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2.1 Neuroradiology

Peter Stoeter and Stephan Boor

2.1.1 Conventional Native Diagnostics

Conventional native diagnostics of the skull no longer has an
important role in disorders of the brainstem today, and conven-
tional tomography has been completely abandoned for reasons
of radiation protection. A similar situation exists with a view to
special images of the skull base and the petrous bones (in pro-
jections according to Schiiller and Stenvers), which have been
replaced with thin section computed tomography (CT) scans
that have a significantly higher detail resolution. Survey radio-
graphs of the skull in two planes and a radiograph of the back of
the head obtained in half-axial projection with the tube tilted
toward the vertex are occasionally recommended after cranioce-
rebral trauma and shotgun wounds, or for the detection of other
metallic foreign bodies. The finding of fractures of the skull cap
or skull base can serve as an indicator of violent assault. If not
done at the time of the primary diagnosis, a CT scan is indicated
at the latest on detection of a fracture on the plain radiograph, in
particular in the presence of space-occupying bleeding.

At the craniocervical junction, the search for a fracture of the
upper cervical spine is important in trauma patients; in particu-
lar unstable fractures of the atlas or dens and luxations with liga-
ment lesions after injury to the spinal cord and the caudal part of
the medulla oblongata have to be identified, while a secondary
lesion in these structures as a result of incautious manipulation
must be prevented. This also applies to instabilities due to other
causes, e.g. odontoid bone or rheumatoid arthritis. Radiographic
functional studies in forward and backward tilt under fluoros-
copy have to be carried out for the assessment of cervical spine
stability (Fig. 2.1), whereby the differentiation from the physi-
ologic mobility of the upper cervical vertebrae is not readily
achieved, particularly in children.

Central Lesions ............. ... ooiiii... 89

Brainstem Ischemia/Hemorrhage ................. 89
2.3.9 Recording of Eye Movements . ................... 90
2.3.9.1 Direct Current Recording. . ...................... 90
2.3.9.2 Infrared Reflective Oculography . ................. 90
2.3.9.3 Videooculography ............ ... ... .. .. 91
2.3.9.4 Scleral Search Coil Technique. ................... 92
2.3.10 Other Electrophysiologic Methods for the

Investigation of Brainstem Reflexes ............... 92
2.3.10.1 Stapedius Reflex .......... ... .. ... ... .. ... 92
2.3.10.2 Trigemino-Cervical Reflex ...................... 93
2.3.10.3 Trigemino-Hypoglossal Silent Period . . ............ 93
Literature .. .......... ... ... ...... ... ... ... ... 95

Fig. 2.1 Craniocervical dysplasia. Plain radiograph in backward (a)
and forward tilt (b) CT in sagittal reconstruction (c¢) T2-weighted MRI
(d) shortening of the clivus, separate disposition of the dens process as
odontoid bone with pseudoarthrosis and anterolisthesis (including atlas
and occiput) vis-a-vis the dens, resulting in severe stenosis between the
upwardly displaced posterior arch of the atlas and the posterior border
of the second cervical vertebral body and dens with malacia (bright
signal on T2-weighting) in the caudal part of the medulla oblongata.
Only slight increase in forward slippage on forward tilt (comp. a and b).
Synostosis C2-5
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Further indications for plain radiographs are cranial anom-
alies (premature suture synostosis), general disorders of the
skull cap and skull base as, e.g. Paget’s disease, or suspected
metastases. Constrictions of the foramina of the skull base
can lead to cranial nerve lesions. Constitutional or acquired
constrictions at the craniocervical junction, like a basilar
impression (upward displacement of the dens into the fora-
men magnum with resulting depression of the medulla oblon-
gata), or achondroplasia (shortening of clivus with constriction
of foramen magnum) can already be identified on the survey
radiograph. Overall, however, the information provided by
native diagnostics regarding brainstem involvement is limited
compared to multislice diagnostic modalities.

2.1.2 Computed Tomography

2.1.2.1 Principles and Techniques

In computed tomography (CT), which — like conventional
native diagnostics — is based on x-ray absorption, the x-ray
film is replaced by a detector system for the measurement of
x-ray absorption. The patient is positioned on the examination
table and moved longitudinally, i.e. in very precise small steps
or nowadays continuously, through the measurement unit
(gantry). The x-ray tube and detector ring are mounted oppo-
site each other in the gantry. In units of the third and fourth
generation they rotate continuously around the part of the
body to be imaged at a speed of 0.3-3 revolutions per second.
The emitted radiation beam is pulsed and collimated in a fan-
shaped fashion onto the slice of interest. Modern units enable
the measurement of slice thicknesses from 0.5 to 10 mm. The
individual detectors transform — as scintillation crystals or
ionization chambers — the received radiation into electric
signals, from which the image processor calculates the atten-
uation values of the x-rayed volume elements (voxels).

In newer CT units with continuous rotation, the tube voltage
is provided by slip rings, which obviates the need for reposi-
tioning of the cables. The examination table moves continu-
ously through the gantry while a spiral scan of the object to be
examined is conducted and a volume data set is acquired. The
resulting data set can be used to reconstruct single slices of
varying thickness. Multidetector systems enable the simultane-
ous acquisition of multiple (currently up to 640) slices of a
specified width. By means of “folded rear projection” relative
x-ray attenuation values of the individual voxels can be calcu-
lated from the measured detector voltage and correlated to the
absorption values of water (0) and air (—1,000) as Hounsfield
units (HU). The “density” of gray matter thus ranges at 45 HU,
and that of white matter at 35 HU. Because the human eye can
differentiate only approximately 20 grayscales, the width and

position of the viewing window have to be accurately adjusted
to the contrast area to be differentiated. Conversely, all values
above or below the window width are shown as “white” or
“black” without further differentiation. Spatial resolution is
also low in the presence of slight density differences, ranging
only from about 2 to 3 mm, so that pathways and nuclei in the
brainstem are poorly differentiated from each other, even when
a narrow window width is used. However, in high contrast
areas as, e.g. in the visualization of bony petrosal structures,
spatial resolutions of up to 0.35 mm can be achieved with spe-
cial reconstruction algorithms.

Further section planes can be reconstructed from the data
sets. With the commonly used 512 matrix the slice thickness
is substantially greater than the edge length of the image ele-
ments (pixels), the resolution of secondary sections in the
reconstruction direction has thus far been lower than for
direct measurements. With the introduction collimation, units
of the latest generation permit the measurement — or at least
the calculation — of isotope voxels, which enables multiplanar
reconstruction without quality loss. A further advantage of
multiplanar systems, in addition to shorter measurement
times, is reduction of partial volume effects and therefore an
improved sharpness, resulting from the presence of structures
with different densities in one voxel, and their visualization
as one unit with proportional weighting.

After intravenous bolus administration of iodized x-ray
contrast medium, reconstruction of image elements with max-
imum intensities, e.g. of vessels using maximum intensity
projection (MIP), as well as three-dimensional reconstruc-
tions with, e.g. shaded surface display (SSD) or volume ren-
dering technique (VR), are also possible. In CT angiography
it is important to ensure that the examination of the region of
interest is carried out at exactly the moment when the injected
contrast medium passes through the arteries or veins.

2.1.2.2 CTinInvestigations of the Brainstem

Due to the low spatial resolution in the low contrast area, the
diagnostic value of CT in investigations of the brainstem is
relatively limited. The primary indication — also in view of the
short examination time — is emergency diagnostic imaging,
particularly for the demonstration of skull base fractures after
trauma, and bleeding in the brainstem or cisterns. Furthermore,
calcifications of cavernomas (Fig. 2.2), other vascular malfor-
mations or various neoplasms, e.g. ependymomas, can be
accurately identified. The majority of brainstem lesions like
infarctions or patches of demyelinization are rare and can be
conclusively shown primarily above the middle of the pons.
In addition to low contrast resolution, this is due to the
occurrence of streak artefacts (Hounsfield artefacts) that
develop as the result of energetically different x-ray absorp-
tion in the bones of the skull base, primarily the petrous bones,
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Fig. 2.2 Cavernoma of the lamina quadrigemina. Axial CT at the time
of diagnosis (a) and after 8 months (b). Calcifications in the right supe-
rior colliculus (a) and enlargement of the hyperdense region due to
bleeding with compression of the aqueduct and CSF accumulation (b)

and mask the lower parts of the brainstem. The artifacts can be
eliminated only partially with special programs using artefact
filters and secondary slice reconstruction from consolidated
thin sections. CT perfusion measurements for the differentia-
tion between a nuclear infarct and an undersupplied penumbra
do not yet play an important role in brainstem investigations.

However, larger intracerebral and extracerebral tumors
as well as other infratentorial space occupying masses like
cysts and malformations at the craniocervical junction
which may lead to CSF accumulation, can also be visual-
ized on CT. The indication for the investigation may be
valid in emergency patients with a suspected increase in
intracranial pressure. When magnetic resonance imaging
(MRI) can, for different reasons, not be done in patients
with a suspected tumor, intravenous contrast medium has to
be administered to visualize some intrinsic tumors, e.g.
astrocytomas and medulloblastomas — blood—brain barrier
disorders and conditions that have high vascular density
(e.g. von Hippel-Lindau tumor/Hemangioblastoma or vas-
cular malformations) can be better differentiated from the
surrounding structures by contrast enhancement.

This also applies to abscesses originating from the petrous
bone, which may lead to clouding of pneumatisation cells
and osteolytic destructions. Other destructions of the skull
base, e.g. metastases, chordomas, chondromas or sarcomas,
which may be a cause of brainstem compression are also
well visualized on CT scans. Enlargements of the internal
acoustic meatus (IAC) are indicators of schwannomas,
although a negative CT finding alone is not sufficient for the
exclusion of this lesion. In cases where MRI is contraindi-
cated, CT cisternography after intrathecal contrast medium
injection should be carried out, comparable to the applica-
tion of this procedure for a suspected cyst, to clarify com-
munication with the subarachnoidal space.

CT angiography for brainstem imaging is further used to
visualize

* Vascular stenoses or vascular occlusions — particularly
when a basilar artery occlusion is suspected

e Arterial aneurysms (demonstration at 90% sensitivity as
of a diameter of 5 mm) (Dammert et al. 2004)

e Central cerebral veins or sinus thromboses

The availability of modern units has rendered CT angiogra-
phy coequal to MR angiography. As in MR angiography, the
use of multislice CT scanners enables visualization of the
entire supra-aortal vascular region.

