activa-
tion maps or rsfMRI network maps with anatomi-
cal T1-weighted contrast enhanced images—which 
visualize the larger contrast filled draining 
veins—it is possible to check for the latter’s posi-
tion and for any possible overlap with BOLD- 
clusters. Additionally co-registering a venous 
MR-angiogram or an SWI vein map helps to dis-
tinguish intravenous signal changes from paren-
chymal brain activation (Baudendistel et al. 1998; 
Kalcher et al. 2015).

In addition, when analyzing the signal time- 
course, differences between signal from activated 
parenchyma and that from draining veins can be 
distinguished. Because the draining veins are fed 
by venules and arterioles of the activated brain 
area their signal change is delayed compared to 
that of the parenchyma (Kansaku et  al. 1998; 
Hall et al. 2002). This is reflected by a later onset 
of contrast change in the MR signal time-course 
of the draining vein. However, the temporal off-
set between the microvasculature in the activated 
parenchyma and the microvasculature of the 
draining veins is not very large, i.e., in the order 
of 1–2  s, which is the time necessary for the 
blood to pass the smaller veins and reach the 
larger vessels (Lee and Meyer 1995). 
Consequently, this effect is rarely observed in a 
standard clinical fMRI protocol with a typical 
temporal resolution of around 2–3 s. On the other 
hand, the relative signal change observed in the 
draining vein is considerably larger than that of 
the parenchyma in a gradient echo pulse sequence 
(typically twice as large in a 1.5 T scanner). This 
is the result of several different effects. The mag-
netic susceptibility effects and the resulting per-
centage of signal change increase around large 
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draining veins. Moreover, the large draining 
veins occupy a considerably larger volume in a 
voxel than the microvessels. Therefore, the par-
tial volume effect will further increase the per-
cent signal change in voxels containing draining 
veins compared to those containing the paren-
chymal venules/arterioles. Lastly, inflow effects 
are more pronounced in the large tubular draining 
veins compared to the randomly oriented micro-
vasculature (Krings 2001a).

In general the activated areas observed in 
functional BOLD imaging studies can be divided 
into two different types based on the high resolu-
tion T2*-weighted or susceptibility weighted 
images (SWI) and T1-weighted images. The 
“venous” type is highly spatially confined, tends 
to be located along the sulcus, is of tubular con-
figuration, and accounts for a higher percentage 
of relative BOLD contrast changes upon stimula-
tion. High resolution anatomical images demon-
strate that areas with the most intense 
stimulation-related signal intensity changes cor-
relate with dark spots or lines on T2*-weighted or 
SWI images, and bright contrast filled superficial 
tubuli in contrast enhanced T1-weighted images 
arising from macroscopic venous blood vessels. 
The latter observation is also consistent with the 
fact that the relatively large blood vessels are 
located on the sulcal cortical surface rather than 
within the brain tissue itself (Yamada et al. 1997). 
Besides these “venous hot-spots” of activation, 
however, the parenchymal stimulation/activation- 
related BOLD contrast changes spread more dif-
fusely and are not at all associated with any 
visible large venous vessel on anatomical images. 
This “parenchymal” type accounts for most of 
the spatial extension of the BOLD-activation.

2.1.1  How to Minimize 
the Contribution of Draining 
Veins?

The contribution from large draining veins to 
fMRI signals is especially pronounced when sin-
gle slices, large flip angles, and short TR gradient 
echo sequences are used (Duyn et  al. 1994; 
Haacke et al. 1994), since these enhance the con-

tribution of the increase in blood flow and blood 
volume (inflow-effect). Gao et  al. (1996) have 
demonstrated that one may obtain fMRI images 
which are more sensitive to the microcirculation 
in the brain parenchyma by designing the pulse 
sequence towards minimizing inflow effects and 
maximizing the BOLD contribution. This can be 
achieved with multi-slice, heavily T2*-weighted 
single shot echo-planar images with a long TR 
(Gao et al. 1996). Therefore, implementing these 
imaging parameters should be a prerequisite 
when performing clinical fMRI in order to maxi-
mize the fMRI signal towards the site of neuronal 
activity. In doing so, several studies have shown a 
good correlation between the BOLD fMRI signal 
and intra-operative mapping, suggesting that the 
functional-anatomical specificity is adequate for 
presurgical mapping, provided an optimal acqui-
sition technique is used (Nitschke et  al. 1998; 
Tomczak et  al. 2000; Krings 2001b; Stippich 
et al. 2003; Meier et al. 2013).

The use of higher magnetic field strengths will 
also decrease the effect of the draining veins 
(Gati et al. 1997; Moon et al. 2007; Menon 2012). 
The lower increase of the draining vein signal 
change compared to parenchymal activation at 
higher static field strengths results from the field 
dependence of the alteration in T2*-values 
(Ogawa et al. 1993). This study by Ogawa et al. 
(1993) predicted that the overall effect in suscep-
tibility difference on a T2*sensitive imaging tech-
nique would be somewhere between linear and 
quadratic depending on the main magnetic field. 
In addition, it was reported that at high magnetic 
field strengths the contribution of small vessels is 
more pronounced than at low magnetic field 
strengths (Ogawa et al. 1993; Menon et al. 1995). 
Thus, with respect to signal intensity changes 
induced by susceptibility alterations of the blood 
vessels, which are secondary to neuronal activity, 
this effect will increase more than linearly with 
the magnetic field strength, with a larger contri-
bution of the more desired small vessel effect. 
Therefore, higher field strengths have an advan-
tage (Ugurbil et  al. 1999) for distinguishing 
parenchymal from venous activation. However, 
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stronger main fields are also more sensitive to 
other artifacts such as susceptibility-induced 
image deformations in EPI sequences (see Sect. 
5.1 in this chapter), a larger influence of scanner 
instability (Cohen and DuBois 1999) and physi-
ological effects (Weisskoff 1996) which will be 
discussed below.

BOLD functional activation maps can also be 
obtained by using the spin echo (SE)-based T2- 
weighted contrast rather than the gradient echo 
(GRE)-based T2*-weighted contrast (Duong 
et al. 2004; Moon et al. 2007; Uludağ et al. 2009). 
However the observed BOLD effect is much 
smaller on the T2-relaxation parameter 
(SE-technique) resulting in a much lower 
contrast- to-noise ratio (CNR) which makes this 
technique less sensitive. On the other hand, using 
the T2-effect can be preferable if one wants to 
avoid spurious activation in large veins (Lowe 
et  al. 2000; Uludağ et  al. 2009) since SE 
sequences have a high specificity for microves-
sels and are therefore less sensitive to susceptibil-
ity effects around larger blood vessels in 
optimized settings (Oja et al. 1999; Uludağ et al. 
2009).

