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Abstract

Imaging techniques are now commonplace in
clinical and experimental neuroscience. Briefly re-
viewing the achievements of recent years, an in-
crease in spatial resolution is identified as the ma-
jor goal for the years ahead. At a resolution of 0.25
mm, the mesoscopic organization level of the brain
becomes accessible for examination. Advances in
examination techniques must be accompanied by the
development of diligent signal and image analysis
procedure in order to lift the treasures hidden in the
recorded data.

1 Introduction

The purpose of this article is to briefly summa-
rize recent advances in neuroimaging and their cor-
responding data analysis techniques. Last 25 years
introduced a series of technical developments into
the field of neuroscience. New non-invasive imaging
techniques revolutionized the diagnostic and ther-
apeutic procedures in the clinic and exposed new
experimental perspectives of understanding brain
function in-vivo.

It is almost impossible to give a comprehensive
overview onto the broad range of methods to as-
sess brain function in-vivo. In this short overview,
we will focus on magnetic resonance (MR) imag-
ing techniques and on methods used to analyze
structure-function relationships in the brain. Em-
phasis will be on data processing techniques. Such
methods are necessary whenever quantitative re-
sults are sought for (“getting numbers from im-
ages”) or when results of different techniques (or
different time points) need to be compared.

We will also attempt to estimate which develop-
ments might lead to “quantum leaps” in diagnostic
procedures in the near future comparable to the in-
troduction of cranial computer tomography (CCT)
25 years ago and functional imaging using magnetic
resonance imaging (fMRI) 8 years ago. It is well un-
derstood that the view expressed here is limited -
not only by space but also by personal experience.
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2 Anatomical Imaging

MR brain imaging became widely available dur-
ing the last 15 years. With the advent of the recent
generation of MR scanners, economical (e.g., price
per scan) or procedural (e.g., time per scan) advan-
tages of CCT scanning became negligible. However,
CCT is still superior whenever a precise delineation
of boneous structures (i.e., for surgical planning) is
required.

Today, it is possible to achieve a macroscopic
description of the brain in different weightings or
with respect to different MR properties of tissues
(e.g., T1, T», and proton density (PD)) at a spa-
tial resolution of 1 mm in a single session of about
20 min. Curiously, these possibilities are largely
untapped in a clinical setting since most diagnoses
are still drawn by examining a sparse set of slices
reproduced on film. Neuroradiologists have not yet
adopted to work with consoles which allow browsing
through volume datasets in orthographical slices or
3D projections or even analyzing images quantita-
tively.

In spite of the advances in image acquisition,
analysis procedures matured only slowly and so far
rarely found applications in clinical routine. Rea-
sons for this fact are their computational complex-
ity (i-e., a long computation time), a certain lack of
robustness (i.e., stability against pathological find-
ings) and insufficient experience in handling the of-
ten complex processing chains. Sometimes analyt-
ical procedures often have to be refined with the
experience gained by various applications. How-
ever, whenever such procedures are sufficiently sta-
ble and mature, they quickly gain clinical accep-
tance.

Another area that made notable advances is re-
cent years is image visualization. Rendering algo-
rithms are now available on specialized hardware
chips allowing to generate 2D projections of sur-
faces or volume datasets at speeds which are close
to real time. This technique enables neurosurgeons
to perform pre-surgical planning which is expected



to improve the outcome of interventions. Virtual
surgery is another aspects that should be looked
into with increased speed of visualization an pro-
cessing [1].

Multimodality imaging techniques are useful be-
cause they combine advantages of many modali-
ties to improve the image analysis and visualiza-
tion. Registration procedures of multimodality im-
ages are necessary to map time series examinations
of the same patient (or results of different imaging
modalities) into the same coordinate space. These
procedures are marked by their iterative nature and
high computational time, which can also be im-
proved by dedicated hardware.

The “holy grail” of neuroimage analysis is the
invention of an electronic brain atlas. Eight years
ago, the “Human Brain Project” was launched in
the USA [2] with an aim to construct a probabilistic
atlas to supercede the still widely adopted Talairach
system [3]. In spite of some impressive results [4, 5],
a coherent system has not been made available yet
to the neuroscience community. Given the high in-
dividual variability of the human brain, it is evident
that an atlas system must rather be symbolic (i.e.,
contain descriptions of object shapes and positions)
than iconic (i.e., contain pictorial representations
of objects). Only a symbolic approach offers suffi-
cient stability and robustness against typical brain
pathologies and retains the high spatial resolution
offered by the imaging techniques available today
[6].