2.1.2.3 Risks

In accordance with the X-Ray Ordinance for Radiation
Protection, any x-ray application must be approved by spe-
cialists and is subject to strict regulations, in particular with
regard to pregnant women. In the region of the head, the eye
lens is especially sensitive to x-ray exposure and should,
whenever possible, be protected from the beam path by tilt-
ing of the gantry. In spiral technique applications, an x-ray
exposure of the eye lens to 70 mGy simulated petrousal
bone investigation; (Giacomuzzi et al. 2001) may be
assumed when multislice spiral CT is used; the required
dose of 0.5-2 Gy (Maclennan and Hadley 1995) for cataract
induction is therefore highly unlikely to be exceeded, even
after repeated CT scans. The use of x-ray contrast media is
also subject to specific requirements: special care has to be
taken in the presence of known allergies (possible adminis-
tration of H, and H, blockers), disturbance of kidney func-
tion with creatinine levels above 1.5 mg/dL (sufficient water
intake and administration of acetylcysteine), increased thy-
roid hormone levels, or decreased basal TSH (poss. perchlo-
rate blockade), and pathologic serum proteins, as in multiple
myeloma. The occurrence of allergic reactions is expected
in up to 3% of patients, even in those without a prior history
of allergies. However, the allergic reactions only rarely
(below 0.04%) lead to a severe circulatory shock if non-ionic
contrast media are used. Where indicated, and in the absence
of a kidney function disturbance, an iodine-containing
contrast medium can be replaced with a gadolinium-
containing contrast medium. Patients with cardiac insuffi-
ciency have to be monitored for a short-term increase in
intravascular blood volume after contrast medium injection.

2.1.3 Magnetic Resonance Imaging

2.1.3.1 Principles and Techniques

Magnetic resonance imaging (MRI) is based on electromag-
netic waves generated by rotation of the positive proton load
(spins). The MRI scanner uses a powerful magnetic field
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(0.2-3 T in clinical applications) to align the spins parallel
and antiparallel to the main magnetic field. The rotation
speed or Larmor frequency is dependent upon the strength of
the magnetic field and ranges at 42.5 MHz for 1 T. There is a
slight surplus of parallel aligned spins due to ambient heat,
which leads to the generation of a magnetic moment in the
direction of the main magnetic field, although this can not
yet be measured in itself. The additionally applied energy in
the form of a high frequency pulse, which has to be in reso-
nance with the Larmor frequency, causes additional spins to
be tilted in the antiparallel direction, while the rotation (pre-
cession) of the spins about the direction of the main field is
synchronized or brought “in sync.” This leads to the brief
generation of a magnetic moment, which rotates in a plane
perpendicular to the main field and generates the initially
mentioned electromagnetic waves. These are received by a
coil, which functions like an antenna and can be used for
image calculation (Lauterbur 1973).

The energy exchange with the surrounding protons and
minute local differences in magnetic field strength lead to rapid
dephasing of precession of the individual spins and therefore
to signal loss. This spin—spin relaxation is characterized by
T2-time and occurs at a significantly slower rate in pure water
than in the presence of macromolecules. The image signal
from tissues with a high water content is therefore maintained
also after a longer latency of above 100 ms, while tissues with
a low water content do not emit a signal at this time point due
to spin dephasing (T2-weighting: CSF bright, cortex gray, spi-
nal cord dark gray). However, dephasing caused by inhomoge-
neous magnetic field effects can be reverted with the application
of an additional high frequency pulse, which effects a reversal
in the rotational direction of the spin, and an “echo” of the
initial signal is formed. The described pulse consisting of an
excitation and inversion (180°-) pulse sequence is described as
spin echo- (SE-) sequence.

The energy release to the surrounding protons, the “lat-
tice,” causes the direction of additional spins generated by the
high frequency pulse to be switched into the antiparallel direc-
tion, and the magnetic moment rotating in the perpendicular
plane will decay with time. Concurrently, the original moment
is restored parallel to the main field. This spin-lattice rela-
xation is described by the T1-time and is markedly (up to
tenfold) slower than the spin-spin relaxation. If a second exci-
tation pulse is applied at an earlier time point, the more slowly
relaxing tissues with a high water content will not yet have
recovered full “longitudinal magnetization” oriented toward
the field, and only a small surplus of foldable parallel aligned
spins is available. As a result, the signal received from these
tissues is weaker than that from tissues with shorter T1 time
(T1 weighting: CSF dark, cortex gray, spinal cord light grey).

If the influence of both T1- and T2-times on the image
signal (short echo and long repetition times) is suppressed by
means of the selection of respective sequence parameters,

the number of available protons is the decisive factor regard-
ing the image signal (proton weighting: cortex brighter than
spinal cord, CSF dark).

Spatial encoding is achieved with MRI by superimpos-
ing three gradient fields above the main field. This enables
the modification of the local magnetic fields in all three spa-
tial dimensions, so that each voxel receives a specific field
and therefore also a specific resonance condition. Special,
time limited connections between these fields further permits
variation of the rotation frequency of the spins at the time of
the echo, to change their phase, and to enable their applica-
tion for spatial encoding.

Due to the small size of the brainstem, the images should
have the highest spatial resolution possible, i.e. maximal
matrix and thin slice thicknesses. Since the image signal of
a voxel depends upon its size, imaging of the brainstem
requires either a greater number of measurements (repetitions)
or greater field strengths. With the application of several paral-
lel-connected coils the measurement times are shortened and
the threat of motion artifacts can be significantly reduced.

Spatial resolution can be enhanced with the use of three-
dimensional techniques. Particularly suitable for T2 weight-
ing is the constructive interference in steady state (CISS)
sequence, which allows measurement of slice thicknesses
below 1 mm. As a result of the especially long echo times
virtually all structures outside the CSF-containing cisterns
are visualized as dark areas. The vessels and cranial nerves
coursing in the cisterns can be viewed in high resolution
images, as can virtual endoscopy procedures (Boor et al.
2000; Fig. 2.3) and the labyrinth in the petrous bone, while
intensity differences in the brainstem as, e.g. patches of
demyelinization or fresh infarcts versus normal structures
are almost impossible to differentiate. The CISS sequence is
therefore used mostly to differentiate between a neurovascu-
lar compression or a cisternal space-occupying or for petrous
bone diagnostic imaging. Epidermoids, which are also almost
impossible to differentiate from the CSF-signal, can be
shown as mildly (in comparison with CSF) hypointensive
space-occupying masses with this modality.

T1 weighted sequences are also capable of further
enhancing spatial resolution with the measurement of a
three-dimensional volume data set, which provides a high
signal-to-noise ratio. For reasons of time, the refocusing
pulse is not applied here and a (weaker) echo is generated
with the application of gradient fields, although this reacts
with considerably higher sensitivity to magnetic field inho-
mogeneities (gradient echo sequence). At the concurrent
prolongation of echo time (T2* weighting), the demonstra-
tion of fresh bleedings and paramagnetic blood degrada-
tion products (ferritin), e.g. older bleedings and cavernomas,
becomes possible (Fig. 2.4). The described effect of signal
attenuation due to magnetic field disturbances can be used
advantageously in imaging perfusion measurements, where
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Fig. 2.3 Acoustic neurinoma. High-
resolution MRI (CISS) in T2-weighting (a)
and respective calculation of virtual
endoscopy (b). Mass at the entrance to the
internal acoustic meatus right, and normal
course of the statoacoustic nerve left in
cerebellopontine angle cistern. View of the
lower surface of the tumor and the AICA,
viewed as if through an endoscope located
more caudally in the parapontine cistern

Fig. 2.4 Pontine cavernoma. MRI in T2 weighting (a) and T2* weight-
ing (b). Signal reduction due to iron deposit (old bleeding) is markedly
greater in the T2* weighted sequence, which is substantially more
sensitive to susceptibility disturbances

signal degradation as a result of repeated measurements
can be observed during the passage of the contrast agent
bolus. However, this technique, which has an important
role in the diagnosis of supratentorial infarcts and tumors,
is not as frequently used in brainstem imaging.

The T1 weighted signal of stationary spins can be sup-
pressed by reducing the time interval between two excita-
tions (repetition time), so that in particular successive spins
flowing into the excited slice produce a signal (time-of-flight
[TOF] angiography for imaging of vessels). Venous overlay
can be reduced by presaturation of the sinus above the con-
vexity. Contrast agent infusion enables both suppression
of artifacts due to turbulent flow and contrasting of veins
(contrast enhanced MRA [CE-MRA]). Comparable to
CT-angiography (CTA), the reconstruction of the course of
the vessels can be accomplished with postprocessing pro-
grams in MRA. Both methods of MR angiography are used
to show vascular stenoses and malformations (angiomas,
aneurysms; Fig. 2.5), in addition to imaging of neurovascular
compressions. For special questions regarding the venous
system, the use of TOF-MRA has proven to be of advantage,
primarily for intracranial segments, due to the higher spatial
resolution, while the examination of a large area is enabled
by CE-MRA, making this the more suitable method for the
extracranial segments.

A further method for MR tomographic flow measure-
ment — used in particular in investigating CSF-flow at the
craniocervical junction, in the cisterns and in the aqueduct
— consists of imaging with phase contrast images by means
of a two-dimensional steady state free precession sequence
at velocity encoding of 7-10 cm/s in the direction of the z
axis. The CSF flow leads to a phase shift that is propor-
tional to the flow velocity and therefore quantifiable
(Fig. 2.6). However, these investigations are time consum-
ing due to required synchronization with cardiac move-
ments (ECG triggering).

Diffusion imaging employs brief applications of strong
gradients before and after a 180° pulse, causing only signals
of stationary spins to be completely rephased, while spins of
diffusing protons produce a weaker signal due to their expo-
sure to gradients of varying strengths as a result of a change
in their spatial orientation before and after reversal of the
rotational direction. Areas with diffusion disturbances like
infarcts and occasionally also fresh patches of demyeliniza-
tion are therefore viewed with high signal in these images
(Fig. 2.7). These lesions are characterized by high signal in
both diffusion weighting and T2 weighting sequences, there-
fore the T2 effect has to be calculated as well as the apparent
diffusion coefficient (ADC). Diffusion disturbances are
viewed as dark areas on these ADC maps.

2.1.3.2 MRl Investigations of the Brainstem

MRI is superior to other imaging modalities in imaging the
form and tissue structure of the brainstem, and thus makes a
major contribution to differential diagnosis. To be discussed
in this chapter are primarily the technique used for the inves-
tigation and the brainstem anatomy, while examples of
pathologic findings are presented in the respective special-
ized chapters.