Cohen et  al. (2004) demonstrated another 
technique to maximize parenchymal activation 
compared to venous activation where hypercap-
nic normalization of the BOLD activation maps 
with the aid of CO2 inhalation was used to nor-
malize the BOLD activated areas, making them 
independent of the resting state CBV in the vox-
els. Maximizing the fMRI signal towards the site 
of neuronal activity can also be achieved by opti-
mizing the mode of stimulation. A study by Le 
Rumeur et  al. (2000) has shown that different 
types of sensory stimulation are capable of dif-
ferentiating primary sensory cortex from the 
venous draining network. Discontinuous stimula-
tion of a limited skin area elicited activity in the 
microvasculature of the sensory cortex only, 
whereas robust continuous stimulation of a larger 
skin area led to activation not only in functional 
sites but also in the venous network. The authors 
claimed that the discontinuous stimulation para-
digm induced a smaller observed activated area 
and thus less migration of BOLD contrast to the 

venous network. As a result resting state fMRI 
will also be less sensitive to the venous draining 
network due to the former’s lower mode of acti-
vation. Moreover, postprocessing methods for 
rsfMRI protocols emerged which could distin-
guish venous voxels from other voxels (Kalcher 
et al. 2015). If the activated region has a rather 
small surface area (<100 mm2), the oxygenation 
state will only spread up to 4–5 mm beyond the 
edge of the activated region and into the draining 
vein. After that it will be diluted in the vein 
(Turner 2002), minimizing the influence of the 
draining vein signal on presurgical BOLD maps.

Practical Tip In preoperative fMRI spurious 
venous signals influence a practitioners’ decision 
how far away the resection border should be from 
an adjacent functionally active area when remov-
ing a lesion. Functionally “safe” resection bor-
ders cannot be determined from fMRI studies 
due to the statistical nature of the activation maps. 
However, several studies recommend a distance 
of 1 cm or higher between the resection border 
and the functional area as reasonably safe regard-
ing the risk for surgically induced post-operative 
neurological deficits (see chapters “Task-Based 
Presurgical Functional MRI in Patients with 
Brain Tumors” and “Presurgical Functional 
Localization Possibilities, Limitations, and 
Validity” for details). This does not apply to the 
draining venous vessels, as they do not represent 
“real” activated regions. Therefore, it is merely 
required to keep clear of the vessels. In practice, 
it is advised to always acquire anatomical high 
resolution images of the patient, preferably con-
trast enhanced T1 or SWI images, to depict large 
blood vessels and to co-register the fMRI activa-
tion images with these anatomical images in 
order to distinguish “activation” in anatomically 
visible vessels from “activation” within the brain 
parenchyma. When small very intensely acti-
vated patches are observed it is also recom-
mended to compare these time-courses with 
those of the more diffusely activated parenchy-
mal regions to distinguish both types of activa-
tion (see chapter “Task-Based Presurgical 
Functional MRI in Patients with Brain Tumors”).
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2.2  The Influence of Brain Lesions 
on the BOLD fMRI Signal

An important aspect of clinical functional MRI is 
to be aware of significant but not detected, 
reduced, or artificial BOLD-activation. Here, it is 
important to know whether absent or reduced 
BOLD signal also reflects absent or reduced neu-
ronal activation, and whether BOLD signals in 
hyperperfused tissue (e.g., nearby or in the 
boundaries of highly vascularized tumors and 
metastases) or in areas with altered hemody-
namic properties (e.g., in AVMs) represent truly 
functional neuronal activation. Until now, the 
knowledge on these issues and on their preva-
lence is very limited. The different phenomena 
have been described anecdotally, but investiga-
tors using fMRI preoperatively should be aware 
of their existence (Lüdemann et al. 2006; Chen 
et al. 2008; Jiang et al. 2010; Pak et al. 2017).

2.2.1  Absent or Reduced BOLD Signal
Different pathological conditions can attenuate 
the hemodynamic response, which is the source 
of any BOLD fMRI signal. Brain tumor vessels 
typically lack cerebral autoregulation. Their vas-
culature is less responsive than that of the sur-
rounding normal tissue. Intracranial 
space-occupying lesions can alter physiologic 
conditions. They may induce proliferation of 
pathologic vessels in the tissue adjacent to the 
lesion, thus altering the density, size, and topog-
raphy of the vessels and consequently increase 
blood volume. The blood–brain barrier may 
break down within the tumor mass and partially 
extend into the tissue adjacent to the tumor. The 
mass effect of the lesion itself and the peritu-
moral vasogenic edema may change the apparent 
diffusion coefficient and therefore cause mechan-
ical vascular compression. If, however, the 
brain’s ability to autoregulate the flow of blood is 
completely lost in the brain tissue in the immedi-
ate vicinity to the tumor, which may still be func-
tioning, this area may not respond to an increase 
in neural activity with a corresponding increase 
in blood flow and subsequent BOLD signal 
(Lüdemann et  al. 2006; Chen et  al. 2008; Pak 
et al. 2017). The biochemical environment (ade-

nosine 59-triphosphate, pH, glucose, lactate, etc.) 
and the cortical levels of neurotransmitters in and 
around gliomas might be altered. Specifically, the 
release of nitric oxide by reactive astrocytes and 
macrophages at the normal brain tissue-glioma 
interface may increase the “resting state” regional 
cerebral blood flow and thus alter the physiologi-
cal hemodynamic response (Schreiber et  al. 
2000; Hund-Georgiadis et  al. 2003; Fujiwara 
et  al. 2004; Maravita and Iriki 2004; Agarwal 
et al. 2016). Similarly, therapeutic drugs adminis-
tered to the patients may also interact with hemo-
dynamic autoregulation (Seifritz et  al. 2000; 
Braus and Brassen 2005). In regions more distant 
from the gliomas, where tumor vasculature is not 
encountered, the release of nitric oxide by reac-
tive astrocytes and macrophages at the normal 
brain tissue–glioma interface may result in a lux-
ury perfusion and reduced oxygen extraction 
fraction, resulting and leading to a reduced 
BOLD contrast enhancement (Schreiber et  al. 
2000).

2.2.2  Case of a Patient Showing 
an Inverted BOLD Signal 
Change

Importantly, the absence of fMRI activity in a 
particular brain region does NOT mean that there 
is no neuronal activity within this area and that it 
is thus safe to surgically remove this brain tissue. 
We will demonstrate this important point using 
the following case report: Fig. 1 illustrates fMRI 
activity during bilateral finger tapping versus rest 
in a patient with a left Rolandic tumor (glioma 
WHO grade II in the postcentral gyrus extending 
through the central sulcus into the “hand knob” 
of the precentral gyrus). In the non-lesioned right 
hemisphere, fMRI activity is observed within the 
right sensorimotor cortex (SM1; pre- and post-
central gyri), the right premotor cortex (PM), and 
right parietal cortex (PP). In contrast, in the 
lesioned left hemisphere fMRI activation is only 
observed anteriorly to the tumor in the left pre-
motor cortex (PM). While this fMRI activation 
map might be interpreted as an absence of electri-
cal neuronal activity within the left SM1 and PP 
areas (e.g., due to plastic changes and a take-over 
of motor function by the ipsilateral non-lesioned 

R. Peeters and S. Sunaert



413

hemisphere), the signal time-courses clearly 
show that this is a false conclusion. In the left- 
sided, tumor-infiltrated SM1 hand representation, 
the BOLD signals decrease during performance 
of the motor task, and increase during baseline 
condition (rest), i.e., an inverse BOLD MR signal 
change as compared to normal physiological acti-
vation. This finding may result from lesion- 
induced neurovascular uncoupling, where oxygen 
extraction (the cause of the initial dip of the 
BOLD signal) occurs without an increase in 
regional cerebral blood flow and volume (rCBF 
and rCBV), resulting in a steady decrease of 
fMRI signal despite an increased electrical neu-
ronal activity driving the actual movements. As 
pointed out in an editorial by Bryan and Kraut 
(1998), these “negative results” deserve further 
study (Bryan and Kraut 1998; Sunaert et  al. 
1998). One may speculate that—depending on 
the lesion-induced hemodynamic changes in dif-
ferent patients—there could be continuous altera-
tions of BOLD signals from “normal” via 
“absent” to “inverse.” Possible BOLD-alterations 
should be taken into account when functional lat-
eralization is determined using fMRI as they may 
lead to an incorrect interpretation of clinical 
fMRI data.