Two recent developments in MR imaging offer
exciting perspectives for an advanced analysis of
the human brain. Diffusion tensor imaging (DTI)
[7] allows mapping of the principal directions of wa-
ter diffusion in the brain, which is facilitated along
the direction of the white matter fiber bundles. On
the basis of DT images, a delineation of not only
the big cross-hemispheric tracts but also the much
smaller cortico-cortical connections [8] is possible.
Thus, an in-vivo analysis of the individual connec-
tivity in the brain is within reach.

A second development is a consequence of in-
creasingly higher spatial resolution at a reasonable
signal-to-noise ratio. It is well known that neocorti-
cal fields are bounded by different cytoarchitectotic
patterns [9], and a higher fiber content of a layer
is reflected in a higher optical density [10]. At a
resolution of 0.25mm (corresponding to a matrix of
1024? pixels) it is not unreasonable to assume that
the layered structure is detectable by MR imaging
as well. Connected with suitable image analysis
procedures, a parcellation of the individual neocor-
tical surface into (functionally related) areas ap-
pears feasible. Combining both techniques, it may

be possible to achieve an in-vivo description of indi-
vidual neocortical fields and their short- and long-
range interconnections. Imagine the consequences
for understanding brain functioning!

3 Functional Imaging

Besides the anatomical imaging, the imaging
modalities such as PET (positron emission tomog-
raphy), SPECT (single positron emission tomog-
raphy) and fMRI (functional MRI) provides tech-
niques to view the working or functional brain
in-vivo. The recent discovery of functional MR
imaging using the blood-oxygen-level-dependent
(BOLD) effect in 1992 [11] marked another break-
through for neuroscience. Because fMRI is non-
invasive and easily implemented on recent scanners,
this technique quickly became a major tool in cogni-
tive neuroscience and is now performed at hundreds
of research sites throughout the world.

The most common protocol to measure the
BOLD effect is echo-planar imaging (EPI), which
allows per-second imaging rates of typically 12
slices at a resolution of 642 voxels, i.e., a temporal
resolution of less than 100 ms at a spatial resolution
of less than 4 mm.

It is now commonly accepted that the origin of
the BOLD effect is a transient hypooxygenation in
the venules related to a cortical activation site [12].
The temporal dynamics of the so-called hemody-
namic response (HR) is approximately described
by the “balloon model” [13]. This HR is typi-
cally lagged by 4-5 s and dispersed by 4 s with re-
spect to the stimulation onset raising the question
whether any correlate of the underlying neuronal
activation may be read from this response. Re-
cent advances in modeling of the signal time course
have clearly demonstrated that statistically signifi-
cant relations between stimulation context and pa-
rameters of the signal shape (gain, lag and disper-
sion) are detectable [14]. Behavioral reaction times
and responses may be linked to the hemodynamic
parameters gain and lag, thus allowing inferences
about “a longer computation time” and/or “a more
profound activation” of a certain brain region given
a specific experimental task. In parametrically var-
ied designs at an image repetition time of 1 s, a tem-
poral resolution of less than 70 ms may be achieved
[16]. Also it has been possible to infer functional
connectivity of the brain using resting brain fMRI
experiments [15].

Using increasingly refined pre-processing and
modeling techniques, it has become possible to in-
crease the statistical power enormously so that sta-
tistically valid inferences which initially required
experimental blocks in group studies may now be
drawn from a few trials, i.e., subsets of parametri-



cally varied experimental designs in single subjects
[16]. It is not unreasonable to assume that a reli-
able measurement of single hemodynamic responses
becomes possible within the near future. Moreover
more clinical applications may come into light with
the increasing power of fMRIL.

Unlike the situation in anatomical imaging, an-
alytical procedures for functional images matured
rapidly. There is a wide consensus today about
the necessary preprocessing steps [17], the statisti-
cal models [18] and the presentation of results [19].
Commercially and freely available software pack-
ages [20] ease the evaluation of fMRI experiments.

While the temporal resolution of fMRI is lim-
ited by the smoothness of the hemodynamic re-
sponse, the lower spatial limit is still under discus-
sion. Seminal experiments by Ugurbil et al. [21]
have demonstrated a spatial resolution of 700 ym
in mapping ocular dominance columns of the visual
cortex. In animal experiments using intrinsic opti-
cal signals the “unit of activation” was found to be
the area supplied by a single cortical arteriole which
was in the order of 300-400 um for sensory cortex
[22]. Raising the spatial resolution by a factor of
10 is certainly a major task for fMR imaging in the
next years. However it should be then possible to
address functional activation to certain cortical lay-
ers. Combined with an advanced anatomical anal-
ysis as outlined above, brain functioning may be
analyzed at the mesoscopic level: in its local vicin-
ity (a neuroanatomical field) or in its remote con-
nections (via fiber bundles), statically (by defining
the connectivity) and dynamically (by combining
parametrically varied functional designs).