All cranial nerves in the cisterns can be shown and dif-
ferentiated from adjacent vessels on both T1 and T2 weighted
sequences. While the robust trigeminal nerve can also be
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Fig. 2.5 Aneurysm of the basilar artery tip.
MR angiography (TOF sequence) (a) with
MIP reconstruction (b) conventional
vertebral DSA left (¢) and 3D rotational
angiography (d). The aneurysmal sack exits
from the basilar artery tip and both P1
segments of the posterior cerebral arteries.
The branches supplying the thalamus are
visualized on DSA only

Fig.2.6 Chiari-II (Arnold—Chiari)
malformation. MRI in T1 weighting (a),
phase contrast image of CSF flow during
systole (b), and diastole (c). Descent of the
entire brainstem and cerebellar vermis, which
extends together with the cerebellar tonsils
through the foramen magnum into the spinal
canal, with compression of the medulla
oblongata and blockade of retromedullary
CSF flow. Premedullary CSF flow is still
demonstrable, systolic in caudal (dark), and
diastolic in cranial (bright) direction

Fig. 2.7 Fresh midbrain infarction. MRI in T2 weighting (a) diffusion
weighting (b) and CE MRA (c¢). While the paramedian infarction
(arrows) is visualized primarily as a bright diffusion barrier in DWI, the
T2 image shows only slight signal enhancement. CE MRA of the
supratentorial vessels does not demonstrate any relevant stenosis

identified on survey scans, this is the case for more delicate
nerves like the trochlear or abducens nerve only when a suf-
ficiently high spatial resolution is achieved with CISS or gra-
dient echo sequences. Regarding the vestibulocochlear nerve
and the facial nerve, the four bundles of the superior and
inferior vestibular nerves, the auditory nerve and the facial
nerve in the internal auditory meatus can be differentiated in
sagittal sections, while conclusive differentiation between
the glossopharyngeal nerve and the vagus is generally not
possible. Form, location and size of the individual brainstem
segments can be assessed without difficulty. This also applies
to the fourth ventricle, and here in particular to the rhomboid
fossa, the aqueduct, and the cerebellar peduncles. The inter-
nal structure of the brainstem is characterized by close inter-
weavement of pathways and nuclei, which can be very well
differentiated with the use of proton weighted sequences
and diffusion tensor imaging (see Specialized methods)
(Fig. 2.8). In proton weighted images the pathways and
nuclei display varying degrees of brightness, depending on
their proton content. Diffusion weighting visualizes the dif-
ferent courses of pathways by giving preference to the diffu-
sion parallel to the pathway (signal reduction) or by reducing
the diffusion perpendicular to it (signal enhancement).
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Fig. 2.8 Normal MRI anatomy of brainstem pathways. T2 weighting
(a, b), proton density weighting (b, e, f) color coded DTI maps (c, f).
Axial sections through the lower part of the pons (a, ¢, ) and the midbrain
(b, d, f). I Pontine base with corticospinal tract (pyramidal pathway) and
2 pontocerebellar tract (middle cerebellar peduncle), 3 pontine tegmen-
tum with tegmental tract, 4 medial longitudinal fascicle, 5 spinocerebellar
tract (lower cerebellar peduncle), asterisk: lateral part of the reticular for-
mation with vestibular nuclei, 6 substantia nigra, 7 crossing of cerebellar
efferents (cerebellorubrothalamic tract), 8 medial lemniscus, color coding
on DTI color maps, red: trajectories in right-left direction, green: trajecto-
ries in AP direction, blue: ascending and descending trajectories

Sections through the upper part of the medulla oblongata
permit identification of the long pathways, e.g. the pyramidal
pathway ventrally, the medial lemniscus in the center, and
the olive and the ascending pain and cerebellar pathways lat-
erally. Located in the dorsal part of the medulla, i.e. in the
floor or exit of the fourth ventricle, is the medial longitudinal
fascicle, as well as the primary nuclei of the cranial nerves
IX-XII. The corticospinal tracts and the cerebellar afferents
coursing in a lateral direction are visualized in the base of the
pons and can be differentiated from the more dorsally located
pontine tegmentum with the medial and lateral lemnisci, the
central tegmental tract, and the medial longitudinal fascicle.
Visualized in the sections through the midbrain are the
descending pathways in the cerebral crus, as well as the sub-
stantia nigra with several markedly enlarged Virchow—Robin
spaces in the T2 image, where the relatively bright crossing
of the cerebellar efferents, and the more rostrally located red
nucleus, the lamina quadrigemina and the periaqueductal
gray can also be identified. Pathologic processes of the

brainstem associated with severe morphological changes as,
e.g. complex malformations (Chiari malformation, Dandy—
Walker complex, Joubert syndrome), tumors of the brainstem
and adjacent structures, as well as obstructions of the CSF
passage with resulting hydrocephalus can be identified with-
out difficulty. Pronounced stenoses or occlusions of the
aqueduct, e.g. after inflammations, typically appear as a
trumpet-shaped enlargement of the rostral segment of the
aqueduct, which is located anterior to the occlusion. These
can often already be identified in T2 weighted images due to
the absence of a flow signal (no flow-related signal decay).
Under these conditions the phase-weighted sequences
described above are particularly suitable for flow imaging.
Furthermore, atrophies due to system degeneration, i.e.
olivopontocerebellar atrophy (OPCA) or pseudobulbar
paralysis can be identified based on apparent loss of substance
in the medulla, pons and/or midbrain (mesencephalic sagittal
diameter below 14 mm). Intracerebral lesions of the brain
substance like infarcts and patches of demyelinization require
the use of at least T2 weighted sequences with high resolu-
tion (512 MB matrix or a narrow field of view) and thin slic-
ing (slice thickness 2-3 mm). Wallerian degeneration of
brainstem pathways can also be shown with this procedure,
as well as toxic or metabolic damage to pathways, as in pon-
tine myelinolysis, or the rare occurrence of olivary pseudo-
hypertrophy following central tegmental tract lesions. The
evaluation of proton weighted images is not readily accom-
plished in the brainstem, due to the close anatomic relation-
ship of the gray matter to the white matter; this is in contrast
to the cerebrum where edemas and gliomas can be well iden-
tified using this weighting. As mentioned above, exact ana-
tomic knowledge of brainstem structures is a prerequisite for
the differentiation of circumscribed lesions of pathways and
nuclei in proton weighted images. Furthermore, fluid attenu-
ated inversion recovery (FLAIR) sequence, which provides
valuable supratentorial information, also does not yield a
contrast-rich image of small brainstem lesions.

In the presence of acute vascular processes, in particular
of ischemic infarctions, diffusion weighted sequences should
be taken to ensure that small lesions are not missed, and can
be differentiated from possibly existing older ones (Fitzek
et al. 1998). Infarcts lead to the breakdown of cell metabolism
and ion pumps. This results in development of intracellular
edema with compression of the extracellular space, the loca-
tion with the most prolonged and therefore MRI-relevant
water diffusion. A diffusion obstacle is created as a result of
cellular swelling and the interruption of the active proton
transport through the membrane. As diffusion leads to signal
loss in MRI images, the nuclear infarcts with diminished dif-
fusion appear early and are characterized by high signal
intensity, while signal enhancement in the T2 weighted
image, which is dependent on the water content, occurs after
several hours or days. MRI is therefore superior by far to CT,
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particularly for the early diagnosis of brainstem infarcts.
Although brainstem bleedings are also visualized on MRI in
the acute stage as space-occupying masses — and with signal
inhomogeneities in the diffusion image — they can be better
shown with a latency of several days, due to the pronounced
increase in signal intensity on T1 and T2 weighting over
time. Ferritin deposits can be identified even later but par-
ticularly well in T2* weighted images, whereby cavernomas
exhibit a typical “mulberry-shaped” arrangement of dark
borders and a bright center. These deposits are absent in
teleangiectasies and in developmental venous anomalies
(DVA). For the investigation of space-occupying masses, a
gadolinium-containing MR contrast medium is generally
administered to display disturbances of the blood brain bar-
rier as, e.g. gliomas or abscesses. A contrast material should
also be injected for lesions whose origin can not be conclu-
sively identified (ischemic, traumatic, or degenerative) in
order to detect the presence of a blood—brain-barrier distur-
bance and thus to enable the diagnosis of an acute occur-
rence and/or spread of a process. This is of particular
importance in multiple sclerosis when a acute episode of the
disease is suspected, as well in the also well localized acute
disseminated encephalomyelitis (ADEM), where all lesions
are at a similar stage of development and therefore capable
of uniform contrast medium uptake in the acute stage. Other
inflammatory processes — sarcoidosis, borreliosis, tuberculo-
mas and other encephalitides (e.g. listeriosis) — as well as
neoplastic infiltrations in the cisterns and the substance of
the brainstem are further visualized as circumscribed areas
with enhancement (Fig. 2.9). Acute Wernicke’s encephalop-
athy due to vitamin B1 deficiency is also characterized by
blood—brain-barrier disturbances, typically in the central
gray matter of the midbrain and the hypothalamus.

Contrast medium is also given to detect the above-
mentioned vascular malformations, although primarily for the

Fig. 2.9 Infiltration of basal cisterns and brainstem in lymphatic leu-
kaemia. Sagittal section in T2 weighting (a) and T1 weighting follow-
ing contrast medium application (b). Marked signal (T2) enhancement
(edema) in the medulla oblongata with circumscribed barrier distur-
bance (contrast agent leakage), extra- and intracerebral

performance of MR angiography. While the contrast medium
free TOF method provides better spatial resolution, it occa-
sionally is rendered less diagnostic by turbulence caused by
artifacts and is dependent upon flow velocity. Contrast medium
is given in patients with arteriovenous malformations mostly
to image venous drainage, while the arterial feeders are better
captured on TOF angiography. This also applies to showing
neurovascular compressions like trigeminal neuralgia, as well
as to other cranial nerve disturbances, e.g. vascular compres-
sion of the vestibulocochlear nerve with concomitant attacks
of vertigo. In addition to the abovementioned CISS sequences,
TOF angiographies before and after contrast medium applica-
tion are used here, to enable the differentiation between arte-
rial and venous vessels in close proximity to the nerves.
Contrast enhanced MR angiography (CE-MRA) is used
to show the entire supraaortal region. Compared with contrast
medium free angiography, which provides a higher resolution,
CE MRA offers the advantage, that turbulence artifacts can be
reliably differentiated from genuine constrictions. The dem-
onstration of therapy relevant stenoses and occlusions on
CE-MRA can be accomplished with a high degree of certainty,
so that conventional digital subtracted angiography in the ver-
tebrobasilar region is used in exceptional circumstances and
exclusively for diagnostic reasons. This also applies to
TOF-MR angiography for the detection of aneurysms. A high
reliability rate can be achieved with this modality for aneu-
rysms of 3 mm in diameter and above (Hirai et al. 2005).