2.2.3  BOLD-Signal in Contrast 
Enhancing Parts of Brain 
Malignancies

In some patients with low or high-grade gliomas 
BOLD signal changes can be observed in those 
gliomas, which in principle should not contain 
functional tissue. This issue has been investigated 
in several studies (Skirboll et al. 1996; Schiffbauer 
et  al. 2001; Ganslandt et  al. 2004). From these 
studies using magnetic source imaging methods 
(which is a combination of EEG and anatomical 
MRI) it can be concluded that real functional 
activity might be located within or at the margins 
of the tumor in a considerable percentage of 
patients (e.g., 25% in the study of Schiffbauer 
et al. (2001), so that only partial resection is pos-
sible. The interpretation of this activity at the 
tumor margin remains ambiguous, either the cor-
tex has been “displaced” by the growing tumor or 
is near the mark of being invaded by infiltrative 
tumor. Therefore, activated areas in tumor tissue 
are not always related to artifacts but could also 
be “real” functionally active tissue infiltrated by a 
tumor. If in doubt of the real or artificial nature of 
the activations, it is advised to combine different 
techniques (like MEG) to pinpoint the real nature 
of the BOLD signal change. More information 

Fig. 1 Case study of a patient showing an inverted BOLD signal in the neighborhood of a lesion
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about the combination of these different tech-
niques can be found in chapter “Multimodal 
Functional Neuroimaging”.

2.2.4  BOLD-Signal in Patients 
with Brain AVMs

Arteriovenous malformations (AVM) can pro-
duce widespread vascular steal effects beyond 
their nidus that preclude a normal hemodynamic 
response (for details see chapter “Presurgical 
Functional Localization Possibilities, 
Limitations, and Validity”). However, cerebral 
blood flow reductions do not necessarily cause 
cerebral dysfunction, as suggested in previous 
reports. Alterations of the microvascular archi-
tecture are prone to occur in the neighborhood of 
vascular malformations, and neovascularization 
is characteristic for malignant brain tumors and 
brain metastases of different pathologies, result-
ing in a change in the observed BOLD signal near 
the AVM. In addition, several studies in different 
patient populations with AVMs reported a shift of 
the functionally active regions close to the AVMs 
(Caramia et  al. 2009). Vascular malformations 
are believed to form during gestation, and the 
development of these lesions and the associated 
brain damage due to hemorrhage or ischemia can 
lead to reorganization not only of the local anat-
omy but also of the functional cortex (Lehéricy 
et al. 2002). This can result in a cortical reorgani-
zation where the real functionally active region 
has been shifted into other previously defined 
functional regions (Maldjian et al. 1996; Fandino 
et al. 1999). Brain plasticity is discussed in detail 
in chapter “Brain Plasticity in fMRI and DTI.”

When the neurovascular coupling cascade 
(from neuronal activity to the subsequent BOLD 
response) is interrupted at a certain level, one 
refers to this as the neurovascular uncoupling 
(NVU) phenomenon. As mentioned above this 
can be a critical problem in presurgical fMRI 
because of possible false negative or absence of 
activation near the lesion. Some researchers use 
cerebrovascular reactivity mapping techniques 
with carbon dioxide challenges or breath-holding 
techniques to detect possible regions with an 
altered cerebrovascular reactivity and thus a 

potential NVU after brain activation (Pillai and 
Mikulis 2015).

2.3  The Effect of Different 
Pharmaceuticals on the BOLD 
fMRI Signal

Chemicals and pharmaceuticals can have an 
effect on different aspects of brain physiology 
and/or hemodynamic coupling (Seifritz et  al. 
2000; Braus and Brassen 2005). The next para-
graph introduces some known effects of different 
substances on the BOLD signal.

2.3.1  Caffeine
The effect of caffeine—a vasoconstrictor—on 
BOLD signals has been studied by several 
researchers with different results (Parrish et  al. 
2001; Laurienti et  al. 2002; Chen and Parrish 
2009; Rack-Gomer et  al. 2009; Merola et  al. 
2017). In an experiment determining the hemo-
dynamic response function, volunteers were pre-
sented with a short visual flash to activate primary 
visual areas and to trigger a finger to thumb 
opposition. They were scanned in two consecu-
tive sessions: before and after drinking three cups 
of coffee (~250  mg caffeine). The observed 
hemodynamic response function before and after 
administration of caffeine demonstrated a large 
increase (up to 50%) in BOLD signal after caf-
feine intake compared to the control session 
(Fig. 2a). This effect may be explained by the dif-
ferent properties of caffeine, i.e., its property to 
modulate neural activity and neurovascular tone. 
Caffeine influences the neurovascular tone and 
thus decreases the resting state CBF (Rack- 
Gomer et  al. 2009). As a result, the increase in 
rCBF and respective BOLD signal change during 
stimulation is higher after caffeine intake. 
Caffeine also has an excitatory effect on neurons 
through the blockade of A1 adenosine receptors, 
thus increasing neural activity following stimula-
tion (Parrish et  al. 2001; Laurienti et  al. 2002). 
On the other hand, caffeine can influence resting 
state connectivity in the brain, either as a direct 
effect on brain activity, or indirectly as a result of 
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the influence of caffeine on the baseline and reac-
tive cerebral blood flow. Therefore, one should be 
very careful while interpreting resting state fMRI 
data of patients (Rack-Gomer et al. 2009).

2.3.2  Alcohol
The effect of alcohol on BOLD signals is shown 
in Fig.  2b. A similar experiment to the one 
described above has been performed in volunteers 
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Fig. 2 (a) Activation maps and mean percent signal 
changes of the hemodynamic response function, follow-
ing a visual flash trigger and a subsequent single fingertap, 
before and after drinking three cups of coffee (250 mg of 
caffeine). An increase in the hemodynamic response (hrf) 
can be seen in the visual and motor cortex after caffeine 

intake. (b) Mean signal change in the visual and motor 
cortex before and after drinking three glasses of beer 
(3.5  units of alcohol). Subjects followed a visual flash 
stimulus with a single finger tap. The resulting BOLD sig-
nal change decreased after alcohol intake
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before and after the consumption of three glasses 
of beer (~34  ml of alcohol). The graph shows 
that, as opposed to caffeine, alcohol leads to a 
decrease in the hemodynamic response. The 
effect of alcohol is twofold: First, alcohol is a 
vasodilator that increases the baseline CBF 
resulting in a smaller increase in rCBF and hence 
a lower relative BOLD signal after stimulation 
(Levin et al. 1998; Seifritz et al. 2000). Second, 
alcohol also decreases the on-task attention the 
subjects have to perform and consequently low-
ers the neuronal activation of the stimulated brain 
areas (Luchtmann et al. 2010).