Recently fMRI experiments have been com-
bined with complimentary examination techniques
to yield better diagnositc and treatment proce-
dures. In what follows we discuss three such tech-
niques which may be combined with fMRI scan-
ning: In repetitive transcranial magnetic stimula-
tion (rTMS) [23], a short sequence of magnetic
pulses are applied to a specific brain region. This
field perturbs local neuronal activation effectively
leading to a temporary functional loss. Thus, a
known cortical network involved in a specific task
may be studied more closely by dynamically mod-
ulating the functionality of its components using
r'TMS. However since this is a more invasive proce-
dure, ethical issues have to be respected. Moreover
solving the neuro-navigational problem of influenc-
ing a rather small brain region at an individual lo-
cation inside the confined space of a scanner tunnel
is tough.

While the hemodynamic response is only an in-
direct measure of the neuronal activity, a direct cor-

relate is the electrical potential recorded as the elec-
troencephalogram (EEG) on the scalp. Unlike con-
ventional EEG recording, a combination with fMRI
poses a lot of delicate technical problems: even very
small movements of the electrodes and cables in
the magnetic field introduce currents in the wires,
which easily reach a few hundred pV and thus hide
the EEG. Besides movements induced by acous-
tic scanner noise, the pulse-related inflow of blood
into the head introduces small head movements, the
so-called cardio-ballistic effect. Secondly, the pres-
ence of a set of cables across the scalp shields the
high-frequency (HF) electromagnetic signal which
is recorded for fMR image acquisition. With an in-
creasing number of electrodes, shimming the MR
field and obtaining a good signal quality become
increasingly harder. In spite of these technical is-
sues, continuos EEG [24] and event-related poten-
tials [25] have been obtained while fMRI scanning,
rendering this technique an interesting addition to
the palette of in-vivo examination methods.

Brain activation interacts with light in two dif-
ferent ways: the electrical activation of a neuronal
population changes the local scattering properties
of the tissue. This effect is detectable as a phase
shift in HF-modulated infrared light [26] and since
it is correlated with the electrical activity, it fea-
tures the same millisecond time scale as the EEG.
However, the signal-to-noise ratio is low and mul-
tiple repetitions are required to obtain an inter-
pretable signal. Secondly, the relative amount of
deoxygenated vs. oxygenated hemoglobin is mea-
surable from the infrared spectrum. In functional
near infrared spectroscopy ({NIRS) [27], a correlate
of the hemodynamic response is measured which
resembles the BOLD effect in its time course and
signal strength. This is why the first method is
called a “fast optical method” while the second one
is called “slow”. Both techniques are compatible
with fMRI scanning, and offer interesting perspec-
tives. However, their full potential is still untapped.

4 Synthesis

During the last 25 years, neuroscience has seen
a tremendous development in neuroimaging tech-
niques: from the “first look onto the brain” by CCT
to the widely available fast high-resolution MR
imaging protocols today. Functional MRI added a
dynamical view onto the brain, allowing to monitor
brain activity non-invasively at a spatial resolution
of less than a millimeter and a temporal resolution
of less than 100 ms.

MR methodology is still far from reaching tech-
nological limits. One of the most exciting advances
to be expected within the next five years is an in-
crease in spatial resolution: while this is per se an



evolutionary process, it will make the mesoscopic
functional level of the brain accessible for examina-
tion. The gap to microscopic anatomical techniques
(staining, labeling) and functional techniques (sin-
gle cell recording) becomes narrower and thereby
will perhaps lead to a convergence of understanding
brain functioning at different organizational levels.

Technical advances must be backed up by elabo-
rate signal and image processing methods in order
to ensure quantitative and statistically confirmed
relationships between hypotheses and experimen-
tal measurements. As the spatial resolution is in-
creased, the data collected in one experiments is
increased proportionally. A task for data analysis
is to explore the full information content of data
recorded in neuro-functional experiments: What
can we learn about co-operation of sequential and
parallel processes in the brain? How is a specific
task embedded among others? Is possible to de-
rive a common model of brain activation? What
are the components of the “operating system” of
the brain? It is possible to observe correlates of
learning (i.e., plasticity) in functional experiments?
- These are just a few of the imaginable questions,
which might turn into experimental projects within
the next couple of years. Let’s take up the chal-
lenge!
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