2.1.3.3 Specialized Methods

The following specialized methods are used for investiga-
tions by MRI imaging:

* Cerebral activation
 Diffusion tensor imaging (DTI)
* Spectroscopy

During cerebral activation the linkage of neuronal activity
and brain perfusion leads to vasodilation with a latency
of a few seconds. This produces both an increase in perfu-
sion and oxygenated and therefore diamagnetic hemoglobin
content. Both effects lead to a small increase in signal inten-
sity, although this is only slightly higher than the basic noise
of the image signals. The statistic significance therefore has
to be demonstrated based on the correlation between repeated
activations and signal development. Brainstem activations
can thus be demonstrated with horizontal and vertical gaze
direction nystagmus at different levels (pons or mesencepha-
lon). In patients, this method has so far been applied for the
preoperative diagnosis of cerebral processes (motor and
speech activation).

Diffusion tensor imaging (DTI) represents a further
development of diffusion weighting. Since the diffusion of



46 2 Diagnostic Imaging, Interventional Treatment of Brainstem Lesions and Electrophysiologic Diagnostics

water molecules is always isotropic in water, but restricted
in tissue by cell borders, and particularly by axon sheaths
(anisotropic diffusion), the degree of anisotropy and the prin-
cipal diffusion direction can be determined with gradient
applications in different directions, and the measurement of
a nine component diffusion tensor.

The degree of the averaged diffusion direction and anisot-
ropy serves as a parameter for intact nerve tract function. The
courses of the main nerve tracts can be reconstructed from
the principal characteristic vector of the tensors in the form
of direction-coded color maps (Fig. 2.10). In clinical practice
this method is used primarily for preoperative imaging of
cerebral tumors and vascular malformations. The purpose of

Fig.2.10 Trajectories of the right medial longitudinal fasciculus calcu-
lated from DTI data sets in axial (a, b) and sagittal cross-section (c)

Fig.2.11 Thalamus and brainstem glioma:
T2 weighted section through the lamina
quadrigemina (a) and proton spectroscopy
(b). Right-paramedian, in T2 signal-inten-
sive space-occupying lesion in medial part
of the thalamus and the superior quadri-
geminal bodies, with pronounced increase
in the choline peak (1), a slightly decreased
creatinin (2) and markedly decreased
N-acetyl-aspartate (NAA) peak (3)

the depiction of pyramidal pathways or optic radiation, and
transfer of the trajectories to neuronavigation systems is to
avoid injury of these pathways in the course of surgical inter-
ventions. This method can also show the corticospinal pro-
jections that traverse the pontine base.

The signal of protons from water molecules used for
imaging is suppressed during spectroscopy, which causes
signals of protons from other substances to be visualized.
Depending on their molecular environment, these show a
slight substance-specific shift in Larmor frequency compared
to water. The described frequency shift permits differentia-
tion of three major peaks (choline [CHO] as a marker for
membrane reconstruction, creatinin [Cr] as an indicator of
energy metabolism, and N-acetyl aspartate [NAA] as an
osmolyte). In the presence of tumors and depending on the
tumor grade, there is an increase in the choline level com-
pared with the creatinin level, and a decrease in the level of
N-acetyl aspartate (Fig. 2.11). A lactate peak might be
observed in acute inflammations and demyelinizations. Other
products of metabolism as, e.g. amino acids or acetates in
abscesses may, in some instances, be shown on spectroscopy.
This method is nevertheless rarely used in clinical brainstem
diagnostic tests, because the small measurement volume
required here necessitates a long examination time.

2.1.3.4 Risks

Apart from slight tissue warming and the occurrence
of photopsias at high magnetic field strengths (3 T), no
MR- specific side effects have been shown in tissue, on
condition that specific absorption rates (SAR) are given
consideration. The indication for MRI examinations
should, however, be particularly strict in pregnant women —
especially in the second part of pregnancy — because the fetus
reacts with increased movement to the acoustic noise due
to the rapid switching on and off of the magnetic field
gradients.
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While MRI does not generally represent a health hazard,
the situation is completely reversed in the presence of ferro-
magnetic foreign material in the body, e.g. iron or steel rem-
nants (shell fragments, splinters after accidents, old implants),
that may heat up and cause injury to the vessels or nerves as
a result of displacement. This applies in particular to old
aneurysm clips and intraorbital metal fragments. Metallic
paints used in tattoos can also cause burns. Damage may fur-
ther result from the antenna effect of metal wires inside and
outside the body that are used as electrophysiologic leads
(e.g. ECG cables and electrodes). Whenever possible, these
should be replaced with light guides. Especially patients with
pacemakers are at a high risk for burns and subsequent scar-
ring, as well as for arrhythmias.

In this context MRI is rarely indicated only in patients
with specially designed pacemaker devices or with a vital
indication, and under adherence to appropriate safety pre-
cautions (among others the presence of a reanimation team
with cardiologic competence) (Loewy et al.2004). Although
other metals, including platinum or tantalum are not para-
magnetic, artifacts frequently appear. Substantial signal loss
and major image distortions are also caused by dental braces.
To a lesser degree these events may also result from body
piercing and make-up, especially from eye shadow contain-
ing active magnetic substances.

Another, not insignificant risk is posed by the presence of
ferromagnetic objects (gurneys, wheelchairs, surgical instru-
ments, gas bottles) in the examination unit, if these are pulled
into the scanner with a great expenditure of energy and trans-
ported while being exposed to increasing magnetic field strength
in the vicinity of the magnet. Monitoring of the patient in the
scanner is also difficult. A MR compatible device for the mea-
surement of vital parameters is not always available, so that par-
ticular attention must be paid to the occurrence of epileptic
episodes, or cardiovascular and respiratory disturbances as well
as sudden emesis, which may develop in brainstem processes. A
similar problem may arise during chemical sedation which may
be indicated in agitated patients, e.g. small children. Gadolinium-
containing contrast agents are better tolerated than the contrast
media used in x-ray radiography, since the volumes are smaller
and no iodine is injected. Although allergic reactions are also
rarer, they may nevertheless be life-threatening. The use of
unbound gadolinium may lead to nephrogenic systemic fibrosis
in patients with severe renal impairment, and an accurate diag-
nosis is imperative in these cases.

2.1.4 Angiography and Endovascular
Interventions

2.1.4.1 Diagnostic Angiography

Conventional angiography requires technical skill as well as
experience and is, as an invasive procedure, associated with

a complication rate. In the presence of an exclusively
diagnostic indication it is therefore increasingly replaced by
Doppler sonography and CT or MR angiography. Conven-
tional angiography provides a high spatial resolution and
enables the depiction of blood flow phases in chronological
order, therefore this “gold standard” cannot be completely
abolished. Selective vertebral angiography is required for
visualization of the vertebrobasilar vascular system and can,
especially in younger patients, be performed without techni-
cal difficulties. The Seldinger technique with insertion of the
catheter via the femoral artery is employed for this proce-
dure. The use of the subtraction technique permits the elimi-
nation of bone densities and leads to a significant improvement
in image quality, especially in the posterior cranial fossa
where the overlying petrous bones can be dispersed. It is
carried out in form of digital subtracted angiography (DSA),
if possible with a biplane x-ray unit. By the use of selective
catheter placement in a vertebral artery, this procedure
enables reduction of the contrast medium volume to a few
milliliters, at an iodine content of 250 mg/mL compared to
injection into the subclavian artery. A 3D-technique for
angiography has become available, equipped with a C-arm
unit that rotates around the head of the patient placed in the
isocenter. With this procedure, complete angiograms at inter-
vals of only few angular degrees are possible. The obtained
data sets are used for three-dimensional reconstructions of
the cervical and intracranial vessels which provide details of
particular value in the diagnosis and therapy of aneurysms
(free projections of the aneurysm head, exact measurement).
Indirect techniques like countercurrent angiography of the
brachial artery with the injection of 30 mL of contrast
medium using high pressure, and contrast medium injection
via a central venous catheter have been largely abandoned, as
they do not offer any advantages over sectional image angiog-
raphy with regard to image quality. Direct puncture of the
vertebral artery is contraindicated due to the high risk of
complications associated with intramural contrast medium
injection. In the arterial phase of angiography, the origin of
the vertebral artery from the subclavian artery is slightly con-
stricted, also under normal conditions.

Visualized in the further path of the vessel are the
V1-segment up to its entry into the transverse foramen of the
sixth cervical vertebra, the V2-segment in the homonymous
“canal,” the arch of the atlas (V3-segment) between the sec-
ond cervical vertebra and the foramen magnum, and finally
the V4-segment until it unites with the contralateral vessel.

From its cervical part, the vertebral artery sends muscle
branches which anastomose with the other cervical arteries,
principally with the external occipital artery. In the presence
of embolizations in this region, these anastomoses have to
be regarded as possibly “dangerous.” From the V4 section
two meningeal branches supplying the dura mater originate
extracranially, while the posterior inferior cerebellar artery
(PICA) originates at a different level from an intradural loca-
tion and divides, after a variable, loop-shaped course along the
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medulla oblongata, into two branches which supply blood to
the basal parts of the vermis of the cerebellum and the cerebel-
lar hemispheres. Small branches originating from the intracra-
nial vertebral artery cross the lateral medullary fossa to supply
the lateral medullary tegmentum and dorsal lateral base.

The anterior spinal artery also originates from the V4 seg-
ment in a mostly asymmetrical fashion. Conversely, the ante-
rior inferior cerebellar artery (AICA) branches off the
proximal section of the basilar artery in the prepontine cis-
tern and supplies the medial portions of the cerebellum; it
also characterized by a vicarious relationship with the
PICA and the more distally arising middle cerebellar artery.
Angiographic depiction of the latter, as well as of the pontine
branches, is possible only if the vessels are dilated due to the
abnormally rapid rate of blood flow associated with arterio-
venous malformations or fistulae, otherwise the vessels are
too small to demonstrate.