2.3.3  Other Chemicals
It is also important to note that various pharma-
cological agents may potentially alter the BOLD 
signal. Cocaine, for example, influences neuronal 
connectivity (Li et al. 2000; Tomasi et al. 2010), 
neuronal activation, and cerebral blood flow in 
the resting state (Breiter et  al. 1997; Lee et  al. 
2003; Lowen et al. 2009). However, the BOLD 
signal reportedly remains unaffected after 
cocaine administration (Gollub et  al. 1998). 
Theophylline has been shown to increase the 
BOLD signal in the rat primary motor cortex 
(Morton et  al. 2002), a phenomenon which has 
also been observed in patients with hyposmia 
where theophylline increased odor-induced 
BOLD responses (Levy et al. 1998). A decrease 
in cerebral blood flow in the resting condition, 
due to the vasoconstrictor response, might possi-
bly account for the increased BOLD response 
after theophylline administration. Furthermore, 
theophylline has also known neuroexcitatory 
effects, e.g., as an antagonist of the inhibitory 
neurotransmitter adenosine. Via this mechanism, 
theophylline could increase the number of neu-
rons that are activated in response to a given stim-
ulus, consequently increasing the observed 
BOLD response (Morton et  al. 2002). 
Acetazolamide is known to cause a depression of 
the BOLD response following a visual stimulus 
(Asghar et al. 2011) or a motor task, probably by 
increasing the baseline CBF.

On the other hand, nicotine—a drug with-
out effects on local brain hemodynamics as 

demonstrated in a simple visual task (Jacobsen 
et  al. 2002)—has been demonstrated to 
increase attention to cognitive tasks both in 
patients with schizophrenia and in smokers 
(Kumari et al. 2003; Jacobsen et al. 2004) but 
has also been shown to change the resting state 
connectivity and possible subsequent stimu-
lus-driven responses (Hahn et  al. 2007; 
Warbrick et al. 2011). It is important to keep 
in mind that many other pharmacological 
agents, which have not yet been tested in this 
respect, may influence the BOLD response, 
and that patients with brain tumors may 
receive such pharmaceutical products 
(D’Esposito et al. 2003).

2.3.4  CO2

Several studies report on the effect of CO2 on the 
resting state BOLD signal and on the BOLD 
response during activation while inhaling a mix-
ture of air and CO2. CO2 is a potent vasodilator 
and increases the BOLD signal. Breathing a mix-
ture of air with 5% CO2 increases the measured 
BOLD signal by 10% (Kastrup et al. 1998). This 
effect can have consequences on patient studies as 
well. Some patients show a change in the breath-
ing rate during task performance, as a result of 
excitement and stress at the beginning of the 
experiment. This change in the breathing rate 
alters the oxygen supply to the brain and the CO2 
content in the blood, which affects vasodilatation 
and thus the global BOLD signal in the brain to an 
extent that it can interfere with the task-related 
BOLD response. When a volunteer is asked to 
change his breathing rate from normal breathing 
to hyperventilation and vice versa, the time- 
course of the BOLD signals clearly displays a 
large effect of hyperventilation on the resting state 
fMRI signal (Fig. 3), this effect could also be used 
to map the cerebrovascular response of the brain 
(Liu et al. 2020). Therefore, in order to minimize 
effects of anxiousness and the change in breathing 
rate in clinical fMRI studies, it is very important 
to instruct and comfort the patients comprehen-
sively and allow them to familiarize themselves 
with the scanner environment before initiation of 
the experiment. RsfMRI exams, which are not 
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driven by external stimuli (see also chapter 
“Presurgical Resting-State fMRI”), are even more 
susceptible to changes in breathing rate and car-
diac cycle. Thus, careful instruction of the 
patients, and possibly also monitoring functions 
of the autonomic nervous system (ANS), heart 
rate, and breathing pace could improve rsfMRI 
results (Iacovella and Hasson 2011; Murphy et al. 
2013; Kasper et al. 2017).

3  The Influence of Brain 
Lesions on DTI Results

The patient’s lesion can influence native DTI 
images as well as the resulting fractional anisot-
ropy (FA) maps and finally the fiber tracking. 
Degenerative diseases and demyelination disor-
ders will reduce the measured FA values focally 
as observed, e.g., in amyotrophic lateral 
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sclerosis (Sage et  al. 2009; Kalra et  al. 2020), 
multiple sclerosis (Reich et  al. 2008), and 
Alzheimer’s disease (Kantarci et al. 2010). Also 
in stroke patients local changes in white matter 
FA can occur (Visser et  al. 2019). More con-
fined brain lesions can also influence the mea-
sured FA and diffusivity. Vasogenic edema 
reduce the local fiber density hereby lowering 
the measured FA, which in turn will influence 
how many fibers will be reconstructed around 
the respective lesion by the fiber tracking algo-
rithm (Bizzi et  al. 2012). Tumoral tissue can 
also destroy white matter fibers by reducing the 
number of intact axons (Sinha et  al. 2002). 
Radiation therapy of brain tumors also induces 
microstructural damage of the white matter 
resulting in global interhemispheric FA changes 
(Kassubek et al. 2017). On the other hand, in an 
abscess cavity the FA values are higher, which 
possibly reflects organized and oriented inflam-
matory cells (Toh et al. 2011).

The distorted anatomy due to a lesion’s mass 
effect makes it difficult to position the tracking 
ROIs at the correct position needed to ensure reli-
able and reproducible fiber tracking. One solu-
tion for this problem might be to use fMRI 
activation regions as seed ROIs for fiber tractog-
raphy, herewith using functional information for 
a better understanding of the structural status and 
its alterations (Kleiser et al. 2010).

4  Patient-Related Artifacts 
and Physiological Noise

4.1  Flow and Pulsation Artifacts

Flow artifacts arise due to the pulsating in- and 
outflow of the blood perpendicular to the imag-
ing slices, hereby producing signal changes in 
different slices. At 1.5 T these artifacts are espe-
cially observed in pathological flow conditions 
such as in AVMs. However, with the trend 
towards using higher magnetic field strengths 
(3  T and above) flow and pulsation artifacts 
become more prominent (Biswal et  al. 1996; 
Srivastava et al. 2005). These artifacts manifest 
themselves as a slowly varying signal change 
with a sinusoidal rhythm, which is the result of 
an undersampling of the underlying blood pulsa-
tion. Figure  4 shows a pulsation artifact that 
occurred in an fMRI experiment acquired at 3 T 
without any specific brain activation, and one 
can see several tubular shaped regions with a sig-
nal intensity of sinusoidal shape. If the stimula-
tion paradigm shows a period similar to the 
period of this sine wave (in this case a period of 
100 s), these areas will light up as false positives 
(Dagli et  al. 1999). RsfMRI data are also very 
sensitive to such artifacts as these sinusoidal sig-
nal time traces do temporally very closely 
resemble real synchronized brain activation in 
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different areas constituting the respective func-
tional network (Kasper et al. 2017).

4.2  Artifacts from Bulk Head 
Motion

The small intensity changes typically observed 
in fMRI images (ranging from a fraction of 1% 
signal change to a few percent) can easily be 
contaminated by a variety of sources. In clinical 
fMRI the major contribution to signal artifacts 
arise from bulk head motion during acquisition 
of the functional data series (Seto et al. 2001). A 
further minor contribution originates from phys-
iological brain motion (pulsation of the brain, 
overlying vessels, and cerebrospinal fluid) driven 
by cardiac and CSF pulsations (Dagli et al. 1999; 
Windischberger et  al. 2002; Kiviniemi et  al. 
2016). Nevertheless, the primary reason for 
failed clinical fMRI examinations is head 
motion. In the study of the most frequent cause 
for the failure of 15% of their clinical exams was 
due to head movement artifacts (Krings 2001a). 
In a more recent study, Tyndall et  al. (2017) 
achieved a success rate of 95% in their clinical 
presurgical exams by using individual patient 
training and instructions to minimize head 
motion.