The superior cerebellar artery (SCA) arises in the distal
segment of the basilar artery, frequently divided into two
branches on one side. The cisternal segment of the artery
winds around the midbrain and supplies the surface of the
cerebellum, sending one branch to the superior vermis, one
marginal hemispheric branch to the lateral fissure, and addi-
tional branches to the cerebellar convexity. At its tip, the
basilar artery divides into the posterior cerebral arteries
which proceed parallel to the superior cerebellar artery in the
ambient cistern, i.e. rostral to the oculomotor nerve that trav-
els in an anterior direction between these two arteries. The
cisternal posterior segments (P1 and P2) are individually
variably connected with the carotid siphon via the posterior
communicating arteries and are therefore of critical impor-
tance for the basal collateral circulation (cerebral arterial
circle [circle of Willis]). The thalamic perforating branches,
as well as the medial posterior choroidal artery which pro-
ceeds to the plexus of the third ventricle, arise from the cis-
ternal segment and require particular attention in the presence
of basilar tip aneurysms.

Increased vascular filling in the posterior cranial fossa
occurs after an arterial phase of approximately 3 s and a long
capillary phase of 2 s, a period during which vascular staining
is observed only in pathological cases. The anterior and pos-
terior veins of the cerebellar surface draining into the great
cerebral vein (vein of Galen) and the tentorial sinus can be
differentiated, as well as, in some instances, the veins drain-
inginto the transverse and sigmoid sinuses. Perimesencephalic
and prepontine veins are further visualized, and parapontine
imaging of the vein of Dandy draining into the superior pet-
rosal sinus is accomplished. In addition to the blood flowing
through the jugular foramen into the bulb of the internal jugu-
lar vein, which also receives blood from the inferior petrosal
sinuses and occasionally from the occipital sinus, the occipi-
tal emissaries participate, as a variation, in the drainage of the
intracranial space. Vascular drainage is further achieved via

the basilar plexus located intradurally on the clivus, and via
veins in the neighborhood of the foramen magnum travelling
to the internal vertebral venous plexus. The basilar venous
plexus may also be responsible for prognostically benign per-
imesencephalic subarachnoid hemorrhage (SAH), in this case
an aneurysm is generally not detected.

The indication for diagnostic angiography of the vessels
of the posterior cranial fossa is currently made in compliance
with strict guidelines. While patients with malformations and
tumors of the posterior cranial fossa previously also under-
went angiography for the visualization of tumor vessels, or to
at least enable the identification of the tumor location on the
basis of the demonstrated arterial or venous displacement,
today these examinations are carried out primarily in prepara-
tion for endovascular interventions. They become possible
under certain prerequisites in the presence of vascular pro-
cesses with stenoses and occlusions of the vertebral or basilar
arteries. An investigation of the subclavian artery is further
indicated when subclavian steal syndrome is suspected, as
well as in cases of vascular malformations, primarily aneu-
rysms, arteriovenous angiomas and dural AV fistulas. On
occasion, conventional angiography is required for the preop-
erative identification of venous anomalies in the neighborhood
of brainstem cavernomas, or of venous or sinus occlusions if
CT angiography does not provide conclusive findings. Further
indications include the confirmation of vasculitis, a disease
which, comparable to degenerative vascular processes, is
associated with arterial stenoses, although these may appear
to be less punched out and can be accompanied by vascular
dilatation. Angiography is also performed when intra-arterial
treatment (thrombolysis or mechanical extraction of thrombi
is considered as is discussed further below).

Safety measures to be considered regarding the applica-
tion of contrast media, especially in patients with a history of
allergic reactions, have already been discussed in the section
on computed tomography. The specific risk for neurologic
complications associated with diagnostic cranial vessel
angiography remains unchanged and ranges from 0.5% to
1%, despite the use of modern non-ionic contrast media with
reduced osmolality and the technological improvements of
catheters and guide wires (Willinsky et al. 2003).

In addition to pareses, ataxias and eye movement distur-
bances represent the most severe complications in the verte-
brobasilar system. The causes of these events may be small
infarctions induced by embolic mechanisms that can be
shown with diffusion weighted MRI in up to 20% of purely
diagnostic angiographies, but remain in most cases clinically
silent. The incidence of these lesions can be markedly reduced
by using air bubble filters and heparinization of the contrast
medium, as well as flush solution (Bendszus et al. 2004).

Transient amnesia and cortical blindness may develop
following infusion of larger contrast agent volumes in
patients with the respective disposition, although these events
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usually occur only after one or two successive injections.
These complications have been interpreted as posterior
encephalopathy on the basis of typical MR findings (Saigal
et al. 2004).

Radiation exposure is dependent upon the duration of
angiography, and particularly on the screening time during
cerebral interventions. The effective dose value for single
interventions varies from 1.5 to 16 mSv, and may be in excess
of 40 mSv for multiple procedures (Livingstone et al. 2003).

2.1.4.2 Endovascular Interventions
Recanalization

Recanalization is performed for vertebrobasilar stenoses and
occlusions. These usually develop either as the result of a
vascular wall lesion of atheromatous or inflammatory origin
with localized thrombosis, or can be of atrial origin emboli
due to dysrhythmia, septum defect, or generalized clotting
disorders. The most common sites include the already rela-
tively narrow origin of the vertebral artery from the subcla-
vian artery, the intracranial V4 segment, as well as the entire
course of the artery. The cervical vertebral segment may also
very rarely be constricted from outside by osteophytes of the
cervical vertebral joints. The symptoms, e.g. vertigo, can be
provoked by certain neck or head positions.

Vascular compression may also be caused by tumors like
meningeomas or tumors of the base of the skull at the cran-
iocervical junction. Further causes involving both the verte-
bral and carotid arteries include dissections with bleeding
within the vascular wall, e.g. following whiplash injury or
chiropractic maneuvers; they may also occur spontaneously
in vascular wall disorders, e.g. fibromuscular dysplasia.
A distinctive feature of this distribution area is the subcla-
vian steal syndrome. It develops as a result of retrograde
vertebral artery blood flow in response to high-grade proxi-
mal subclavian artery stenosis or occlusion.

For the detection of vascular stenoses or occlusions,
including those in the vertebrobasilar region, Doppler
sonography represents the method of choice, followed by
CTA or MRA techniques. Only when these do not provide
a satisfactory confirmation of the tentative diagnosis, or if
conflicting clinical findings are reported, can invasive con-
ventional angiography be applied for diagnostic purposes. In
the presence of proximal vascular processes, the origins of
the vertebral arteries on both sides may be so severely nar-
rowed that even short-term occlusions resulting from cathe-
ter insertion on one side are not tolerated. With a view to the
possible development of brainstem ischemia, selective cath-
eterization should be dispensed with for safety reasons, and
the depiction of the vertebral artery should be attempted by
means of a survey angiography of the subclavian artery, a

possibility to improve the quality in these cases is the simul-
taneous compression of the respective brachial artery manu-
ally or during blood pressure reading. Although this does not
provide a high-contrast image, it is generally satisfactory to
permit a conclusive diagnosis. In the setting of proximal ver-
tebral artery occlusion, the depiction of the collateral supply
via cervical branches of the subclavian artery — the ascend-
ing or the deep cervical artery — as well as of superior cervi-
cal anastomoses with the occipital artery may be required.

Endovascular therapy for stenoses of the vessels respon-
sible for blood supply to the brain was introduced in the 1980s.
While this initially involved widening of stenoses at the carotid
bifurcation and in the proximal section of the subclavian artery
in the presence of a steal syndrome (Kachel et al. 1991), these
interventions were later also successfully performed at the ori-
gin of the vertebral arteries and, more recently, also along the
extracranial and intracranial course of the vertebral and basi-
lar arteries. The therapeutic intervention is initiated by intro-
ducing a guide catheter over which a micro guidewire and a
microcatheter can be advanced through the stenosis. After a
exchange-maneuver, a balloon catheter is then passed over the
microwire and inflated to dilate the stenosis. Subclavian artery
occlusions can also be recanalized in this manner, provided a
guidewire is successfully advanced through the occluded pas-
sage from the proximal or distal lumen of the vessel (after
puncture of the brachial artery). The inflated balloon does,
however, not only push atheromatous plaque into the vascular
wall, but may also cause dissections and thus the risk of distal
emboli affecting the entire vertebrobasilar system if they
develop in the subclavian artery. Acute thrombosis of the
dilated vascular segments represents a further, albeit rare com-
plication. The administration of platelet aggregation inhibi-
tors (acetylsalicylic acid, clopidogrel) before and after the
intervention is therefore indispensable. With the use of these
agents, subclavian artery interventions, also without addi-
tional stent applications, were reportedly associated with the
recurrence of vascular occlusions in only 10% of cases over a
5-year postinterventional period.

The prognosis for vertebral artery origin stenoses and
intracranial artery stenoses after dilatation alone was less
favorable, so that stenting was increasingly required to pro-
vide vascular wall support. In contrast to coil closure of
aneurysms, where the stent serves to prevent coil loop pro-
lapse into the parent vessel and wall stress in the artery is
lower, stenoses have to be widened and patency of the lumen
must be maintained. For this reason, primarily balloon-tipped
models are mainly used for stenosis dilatation (Fig. 2.12).
Vascular dilatation can be carried out after predilatation or
concurrently with stent placement. Stents with a great radial
force have to be employed in vertebral artery origin stenoses,
similar to those used for renal artery origin stenoses, in order
to ensure sustainable success. In the further course of the
vertebral artery, specifically in the intracranial segment,
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Fig. 2.12 Dilatation/stenting for intracra-
nial vertebral artery stenosis persisting
under anticoagulation therapy. Vertebral
artery angiography (a) before and (b) after
stent application in the subtracted image,
native image (c¢) with stent (arrows)

high-flexibility stents have to be used to avoid injury to the
vascular wall during placement. Self-expanding stents for
use in the intracranial territory are available today, although
in some instances redilatation may be required.

The risk for occlusion of the small arteries arising from
intracranial segments of the vertebral and basilar arteries is
apparently less high than initially assumed, due to the rare
occurrence of ischemic complications in the area adjacent to
the stent. This also applies to “overstenting” at the origin of
larger vessels like the cerebellar arteries, which remain patent
in the vast majority. The risk for complications associated
with the intervention itself (ischemia, stent thromboses,
bleeding) has been shown to range 9—15% (Weber et al. 2005;
Kurre et al. 2010). Recurrences observed for coronary arter-
ies unfortunately also occur in the cerebrovascular system.
Six months after dilatation and stent therapy the incidence
rate of intracranial residual stenoses ranged at 30%, while a
rate of more than 40% was reported for extracranial residual
stenoses, which were most frequently observed at the origin
of the vertebral artery. These lesions were resymptomatic in
more than a third of cases (SSYLVIA Study Investigators
2004). The therapy of vertebral artery origin stenoses may
therefore be started by dilatation without stent placement and
the intervention can be repeated should restenosis occur. A
staged procedure has recently been proposed for therapy of
intracranial stenoses where dilatation and stenting is per-
formed at intervals of several weeks. Overall, stent-assisted
dilatation for arteries supplying blood to the brain is an area
undergoing continuing development of materials and applica-
tion techniques, and therefore does not enable a concluding
statement at this time. An evidence-based advantage of inva-
sive therapy over conservative treatment has not been demon-
strated in the available literature.

The indication for stent-assisted dilatation of stenoses
must thus be carefully considered. With respect to subcla-
vian artery interventions it should be limited to patients with
symptomatic steal syndrome, and in the presence of verte-
bral artery origin stenoses to patients with bilateral constric-
tions and ischemic symptoms persisting under anticoagulation
therapy. The latter also applies to intracranial vertebral and
basilar artery stenoses where collateralization via the poste-
rior communicating artery does not infrequently occur.

Regarding the performance of acute dissections, reserve
is also essential in judging the indication for interventional
vessel dilatation, to prevent vascular wall bleeding from
being pressed out with the subsequent danger of emboliza-
tions into distal regions. The thorough pre- and postinterven-
tional therapy with thrombocyte aggregation inhibitors is
indispensable for any stent application.

A different situation is encountered in patients with
acute occlusion of both vertebral arteries, or of the basi-
lar artery due to the very poor prognosis for the spontane-
ous course, where the omission of lysis is known to result
in a mortality rate of 40%, as well as in the need for con-
stant care in two thirds of survivors (Schonewille et al.
2005, 2009). While embolism represents the most common
cause in the distal basilar segment, in the proximal segment
pre-existing stenosis with subsequent thrombosis may be
the causative factor. The occlusion should be removed as
early as possible due to the otherwise poor prognosis,
whereby the local procedure has been the preferred mea-
sure for over 20 years compared with systemic lysis. Similar
to supratentorial acute infarction, basilar or vertebral artery
occlusions always represent a medical emergency. In the
absence of a conclusive Doppler sonography finding, the
diagnosis of vascular occlusion can be confirmed by CT or
MR angiography. In contrast to middle cerebral artery trunk
occlusion, the time limit to fibrinolysis has not been
definitely defined and depends on the clinical condition: a
rapid, invasive procedure in the presence of progressing
symptoms, but reserve in patients with symptoms of several
hours or prolonged infarctions. All other contraindications
to lysis therapy, comprising bleedings, injuries, or prior
surgical interventions, must self-evidently be observed.
The optimal therapeutic procedure for this entity is still
under intense discussion (Schonewille et al. 2009; Schulte-
Altedorneburg et al. 2009), the BASICS registry opened
that field again. The intravenous versus the intraarterial use
(with or without a bridging concept) of thrombolytic drugs
is recommendable, the superiority of one of the concepts
has not been thoroughly investigated.

Intra-arterial lysis is performed via microcatheter with the
infusion of urokinase (upto 1,000,000 IU) or recombinant tis-
sue plasminogen activator (r'T-PA upto 100 mg). Alternatively,
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glycoprotein IIb—IIla inhibitors can be used. In thrombolytic
therapy, the tip of a microcatheter is either advanced to the
proximal end of the thrombus or the embolus, or moved past
this within the vascular lumen with the help of a guiding cath-
eter; lysis is then achieved on slow catheter withdrawal. Despite
the application of high doses, recanalization of the arteries can
be expected in only 44-80% of cases, depending upon the vol-
ume of the thrombus and the time interval to onset of lysis. In
addition, there is the danger of embolizations into the superior
cerebellar and the posterior cerebral arteries.

Mechanical thrombus removal is therefore frequently
attempted, although with unpredictable success. Applied are
wire loops, wire spirals and wire baskets for the retraction of
an embolus, mechanical destruction using ultrasound or nega-
tive pressure (water jet pump effect), as well as “simple” aspi-
ration via microcatheter, which is considered to be relatively
effective, in particular in combination with preceding partial
lysis (Fig. 2.13). The effectiveness of recent developments like
mechanical thrombus fragmentation, brush-type microwires,
and temporary stent insertion for acute therapy remains to be
shown. Because proximal occlusions frequently occur in com-
bination with stenoses, additional dilatation with stent applica-
tion is recommended in these patients. A similar procedure is
also possible for distal occlusions if lysis or mechanical throm-
bectomy is unsuccessful after a period of time.

However, the paucity of currently available data does not
permit a definitive statement on the success of this proce-
dure. Critical prognostic factors include the patient’s clinical
condition, and the latency to vascular recanalization (Eckert
et al. 2002). For each intervention, additional bridging to the
onset of therapy is possible with systemic administration of
r-TPA or eventually glycoprotein IIb-IIIa inhibitors, and
additional postinterventional heparinization over a minimum
period of 24 h is requisite. Since platelet aggregation inhibi-
tors further have to be given when stents are used, the antico-
agulation regimen needs to be tailored to individual needs, to
avoid provocation of intracranial bleeding.

The reported survival rates for these invasive procedures
currently range from 30% to 60%, while comparative inde-
pendence was found in more than 50% of survivors
(Pfefferkorn et al. 2005). The results of additional studies
have to become available to ascertain if the results obtained

Fig. 2.13 Recanalization of an acute distal
basilar artery occlusion. CTA (a) and DSA
before (b) and after (¢) recanalization. After
only partially successful lysis with 10 mg
r'TPA, the residual (suspected embolic)
material was aspirated via vertebral artery
catheter. Residual posterior cerebral artery
stenosis, right, and occlusion due to floated
off emboli, left

with this procedure are also improved according to evidence-
based criteria over those obtained in patients undergoing
conservative therapy or systemic lysis.

Embolization

Embolization is a therapeutic option for the treatment of
vertebrobasilar aneurysms, arteriovenous angiomas and
dural arteriovenous fistulas comparable to conditions in
the “anterior” circulation. Two different types of aneu-
rysms are observed in the posterior cranial fossa: berry-
shaped aneurysms that classically develop at the junction
of vessels where they form a saccular pouch, and fusiform
aneurysms formed along the wall of the vessel as the result
of a vascular wall disorder (degenerative, inflammatory, or
after dissection). In the majority of cases, the first type
leads to typical subarachnoid hemorrhage (SAH), or may
be an incidental finding, while the second type is more fre-
quently associated with symptoms of brain stem or cranial
nerve compression and potential SAH.

Berry aneurysms of the vertebrobasilar system occur
primarily at the tip of the basilar artery, with the aneurysm
neck being located between the two posterior cerebral arter-
ies, or between the posterior cerebral artery and the superior
cerebellar artery, but less frequently at the origin of the
PICA. They are rarely found at the origin of the AICA, or
along the course of the basilar artery, the posterior cerebral
artery, or the cerebellar arteries. Although they may occur in
conjunction with arteriovenous angiomas. The incidence of
vertebrobasilar aneurysm bleeding is markedly higher (1.8%
p-a.) than in the anterior circulation, so that their therapy,
including that of incidentally found aneurysms, is indicated
for all sizes (Vindlacheruvu et al. 2005). After the occur-
rence of bleeding, emergency treatment should be com-
menced, due to the possibility of rebleeding, which places
the patient at increased risk.

Out of two competing therapeutic options, i.e. neurosurgi-
cal clipping of the aneurysm neck and endovascular coiling
of the aneurysm sack, endovascular intervention in the poste-
rior circulation has gained a certain advantage over clipping,
because of the difficult surgical access to the principal
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locations. In the absence of very pronounced atherosclerotic
changes in the vertebral artery, an aneurysm at the origin of
the PICA, or at the tip of the basilar artery can be accessed via
the endoscvascular route without major difficulties by experi-
enced hands. Provided the aneurysm neck is small, a micro-
catheter is advanced to the site of the aneurysm and the
aneurysm sack is occluded with detachable spiral coils
(Fig. 2.14). Differently shaped coils consisting of platinum
wires formed in the shape of a double helix are available for
this procedure. The coils may be made of untreated metal, be
coated with a hydrogel matrix, Dacron threads, or vasoactive
substances. Separation of the coil from the delivery wire,
which is retrieved later, can be achieved by electrolytic, ther-
mic, or mechanical means.

Coil occlusion is, however, more difficult to accom-
plish in wide-necked aneurysms, where the aneurysm
neck can be occluded with a temporary balloon during
coiling to avoid coil protrusion into the parent vessel
(remodeling technique). An assistive stent can also be
used for this purpose, and is a suitable device with great
flexibility but relatively low thrust force that has been
available for a number of years. The disadvantage of this
method in an acute patient is the need for anticoagulation,
which is mandatory after stent application but requires
complete aneurysmal occlusion and leads to difficulties in

w

Fig. 2.14 Coil occlusion of a distal posterior inferior cerebellar artery
aneurysm following acute subarachnoidal bleeding. DSA and 3D
angiography (a, b) prior to and after (c) coiling of the aneurysm with
visualization of the coil packet in the unsubtracted image (d)

the performance of subsequent procedures, e.g. the inser-
tion of intraventricular drainage. The choice of the appro-
priate treatment option therefore needs to be agreed on in
each individual patient by the neurosurgeon and the neu-
roradiologist. Reliable data on the benefit of one of these
approaches over the other in the posterior fossa, in contast
to the vessels in the anterior circulation, was not shown by
the results of the ISAT study (Molyneux et al. 2002), due
to the small number of patients with vertebrobasilar aneu-
rysms included in the study.

The decisive factor for the success of aneurysm coiling is
the size, shape of the aneurysm sack and the configuration of
the aneurysm neck. On average, therapeutic effective (sub)
total occlusion can be expected in 80% of cases. The peripro-
cedural complication rate of incidental aneurysms, without
consideration of sequelae after bleeding, ranges below 5%.
Coil compaction or widening of the aneurysm neck may lead
to recurrence (~15%). Angiographic follow-up studies are
therefore recommended after 6 months and 2 years; at these
time points a re-coiling (Fig. 2.15) may be performed
(Berkefeld et al. 2004). Recurrent bleeding occurred in 1% of

Fig. 2.15 Coil occlusion of a fusiform vertebral artery aneurysm left
with brainstem compression. MRI with partially thrombosed aneurysm
before intervention (a), vertebral DSA left before coil occlusion (b) and
vertebral DSA right before a second intervention with recanalization and
widening of aneurysm (c). After stent application via the vertebral artery
right, and repeat coil occlusion of the distal aneurysmal segment (d)
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cases during the first 12 months after coil occlusion, but
developed less often after clipping. The findings of the ISAT
study (Molyneux et al. 2002) showed a significant and dura-
ble better clinical result — at least in the anterior circulation —
after the endovascular procedure than after neurosurgical
clipping.