The motion of the patient and its effect on a 
fMRI time series acquisition can be divided into 
two separate categories: Intra-image motion 
which is generally a very fast and sudden motion 
(i.e., at a time scale smaller than the image acqui-
sition time), and inter-image motion on a time 
scale between a couple of seconds to minutes 
reflected in a slow movement of the subject (i.e., 
at a time scale larger than the time necessary to 
acquire a single image volume). These two sub- 
categories of motion have different effects on the 
acquired images and functional map properties. 
The intra-image motion, typically induced by 
sudden head movement, results in “blurring” and 
“ghosting” in older GE-based acquisition 
sequences, and is less present in single shot echo- 
planar imaging, where all data for an image are 
collected in less than 100  ms (Duerk and 
Simonetti 1991). However, if present, this sudden 
motion can have the following effects on EPI 
images: if the motion is very fast (<100 ms) it can 
still cause ghosting artifacts in several slices of 
the acquired volume. Slower, longer lasting 
motion can also change image contrast, this espe-
cially applies to motion perpendicular to the 
acquisition plane. The latter will result in a 
change of the apparent repetition time for the 
acquisition of the same slice in the different vol-
ume (Fig. 5) which changes the T1 weighting of 
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apparent resulting from this through-plane motion at 
around scan 11 (30 s)
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the tissue for the different slices and thus the sig-
nal intensity of the tissue. In other words, the tis-
sue has experienced a different “spin history” 
(Friston et al. 1996b; Muresan et al. 2005).

In resting state fMRI motion-related con-
founds can be even more troublesome. Motion 
artifacts have a differential effect on resting 
BOLD signal and can largely influence connec-
tivity measures.

Even subtle motion artifacts <0.5 mm can pro-
voke a specific bias increasing short range con-
nections while decreasing long-range connections 
which can result in group differences between 
certain patient groups which will generally suffer 
from more motion than healthy controls (Power 
et al. 2013). Large head motion during the acqui-
sition on the other hand can also increase long- 
range connectivity (Satterthwaite et al. 2019).

Motion on a time scale larger than the image 
acquisition time causes a misregistration of the 
images within the time series, and makes activa-
tion foci undetectable or, even worse, induces 
artificial activation when the motion is tempo-
rally correlated to the stimulus (Hajnal et  al. 
1994, Fig. 6). This will especially have an effect 
in those brain regions that show steep image 
intensity gradients (e.g., at the edges of the brain 
or in patients at the border of a T2 hyperintense 
lesion), which are particularly prone to these 
artifacts. The effect of this inter- image motion 
has been shown to be particularly problematic 
in clinical examinations. Results from Hill et al. 
(2000) indicate that in patients with epilepsy the 
head motion was more prevalent and had a 
larger amplitude compared to healthy 
volunteers.

Fig. 6 Simulation of head motion between different acti-
vation states and its effect on the observed activation in a 
subtraction map. In the top row without motion only the 
real activated region is discerned, in the bottom row, on 

the other hand, motion between both images is introduced 
and a rim of false activation appears in the subtraction 
map
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4.2.1  Minimizing and Correcting 
for Motion

Several solutions exist to correct for or to mini-
mize inter-image motion that have been proposed 
by several researchers. Head movement during 
the acquisition phase can be restricted by fixation 
of the head with molds and straps (Fitzsimmons 
et  al. 1997; Edward et  al. 2000; Debus et  al. 
2008), which represents an intermediate level of 
head fixation. The use of a “bitebar” (Fig. 7)—a 
custom molded dental fixation, regularly used in 
our institution to restrain head motion while 

imaging volunteers—provides a highly rigid fix-
ation, but can only be used in a limited number of 
patients (Dymarkowski et  al. 1998). The pres-
ence of dental prosthesis interferes, and not all 
patients tolerate this kind of fixation. Furthermore, 
safety precautions preclude its use in those 
patients who are at risk of having epileptic sei-
zures during imaging (Jiang et  al. 1995; Freire 
and Mangin 2001).

Another solution is the use of motion correc-
tion algorithms during data post-processing, 
which are nowadays integrated in most fMRI 
analysis software tools. Motion correction is typ-
ically achieved by the rigid realignment of the 
consecutively acquired images in the data series 
with the first image (or an arbitrary other image 
of the time series) (Friston et  al. 1995, 1996b; 
Caballero-Gaudes and Reynolds 2017). If the 
patient moves with a frequency unrelated to the 
frequency of the applied stimulation paradigm, 
this realignment post-processing can success-
fully separate this motion caused by the patient 
himself from true activation (Fig.  8). As most 
motion correction algorithms are intensity-based, 
it is also possible that false motion is observed in 
the time series which may actually be the result 
of a large activation at a specific brain region 
shifting the center of intensity to a certain direc-
tion following the activation paradigm (Biswal 
and Hyde 1997).

Fig. 7 A custom build bite-bar system used to minimize 
patient motion during the fMRI experiment. It consists of 
a plastic bridge which is positioned over the subject’s 
shoulder and a small detachable piece which the subject 
puts in his mouth

a b

Fig. 8 Effect of subject motion on the resulting fMRI activation map of a patient (a) and the effect of motion correction 
(b) on the observed real and false motion-induced activation in the resulting calculated fMRI activation map
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However, most of the patient motion is attrib-
uted to the applied stimulus (Hill et  al. 2000), 
which is certainly the case if the patient is per-
forming different motor paradigms (e.g., the 
patient is moving his head at the start of the task 
for looking at his fingers performing the task). 
This effect cannot be easily separated from the 
real functional activation due to their temporal 
synchrony (Hajnal et al. 1994).

The problem of patient motion could be fur-
ther reduced in a number of different ways. First, 
stimulation paradigms can be optimized to mini-
mize head motion. Much attention is given to dif-
ferences in anatomic-functional information that 
can be obtained from active versus passive tasks 
which will inherently reduce motion (Gasser 
et  al. 2004). Also, resting state fMRI does not 
suffer from task-based patient motion as no active 
task is performed (see also chapter “Presurgical 
Resting-State fMRI”).

As described earlier the effect of through- 
plane motion is a combination of a misregistra-
tion of different subsequent BOLD images with 
the T1-weighted slice effect varying the signal 
intensity resulting from changes in TR. Therefore, 
it is recommended to adapt the scanning planes in 
such a way that the maximal observed motion is 
in parallel to the acquisition plane, e.g., if head 
nodding is expected from left to right, axial slices 
should be acquired. However, if head motion is 
expected from front to back, sagittal slices should 
be obtained. There are also techniques to correct 
for spin history effects due to through-plane 
motion (Muresan et al. 2005).

Adapted acquisition sequences have been pre-
sented that change the position of the acquired 
EPI volume in order to prospectively adapt for 
the motion of the subject. For this, subject motion 
has to be calculated online between two consecu-
tively acquired volumes which can be done on 
the images itself or by calculation of the position 
of external markers using laser guidance or sepa-
rate video cameras (Qin et al. 2009; Zaitsev et al. 
2017). This information can then be used to pre-
dict the position of the head for the following 
(third) acquisition. This technique thus uses a 
prospective motion correction algorithm in con-
trast to the retrospective motion correction tech-

niques used in fMRI postprocessing software 
tools. As the scan planes are adapted to the 
motion, the T1-weighted slice effect is also 
diminished (Ward et al. 2000; Thesen et al. 2000; 
Maclaren et al. 2013).

If motion artifacts still persist in the resulting 
BOLD activation maps, there is an option in most 
software packages to incorporate the motion 
parameters calculated in the preprocessing step 
in the statistical calculation of the functional acti-
vation (e.g., using the general linear model 
(GLM)). In doing so the signal variability within 
the voxels, correlating with these motion param-
eters, will be reflected in this contrast hereby 
decreasing the influence of the motion-induced 
signal changes in the other conditions (contrasts) 
of interest of the stimulation paradigm. Although 
this will effectively remove motion-induced 
“false” activations it can also remove or decrease 
“real activation” ascribed to motion (Johnstone 
et al. 2006).

For further information on fMRI data process-
ing see also chapter “Revealing Brain Activity 
and White Matter Structure Using Functional and 
Diffusion-Weighted Magnetic Resonance 
Imaging.”

4.2.2  How to Distinguish Real 
Activation from Motion 
Induced False Activation

If it is not possible to completely eliminate 
motion during image acquisition and data pro-
cessing (e.g., in the case of paradigm-related 
motion), motion artifacts need to be identified in 
the activation maps. This paragraph provides 
some practical tips to distinguish motion-
induced “false activations” from the “real acti-
vation” of the BOLD signal. Most of the 
motion-induced “false activations” are localized 
at the border of different structures which show 
large signal intensity gradients (Weisskoff 1995; 
Orchard and Atkins 2003). These motion-
induced signal changes at the tumor borders 
typically have a ring-like spatial appearance, in 
other words they are observed as a thin rim of 
hyperactivation in the neighborhood of large 
image intensity gradients (Fig. 6 (simulation), 8 
and 9). The BOLD hemodynamic response 
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curve typically rises 4 s after onset of the stimu-
lation and reaches its maximum after 6–8 s. If 
the movement follows the paradigm, the onset 
of the movement will be at the same time as the 
onset of the paradigm. Movement-related signal 
changes will follow the movements instanta-
neously. Therefore, the temporal profile of the 
movement-related “false activations” will tem-
porally coincide with the different conditions of 
the block-design and will occur prior to the 
physiologically delayed hemodynamic response, 
which reflects the “real activation” temporal 
profile (which typically has a delay of approxi-
mately 2–4 s compared to the stimulation onset). 
The signal intensity variation will also be more 
abrupt compared to the more gradual activation-
induced BOLD signal intensity change. 
Movement-related signal changes also tend to 
display much higher signal intensity changes as 
compared to physiological BOLD signal 
changes (Fig. 9).

4.3  Motion Artifacts in DTI

Typically, DTI scans require between 5 and 
20 min for the acquisition of an entire brain vol-
ume data set. Subject movement during this scan 
time can result in motion artifacts on the different 
diffusion-encoded images. These artifacts can 
manifest themselves differently according to the 
amplitude and speed of the patient movement. 
Slight movement occurring during the 5–20 min 
of scanning will result in a misalignment of the 
different diffusion-weighted images. In the post- 
processing steps of the DTI dataset the different 
data volumes should then be realigned by regis-
tration to, e.g., the b0-image, but attention should 
be paid that the orientation information of the 
applied diffusion gradients should also be rotated 
according to the images’ orientation (Leemans 
and Jones 2009). Large and fast movements will 
result in large signal dropouts and interleave arti-
facts (Fig. 10). These large artifacts will disturb 
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the resulting DTI maps if they are not identified. 
Different software solutions exist which can trace 
these signal dropouts and exclude them from fur-
ther data analysis (Tournier et  al. 2011; Chen 
et al. 2015).

Another problem related to patient motion 
but induced by the diffusion gradients them-
selves are the so-called vibration artifacts 
(Gallichan et al. 2010; Mohammadi et al. 2012) 
which typically manifests as a signal loss in a 
large region of the mesial parietal lobe (Fig. 11). 
Strong diffusion gradients cause low-frequency 
vibrations of the MR system, which results in 
vibration of the patient table. When the patient 
is well fixated to the table with pads this table 
vibration will be translated into head motion of 
the patient that is synchronized with the applied 
diffusion gradient. It has been observed that this 
artifact is largest when the left-right component 
(X-gradient) of the diffusion gradient is large. 
Different solutions have been proposed to avoid 
this artifact. The uncoupling of the table from 
the MR system could result in less synchronized 
motion of the subject resulting in lower arti-
facts. A full k-space acquisition or a longer TR 
between consecutive scans can also reduce this 
artifact (Gallichan et  al. 2010). Finally, com-
bined acquisition and post-processing methods 
have been proposed to eliminate such artifacts 
(Mohammadi et al. 2012).

4.4  Patient Cooperation

Patient cooperation during the task-based fMRI 
exam is very important; therefore, control of task 
performance during the scanning is a prerequisite 
for clinical functional MRI.  In an active motor 
task, cameras are very handy to observe whether 
the patient understands and performs the task 
correctly. In patients with limited ability to coop-
erate, direct instruction plus direct supervision of 
proper task performance by the investigator 
standing next to the scanner is strongly recom-
mended. In visual experiments, it is important to 
monitor eye movements using an eye-tracking 
camera. Figure 12 displays the difference in acti-
vation maps between a fixating and a non- fixating 
subject in a visual retinotopic mapping experi-
ment. In cognitive and language tasks, an indirect 
control can be implemented in the paradigm. 
Cognitive paradigms can be devised in such a 
way that the patient has to respond by pressing a 
button. These responses can be recorded during 
the scanning and controlled afterwards for cor-
rectness. Also in resting state fMRI cooperation 
of the patient is necessary, e.g., there already are 
large differences in brain activation synchrony 
patterns between “eyes open” and “eyes closed” 
scans (Zou et al. 2009).

It is very important to precisely inform and 
instruct the patients before scanning about what 

a

b

Fig. 10 An example of motion-corrupted diffusion- 
weighted images. (a) The native diffusion-weighted axial 
images show a loss of signal at those slices where large 

motion was apparent. (b) The calculated FA maps from 
these images also suffer intensity changes due to this 
motion but these are less apparent
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is expected from them to do during the exam in 
order to complete a successful examination 
(Tyndall et al. 2017). Real-time fMRI analysis is 
possible on most modern MRI scanners and 

allows for a direct control of the experimental 
success so that a failed functional session can be 
repeated immediately afterwards, which is much 
less time demanding then asking the patient to 

a

b

Fig. 11 (a) Cross-sections of diffusion-weighted images 
show a vibration artifact located mainly in the mesial pari-
etal lobe when a large diffusion gradient is switched on in 

the left-right direction. (b) Colored fractional anisotropy 
maps displaying artifactual left right dominance in the 
mesial parietal lobe

a b

Fig. 12 Effect when the subject is not cooperating during 
the fMRI exam: (a) a retinotopic map of a subject fixating 
the middle of the visual stimulus (alternating horizontal 

and vertical wedges). (b) Retinotopic map of the same 
subject looking around (i.e., not fixating) during the fMRI 
exam
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come back after a couple of days for an additional 
scanning session (Schwindack et al. 2005).