Fusiform aneurysms of the vertebral or basilar arteries
can lead to life-threatening brainstem compressions. The
prognosis is also very poor in patients with vasodilatation
developing after a dissection with intracranial bleeding. If
an additional circumscribed saccular dilatation is present in
the fusiform dilated segment, this can be treated with a neu-
rosurgical or endovascular approach (using stenting and
coils as in saccular aneurysms). Although coiling does not
remove the space-occupying mass, it can reduce pulsations
and thus lead to an improvement of symptoms. Occlusion of
the entire dilated segment with clipping or coiling (trap-
ping) represents a therapeutic alternative. In this setting, a
balloon occlusion test has to be carried out prior to clipping/
coiling to ensure that the described occlusion will be toler-
ated. Another alternative is occlusion of one or even both
vertebral arteries in the V4 segment to achieve a change in
flow dynamics (although its form can not be accurately pre-
dicted) in an attempt to effect (partial) embolization of the
aneurysmal lumen.

The prerequisite for this procedure is, once again, ade-
quate collateralization of the basilar artery via the cerebral
arterial circle. Closed-wall stents (covered stents), very
fine-meshed stents (flow-remodelling stents) and multiple
telescoped intracranial stents are capable of blood flow
modelling that enables extensive reconstruction of the
original vascular lumen and thus offers further therapeutic
options. Techniques like that were previously limited by the
unsatisfactory flexibility of previously available stents
(Saatci et al. 2004).

Only 5-20% of cerebral arteriovenous angiomas or
malformations (AVM) are found at an infratentorial loca-
tion, with only 25% of these being situated in the brainstem.
They may occur as part of a general “angiomatosis,” e.g.
Osler’s disease, or Wyburn-Mason syndrome. They can
become manifest most frequently in the form of bleedings
and less often with neurologic deficits. Whether the tendency
to hemorrhages is increased compared to the supratentorial
location is controversially discussed.

The precarious location renders both neurosurgical and
endovascular interventions difficult, because not only mis-
embolization into non-target arteries, but also perinidal
edema and hemorrhages may occur after successful
embolization.

If an occlusion of the respective segment is nevertheless
indicated in patients with rebleeding or progression of symp-
toms, and in view of the fact that the size of brainstem AVMs
is generally in the favorable range of below 10 mm,

stereotactic radiation represents the therapy of choice.
However, the finding that post-therapeutic perinidal gliosis
and rebleeding may occur until the time of definitive oblit-
eration of the vessel after a period of up to 3 years has to be
accepted. Successful embolization of brainstem AVMs has
been reported in a small series of patients, in whom the usual
procedure (injection of a N-butyl-cyanoacrylate [NBCA]-
lipiodol mixture into the nidus via microcatheter) was per-
formed without significant complications, although complete
obliteration was achieved in only one out of six patients (Liu
et al. 2003). On principle, embolization is a factor which
requires consideration in the decision on the therapeutic con-
cept for brainstem AVMs.

Comparable to pial AVMs, dural arteriovenous fistulae
(DAVF) can cause bleeding and neurologic deficits, the latter
developing as a result of venous reflux leading to edema and
subsequent gliosis. DAVFs of the posterior cranial fossa are
supplied by branches of the external occipital artery, the
ascending pharyngeal artery, the medial and posterior
meningeal arteries, as well as by the internal carotid artery
(tentorial artery), that drain primarily into the sigmoid and
transverse sinuses. In uncomplicated cases they may cause
pulse-synchronous bruits in the ear. In cases of orthograde
drainage (Borden Type I) there is no absolute need for ther-
apy. In the presence of additional sinus stenoses, retrograde
drainage into the cranial veins may develop (Borden Type
II); this may further be observed in lesions located on the
border of the tentorium. There may also be direct shunt
drainage into the leptomeningeal veins (Borden Type III),
which are then frequently characterized by circumscribed
stenoses and widening (Szikora 2004). As space-occupying
masses, the latter can cause brainstem and cranial nerve
compression. Involvement of the cranial nerves is often asso-
ciated with subarachnoidal or intracerebral bleedings, so
that shunt occlusion must always be attempted when cranial
nerves are involved.

While a short-term improvement may be observed fol-
lowing transarterial embolization with particles, NBCA or
OnyxR, the ramified vascular network can only less often be
completely occluded with this therapeutic measure. Because
the actual fistula points are mostly confined to a circum-
scribed region of the drainage vein, this region can be coil
occluded via a transvenous approach, which enables com-
plete obliteration of the fistula. Prior to this intervention it
has to be angiographically confirmed that no other cranial
veins drain into the segment designated for occlusion. This is
of particular importance for fistula drainage into the trans-
verse or sigmoid sinuses, whose occlusion could otherwise
lead to bleeding due to passive hyperemia.

Auvailable alternatives to the endovascular approach in the
therapy of DAVFs or incomplete fistula obliteration include
neurosurgical interventions, e.g. “skeletization” of a sinus, or
stereotactic radiation.
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2.2 Ultrasound Diagnostics

Martin Eicke and Uwe Walter

Ultrasonic diagnostic procedures of the brainstem have
undergone continuous development over the past 20 years.
The possibility of non-invasive identification of intracranial
vertebrobasilar stenoses was first opened with the introduc-
tion of transcranial Doppler sonography in the mid-1980s.
The advent of color duplex systems in the early 1990s saw
the beginning of the age of accurate anatomic localization of
intracranial vessels. The further development of duplex sys-
tems finally enabled transcending the boundaries of “classi-
cal” vascular ultrasound and placing image-morphologic
aspects in the foreground of scientific research.

The potential of this method has not yet been exhausted,
in particular with regard to the therapeutic possibilities for
extrapyramidal system diseases.

The following chapter therefore discusses both the aspects
of vascular ultrasound as the currently well established stan-
dard procedure and the possibilities of intracranial morpho-
logic B-mode image diagnostics.

2.2.1 Vascular Ultrasound

2.2.1.1 Anatomic Principles

Extracranial course: The origin of the vertebral artery (V0)
is the preferred site of atherosclerotic plaque formation in this
vessel and the entire posterior circulation. Endothelial rupture
due to the physiologic presence of shearing forces and turbu-
lences develops particularly frequently in this region and may
lead to emboligenic stenoses in the further course. The hemo-
dynamic risk of proximal stenosis or occlusion is relatively
low, as extensive anastomoses usually provide sufficient dis-
tal vessel refilling via the contralateral vertebral artery or
branches of the external carotid artery. The vertebral artery
then travels craniad, anterior to the scalene muscle (preverte-
bral segment, V1) and enters the costotransverse foramen at
the level of the sixth vertebra (transverse segment, V2). Distal
to the foramen of the axis it initially curves at a 90° angle
lateralward and runs again upward; after issuing from the
foramen in the transverse process of the atlas the vessel bends
backward at a right angle (V3). It finally curves medially and
crosses the atlas via the vertebral artery sulcus (atlas segment,
atlas loop); in this region the vessel is also predisposed to
atherosclerotic changes and trauma, due to its pronounced
tortuosity. The vertebral artery then pierces the posterior
atlantooccipital membrane as well as the dura mater and con-
tinues in a rostral direction in the intracranial subarachnoidal
space (intracranial segment, V4).

Intracranial course: The intracranial location of the ver-
tebral arteries varies considerably, as significant side shifting
may develop. The basilar artery arises at the confluence of
the vertebral arteries and is approximately 30 mm long and
3 mm in diameter. In the majority of individuals the vessel
courses rostrally in the midline, but in 10-20% of individuals
extensive deviations to the right or left may be observed.

2.2.1.2 Principles and Techniques

Three different system types are used in vertebrobasilar
diagnostics:

* Continuous wave (cw) doppler
* Pulsed doppler sonography
* Color duplex sonography

Continuous Wave (cw) Doppler

This instrument evaluates the so-called Doppler shift, the
frequency differences between the emitted and the reflected
signal. According to the Doppler equation, this frequency dif-
ference is dependent on the relative speed of the reflector in
relation to the probe on the one hand, and the emitted output
frequency on the other hand. Frequency shifts resulting at the
usual output frequency of 4 MHz and physiologic flow veloci-
ties of 10-200 cm/s, extend from 0.2 to 16 kHz, and are there-
fore within the audible frequency range of the human ear.

The advantages offered by these instruments are that they
are easy to handle, reasonably priced, and offer excellent
sensitivity. Depth localization is not possible. Conversion of
the frequency shift (kHz) to velocity values is not admissible
in the presence of an unknown insonation angle.

Examination technique: In particular segments VO and
V3 are amenable to examination with cw Doppler sonogra-
phy. With the transducer held medial and caudal, VO is
imaged approximately 3 cm above the clavicle. The vertebral
artery can be differentiated from other vessels in this region
(particularly the common carotid artery, thyrocervical trunk)
by the strong reverse Doppler effect on intermittent compres-
sion in the region of the atlas loop.

Optimal visualization of V3 below the mastoid can be
achieved with the patient’s head turned slightly to the con-
tralateral side. In contrast to the internal carotid artery, the
vertebral artery can typically be depicted with the flow
towards the transducer as well as, with slight tilting of the
transducer, away from it. While extracranial vessels like the
occipital artery can be compressed by applying pressure to
the vessel with the transducer tip, which leads to the loss of
the Doppler signal, this is generally not possible (except in
very slim patients) on insonation of the vertebral artery.
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Pulsed Wave Doppler Sonography (pw Doppler)

Pw Doppler devices offer the additional option of depth
allocation. Selective presetting of a time window of interest
between transmission and reception enables analysis of the
reflected signal from a specified depth window. One advan-
tage among others is that a vessel can be followed along its
course deep into the tissue. In vertebrobasilar ultrasound this
procedure is particularly appropriate for V4/basilar artery
examinations with the use of a low frequency 2 MHz trans-
ducer capable of deep penetration.

Examination technique: The patient should be in a sitting
(or supine) position and lower the chin as far as possible to the
chest. The transducer is placed in the midline, approximately
3 cm below the occipital tubercle. On slight turning of the
transducer, the right and left vertebral arteries can generally be
differentiated at a depth of 60—70 mm, due to the availability
of different spectral frequencies and pulsatilities. The vessels
can frequently be imaged with bidirectional flow to a depth of
65 mm (atlas loop), and at greater depths only with flow away
from the transducer. The vertebral arteries can serve as guide
vessels to the basilar artery. In the evaluation, consideration
must be given to the fact that the identification of the exact
transition zone of the vertebral arteries and the basilar artery
by means of pw Doppler can be made only with great reserva-
tions. Findings reported in the literature vary, depending on
the application pressure, from 70 to 110 mm (!) (von Biidingen
and Staudachet 1987; Ringelstein et al. 1990).