5  Technology Related Artifacts

5.1  Susceptibility Artifacts 
in BOLD fMRI and DTI

Almost all BOLD fMRI acquisitions and DTI 
acquisitions are performed with multi-slice sin-
gle shot EPI acquisition sequences. These tech-
niques have a very high temporal resolution and 
are very sensitive to the BOLD effect, which 
manifests itself as a change in susceptibility in 
the activated regions. But these single shot EPI 
sequences also suffer from distortion and suscep-
tibility artifacts as a result of their high T2*-
weighting and resulting high sensitivity to 
susceptibility (Devlin et al. 2000). In most fMRI 
studies these drawbacks are of less importance 
and do not weigh up the vast advantages of the 
EPI technique to both detect and localize brain 
activation. But the susceptibility-related signal 
drop in those brain areas which are located in the 
skull base and in the neighborhood of large air 
cavities like the orbitofrontal cortex and the ante-
rior and medial temporal cortex pose a problem 
for fMRI studies where brain activation in these 
areas is expected (Friston et  al. 1996a; Devlin 
et  al. 2000; O’Doherty et  al. 2000; Small et  al. 
2004). In patients this effect can also be observed 
adjacent to metal implants or certain types of 
lesions (e.g., lesions containing deoxyhemoglo-
bin or hemosiderin), where the susceptibility dif-
ference between the lesion and the surrounding 
brain tissue is large (Håberg et al. 2004) and also 
signal voids can be observed in regions close to 
surgical resection cavities in post-operative 
patients. With the trend of using higher static 
magnetic field strengths, this effect of local sig-
nal loss and image distortion is even more pro-
nounced (Abduljalil and Robitaille 1999; Lima 
Cardoso et al. 2018). For clinical fMRI these arti-
facts pose a problem both for studies searching 
for activated regions in the orbitofrontal cortex 
(like taste and smell related regions, emotional 
processing) (Deichmann et al. 2003; Smits et al. 

2007) or anterior temporal cortex (regions 
responsible for object recognition) (Devlin et al. 
2000).

5.1.1  Methods to Decrease 
Susceptibility-Related Artifacts

Different strategies for experiments in 
susceptibility- prone regions have been proposed 
including the use of other less susceptibility sen-
sitive acquisition sequences like multi-shot EPI 
sequences, spin echo EPI sequences, flash 
sequences (Menon et  al. 1997), T2Prep BOLD 
sequences (Hua et  al. 2014), or balanced SSFP 
sequences (Chen et al. 2017). Despite the gain in 
signal, these other types of sequences and meth-
ods suffer from reduced temporal resolution, 
temporal stability, spatial resolution, and/or con-
trast/signal-to-noise ratio (Song et al. 2000). On 
the other hand, various ingenious image process-
ing methods have also been developed to recover 
the local signal and reduce image distortions 
from EPI images by using, e.g., fieldmaps 
(Jezzard and Balaban 1995) or extra reversed 
phase encoding acquisitions (Andersson et  al. 
2003). Other methods proposed to reduce local 
signal loss in EPI sequences are (1) decreasing 
the slice thickness of the acquired images, (2) 
minimizing the slice-induced susceptibility arti-
facts (Hoogenraad et al. 2000), (3) local higher 
order shimming to decrease local magnetic field 
inhomogeneity (Deichmann et al. 2003), employ-
ing magnetic field monitoring hardware to mea-
sure field differences and correct distortions 
(Wilm et  al. 2015), (4) maximizing the readout 
bandwidth in order to minimize the EPI echo 
train length, which in turn decreases the T2* 
decay and thus susceptibility effects but increases 
noise in the images. Another solution is the use of 
parallel imaging techniques (Sodickson and 
Manning 1997; Pruessmann et  al. 1999) which 
have the potential to decrease the problems inher-
ent to single shot EPI imaging sequences, making 
it possible to perform fMRI studies in those brain 
areas which suffer from large susceptibility arti-
facts in standard single shot BOLD fMRI experi-
ments (Preibisch et  al. 2003). In these methods 
receiver coil arrays consisting of a combination 
of a number of receiver coils (ranging from 2 to 
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96 elements) (De Zwart et  al. 2002; Keil et  al. 
2013) are used. The spatial inhomogeneity and 
differential sensitivity of the separate elements 
are employed to decrease the number of acquired 
phase encoding steps for every separate coil ele-
ment by combining the different resulting images 
or raw data into one new reconstructed image 
(Sodickson and Manning 1997; Pruessmann 
et al. 1999). As a result, this reduces the number 
of acquired phase encoding steps and thus the 
EPI readout train length. In BOLD fMRI experi-

ments, this decrease in phase encoding steps dur-
ing a single readout step entails a decline of 
susceptibility-related artifacts. The potential of 
parallel imaging techniques has been demon-
strated in several studies at all field strengths 
(Schmidt et  al. 2002; Preibisch et  al. 2003; 
Moeller et  al. 2010). The advantage of parallel 
imaging techniques is shown in Fig. 13 demon-
strating the gain of geometric correctness by 
using higher parallel imaging factors. In Fig. 14 
the loss of signal intensity is calculated and rep-

Fig. 13 Comparison of the geometrical distortion of both 
NO-SENSE (without parallel imaging) and SENSE (with 
parallel imaging) images acquired in the sagittal (top row) 
and coronal plane (bottom row). The black border lines 

delineate the boundaries of the anatomical 3D T1 image, 
demonstrating a large improvement of geometric compli-
ance using parallel imaging. The number on the images 
represents the SENSE acceleration factor
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resented for images acquired with different paral-
lel imaging factors. The drawback of the use of 
high SENSE factors is the increase of noise in the 
images especially in central regions, which is 
clearly visible when using very high parallel 
imaging factors (Fig. 13, right images). Therefore, 
it is recommended to only use very high SENSE 
factors when it is really necessary and when 
enough separate coil elements are available, e.g., 
when looking for activations in the orbitofrontal 
or anterior temporal regions of the respective 
lobes.

Acquisition-related susceptibility effects can 
also give rise to the following question: If an 
expected activation in a certain region cannot be 
found, is this a true non-activation or a suscepti-
bility effect? On the other hand, activated regions 
can be encountered in unexpected areas. Possible 
ways to overcome this problem are first to look at 

the original (not post-processed) images and to 
check whether raw BOLD signal is present in this 
region or not, and second to acquire a B0 field 
map, which can be automatically generated on 
most modern scanners. In such a B0 field map 
two different scans with a different echo time 
(TE) are combined for local T2* decay calcula-
tion, hereby highlighting regions suffering from 
large susceptibility effects. This field map can 
then be used to mask the fMRI maps to visualize 
only these areas where artifacts are indiscernible 
(Hutton et al. 2002).

5.2  Multiband Artifacts

Recently simultaneous multiple slice acquisition 
techniques have been developed which accelerate 
the acquisition of EPI volumes by a factor of 2 up 

a b

Fig. 14 (a) Signal loss maps on a rendered brain of an 
EPI acquisition without (above) and with GRAPPA acqui-
sition (below). The dark red regions are those, which suf-
fer the largest signal intensity loss. Note the difference 
between the grappa factor 2 (smaller, less intense dark red 
areas) and non-grappa images (large dark red regions). (b) 
Percentage signal intensity in two different coronal EPI 
slices acquired with different SENSE factors compared to 

the mean brain signal intensity of the same slice. The dark 
(orange/red) areas in the slices suffer a signal loss higher 
than 40%. The maps demonstrate that images acquired 
without SENSE (S1) display a larger and a more inhomo-
geneous signal loss as compared to the scans with a high 
parallel imaging factor in the susceptibility sensitive 
areas. The number next to the images represents the 
SENSE factor used
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to 12, and dramatically increase the temporal 
and/or the spatial resolution of both BOLD fMRI 
and DWI acquisitions and present a possible leap 
forward for all types of fMRI and DWI acquisi-
tions (Feinberg et  al. 2010; Smith et  al. 2013). 
However, these techniques also introduce a new 
type of multiband related artifacts in the BOLD 
fMRI and DTI scans, which manifest themselves 
as signal overlap from a certain slice into another 
simultaneously excited/acquired slice (Xu et  al. 
2013; Todd et al. 2016). The reason for this is that 
it is difficult to correctly separate the simultane-
ously acquired slices.

Another artifact that can also be more prom-
inent in multiband acquisitions is the parallel 
imaging artifact, the signal repeats within a 
slice as a result of a partially failed SENSE 
unfolding of the data. These artifacts are more 
prone to occur with high multiband accelera-
tion factors (higher than 2) used in the EPI 
images as the distance between the simultane-
ously acquired slices is lower, the artifacts are 

also more problematic near air tissue boundar-
ies (Fig. 15) and can also result in false positive 
activation in the BOLD fMRI scans in regions 
of different non-adjacent simultaneously 
acquired slices (Todd et al. 2016). These leak-
age/unfolding artifacts can be diminished by 
using adapted reconstruction techniques 
(Cauley et  al. 2014) by using moderate accel-
eration values (Fig.  15) and by increasing the 
homogeneity of the local magnetic field using 
higher order local shimming.

5.3  Sensitivity of EPI Sequences 
to Spikes

Spikes in MR images arise from external interfer-
ences and can generate large signal changes in 
the affected images (Zhang et  al. 2001). If you 
suspect that a fMRI time series contains spikes, 
the signal time-course of the activated regions 
has to be carefully analyzed, since spikes will 

a

b

Fig. 15 Artifacts manifesting with higher multiband fac-
tors on axial BOLD fMRI EPI images acquired with mul-
tiband SENSE factors 2, 4, 6, 8, respectively, and an 
in-plane SENSE factor of 2. (a) Artifacts visible on the 
native images. Notice the dark/bright bands, very subtle 
on the MB4 images but clearly visible in the MB6 images 
and dominating the images acquired with MB8. (b) 
Activation maps of the volunteer performing a simple fin-

ger tapping motor task demonstrating the effect of the arti-
facts on the resulting BOLD maps. Notice the overall 
decrease of significant activation with the higher MB val-
ues. The light green arrow shows false deactivation of the 
cerebellum in the scans with MB factor 8. The dark red 
arrows in the MB8 scans show on the other hand a sus-
pected false positive activation due to slice signal leakage 
and in-plane SENSE unfolding issues
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typically change the signal in the order of tens of 
percent, and are also easily observed in the origi-
nal images. In DTI images, spikes can also be a 
major source of artifacts. If spikes are assumed to 
be present, all separate b-vector images should be 
checked, and the image volumes containing 

spikes should be removed from DTI analyses by 
the post-processing software (Tournier et  al. 
2011). To eliminate spikes in images it should be 
inspected, if the Faraday cage had been closed 
and intact during image acquisition, scanning 
with an open door is troublesome (Fig. 16: The 
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effect of opening the door of the Faraday cage 
during an fMRI scan). Sometimes spikes can also 
arise from an external device in the scanner room, 
loose bolts in the scanner or a broken lamp in the 
ceiling. Therefore, it is recommended to switch 
off unnecessary electrical devices or, even better, 
to remove them from the scanner room. 
Alternatively, spikes can be scanner-related and, 
in this case, the scanner service team should be 
contacted.

5.4  Eddy Current-Induced 
Distortions in DTI

When an MR gradient pulse is switched on, this 
will result in a current induction in conductive 
parts of the MRI scanner (Gradient coils, RF 
coils, shim irons, …) called eddy currents. These 
eddy currents in turn will generate magnetic field 
gradients, which can last longer than the applied 
primary gradients. When using fast sequences or 
strong gradients these eddy currents induce extra 
gradient fields, which will distort the images 
being acquired by incorrect encoding of the posi-
tion in the images. Although BOLD fMRI scans 
will also suffer from eddy currents, the effect on 
the quality of the resulting DTI maps will be 
much higher. In DTI, for every direction of the 
b-vector different gradients and strengths are 
switched on and off resulting in possibly differ-
ent eddy current-induced artifacts for every direc-
tion of b-vector. The eddy current artifacts 
manifest themselves mainly as image distortions 
like contractions of the images in a single direc-
tion, as well as shifts and shears of the images 
(Le Bihan et  al. 2006). Eddy currents can be 
reduced by optimally adjusting and calibrating 
the gradient settings to counteract and minimize 
induced currents (Aliotta et  al. 2018), and by 
using specifically designed self-shielded gradi-
ents (which is standard in modern MRI scanners 
nowadays). Although these hardware adaptations 
will minimize eddy currents, there will still be 
other negative effects which may possibly be cor-
rected by different post-processing software tools 
(Jones and Cercignani 2010; Andersson and 
Sotiropoulos 2016).

6  Statistical Post-processing 
“Artifacts”

Generation of functional activation maps in an 
fMRI experiment requires independent statistical 
analysis of each of the many voxels in the brain. 
The hypothesis in testing each voxel is based on 
the assumption that there is no effect of the task 
compared to the baseline condition, as statistical 
analysis implies making a decision as to whether 
or not this null hypothesis is true or false. A type 
I error constitutes a false positive, i.e., a decision 
stating that the voxel is showing a difference in 
activation during the condition of interest when 
in reality it does not. A type II error represents a 
false negative, i.e., an assumption claiming that 
there is no activation at this voxel when in reality 
there is one (Desmond and Annabel Chen 2002).

In basic neuroscience studies, statistical anal-
ysis is essentially designed to prevent false posi-
tives: The colored activation maps show where an 
activation different from zero can be expected. 
Since fMRI measurements are intrinsically noisy, 
this always leads to a relative high number of 
false negatives: Areas with real neuronal activa-
tion but large physiological and/or technique- 
dependent noise will not be visible on activation 
maps. For clinical fMRI applications, it has to be 
considered whether false positives or false nega-
tives may have more deleterious consequences 
for the patient. For example, in the presurgical 
planning for the resection of pathologic brain 
regions, false positives (type I errors) may bias 
the surgeon to avoid the resection of areas that 
may not be so important to be removed. This 
could result in an incomplete removal of the brain 
lesion. In contrast, false negatives (type II errors) 
may bias the surgeon to remove too much tissue, 
possibly leading to an irreversible deficit in func-
tion. Therefore, clinical fMRI data should be ana-
lyzed differently than basic neuroscience data. 
More research is required for discovering a new 
method for clinical fMRI analysis, which may 
allow the assessment of both type I and type II 
errors (Voyvodic et al. 2009; Durnez et al. 2013; 
Gross and Binder 2014). For instance, each voxel 
that has not reached significance could be tested 
to find out whether an fMRI response of a certain 
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magnitude (such as 0.5% MR signal change) 
would have reached significance if the signal-to- 
noise ratio in that voxel had been higher. This 
would lead to a separate confidence color map 
showing voxels with low signal change and noisy 
voxels, as well as areas where artifacts or signal 
dropouts would otherwise not allow potential 
activation to be detected.
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