It is therefore indispensable that a minimum depth of 100
mm is reached for secure identification of the proximal basi-
lar artery. Complete visualization of the basilar artery to its
division into the posterior cerebral arteries (tip of basilar
artery) is possible in maximally 70% of cases, owing to dete-
rioration of the signal-to-noise ratio. (von Biidingen and
Staudachet 1987). A conversion of the frequency shift (Hz)
into flow velocity is usually preferred by most sonographers
on insonation of V4/basilar artery. The basis for this is the
assumption that the insonation angle may be <30° and can
therefore be disregarded.

Color Duplex Sonography

In the performance of color duplex sonography color coded
sonographic flow velocity information is superimposed
onto the morphologic information provided by the B-mode
image. Furthermore, a spectral Doppler image (pw mode)
can be derived from the vessel segment of interest using
the B-mode image. Because the vascular band can be iden-
tified along its course and at its location in the tissue by
means of the B-mode image, it is possible to perform an
angle correction, which enables conversion of the mea-
sured frequency shift (Hz) into physiologic flow velocity
data (cm/s). In section V3, the differentiation between an

atherosclerotic lesion and a dissection can be made in indi-
vidual patients. However, the vertebral artery is located
deeper in the tissue along its entire course than the carotid
artery, so that the image quality is poorer due to signal atten-
uation and can not compete with the resolution obtained for
the carotid arteries. Duplex sonography can, on principle, be
used for all of the described vessel segments. It further
enables examination of the V1 and V2 segments.

Examination technique: In a first step, the distal common
carotid artery is visualized inclusive of its bifurcation. The
transducer head is then tilted so that the ultrasound beam is
directed laterally, in order to image the dorsolaterally located
vertebral artery. It is normally readily identifiable between the
vertebrae (acoustic shadow), by means of color coding and
is located directly below the vertebral vein. From here it is
possible to advance segment by segment to caudal or cranial.

While optimal visualization of segments VO-V3 is accom-
plished at a frequency of 5 MHz, a 2-2.5 MHz transducer must
be used for imaging of V4/basilar artery due to its location at a
greater depth. Scanning with this transducer does not provide
information on plaque morphology. A disadvantage of color
duplex sonography is the frequently inadequate visualization
of deeper basilar artery segments due to its moderate color sen-
sitivity. To compensate this effect, the additional application
of an ultrasound signal enhancer is frequently required.

2.2.1.3 Ultrasound Signal Enhancers

The relatively great depth and small diameters of the vessels
to be examined are factors that diminish the diagnostic power
of ultrasound in a large number of patients.

Ultrasound enhancers are particles capable of enhancing
the signal by 10-30 dB after entering the circulation.
Currently available substances for signal enhancement con-
sist of two components: gas and an encapsulating outer shell.
The presence of the gas is crucial for signal enhancement,
while the shell “only” serves to stabilize the bubble. When
the sound beam reaches the interface between the liquid and
the gas, the different high impedance triggers a strong reflec-
tion, which leads to signal enhancement at the receiver. The
substances for signal enhancement are able to pass through
the capillary bed and, as a rule, enable better visualization of
the vascular system over a period of 3—5 min. The substances
with current regulatory approval are shown in Table 2.1.

Levovist® (legally approved in Germany, Italy, France and
Spain) is contraindicated in patients with galactose (not
lactose!) intolerance.

Due to three reported deaths of patients with cardiopathies,
SonoVue® (EMA approved; FDA approval applied) is
contraindicated in patients with acute coronary syndrome
and clinical instability.
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Table 2.1 Ultrasound contrast agents with current regulatory approval
for use in (transcranial) signal enhancement

Gas Outer shell

Signal enhancer

Approval
(Trade name)

Levovist® 4 mg Galactose-air Palmitic acid D,E,F 1
microparticles
SonoVue® Sulphur Phospholipids EUR, Asia
hexafluoride FDA
approval
(12/2010)

The application of signal enhancing substances in the verte-
brobasilar system is expedient in the absence of visualization of
the V4 segments and the basilar artery. Visualization of the V4
segments is achieved in most patients with these substances; an
average improvement in the penetration depth of about 1 cm to
a maximum of 10 cm has been reported for the basilar artery.
The tip of the basilar artery is, however, usually not reached
(Brunner-Beeg and von Reutern 1999; Iglseder et al.2000).

2.2.1.4 Reference Values

“Reference values” are overall less reliable than in the ante-
rior circulation, because the vertebrobasilar system is char-
acterized by a wide inter- and intraindividual range of flow
velocities. Furthermore, pronounced caliber differences are
often found when making a bilateral comparison, so that the
direct bilateral comparison is of lesser importance here than,
e.g. in assessing the carotid arteries.

Pulsatility is lower, the more cranial the examination of
the vessels is performed: a typical finding for vessels with
pronounced downstream parenchymal perfusion.

The presence of vertebral artery hypoplasia (2-4%) rep-
resents a physiologic variation from the norm. The average
diameter of this vessel is 3.81 + 0.46 mm (Bartels et al.
1991) in the V2 segment, so that hypoplasia is defined as a
vessel with diameter of <2.5 mm. Typical in hypoplasia is a
change in the Doppler spectrum in terms of a resistance pro-
file, due to the fact that the hypoplastic vessel does not con-
nect to the basilar artery which supplies the brain. This
finding should not be confused with a pathologic resistance
profile in vascular occlusion. In these cases the vessel diam-
eter is not reduced.

2.2.1.5 Stenosis Criteria

One of the primary (direct) stenosis criteria is an increase in
flow velocity in the region of the stenosis, where the highest
values are measured immediately poststenotically, in the so-
called jet. The presence of a stenosis >95% and subsequent
decreased flow volume, lead to a reduction in flow velocity,
which may be characterized by pseudonormal values. A

Table 2.2 Stenosis criteria in the V4/basilar artery territory (according
to Widder et al. 1999)

Criteria

Finding

Flow velocity (cm/s)

Definitive finding >120

of stenosis

Maximum systolic
value
and/or

Mean value >70

High suspicion >100

of stenosis

Maximum systolic
value

and/or

Mean value
and/or

Significant flow
disturbance

260

serviceable categorization was proposed by Widder for the
region of the V4 segment and the basilar artery (see Table 2.2).

A more differentiated allocation of stenoses to appropri-
ate grades on the basis of primary stenosis criteria, analogous
to the procedure for the internal carotid artery, is difficult; it
is not essential in clinical practice. No results of studies dem-
onstrating the need for making the choice of the therapeutic
procedure contingent upon the allocation to a precise steno-
sis grade have been published thus far.

Secondary stenosis criteria comprise changes in the
flow profile, which are verifiable as indirect results of a major
flow obstacle:

* Prestenotically, reduced diastolic flow velocities in terms
of a resistance profile serve as indicators of a distally located
high-grade stenosis. In particular the detection of diastolic
zero flow provides objective evidence of a downstream
severe, high-grade stenosis or vascular occlusion. Hypoplasia
must, however, be excludable in the B mode image.
Differentiation between a distal occlusion and severe high-
grade stenosis is frequently not possible (Fig. 2.16a).

* Poststenotically, reduced pulsatility with a relatively high
diastolic flow velocity at a markedly reduced systolic flow
velocity is an indicator of a major flow obstacle (Fig. 2.16b).

Tertiary stenosis criteria provide evidence of collateral ves-
sels which are demonstrable only in the presence of high-grade
stenoses. It has to be taken into consideration that in the pres-
ence of a unilateral vertebral artery occlusion/high grade steno-
sis, the contralateral vessel functions as the collateral vessel
and may be physiologically characterized by a corresponding
long-segment (slight to moderate) increase in flow velocity.
Proximal vertebral artery occlusions are generally well collat-
eralized by external vertebral artery anastomoses in segments
V2-V4, which usually enable the demonstration of a return to
normal flow conditions as early as in the V4 segment. In high-
grade proximal basilar artery stenosis/occlusion or bilateral
vertebral artery occlusion, retrograde filling of the basilar
artery via the posterior communicating artery may occur in
particular cases (thereby enhancing survival of the patient).
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Fig. 2.16 (a) Vertebral artery dissection (V2). The dissection mem-
brane is represented in the B mode image, the remaining lumen is
narrowed. Diastolic flow (resistance signal) is absent prestenotically.

2.2.1.6 Clinical Application
Brainstem Infarction/TIA

The documentation guidelines issued by the German Society
of Ultrasound in Medicine (DEGUM) and the American
Institute of Ultrasound in Medicine (AIUM) call for manda-
tory visualization and documentation of the V2 segments at
each color duplex examination, and respectively of the V3

Col 86% Scale 5
WF low

PTG 2000 Hz
Flow—opt: mid. V

(b) Transnuchal insonation of the same patient: color duplex shows post-
stenotic flow in the left V4 segment normal right V4 segment. Confluence
of the vertebral arteries and the proximal basilar artery are visualized

segments on cw Doppler investigations. The examination of
both these segments enables an initial assessment of the pres-
ence of a severe proximal or distal flow obstacle. When indi-
cated, the finding has to be supplemented by an examination
of the VO/V1 segments. In TCD, independent of the intracra-
nial transtemporal finding, an additional transnuchal assess-
ment of the V4/basilar artery segment should be carried out.
Results of large randomized studies on the therapeutic con-
sequences of a diagnostically conclusive stenosis are not
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available at this time, although interventional therapies may
certainly be expected to open up new options for the therapy
of recurrent refractory brainstem ischemias. Currently
reported data showing a high re-stenosis rate of 47% do,
however, not justify routine stent application, or surgical
intervention with transposition of the proximal vertebral
artery to the common carotid artery.

Basilar Artery Thrombosis

The diagnosis of basilar artery thrombosis is a controver-
sially discussed topic. Due to its non-invasiveness sonogra-
phy is, on principle, a valuable tool for establishing this
diagnosis. Nevertheless, the basilar artery can frequently, at
least in the distal segment (basilar tip thrombosis), not be
conclusively diagnosed, owing to its location deep in the tis-
sue. Furthermore, flow profiles in the proximal basilar artery
without abnormal findings do not permit exclusion of a dis-
tal occlusion. Although ultrasound signal enhancers are able
to improve the sensitivity of this method significantly, their
use does not permit the definite exclusion of a thrombosis.
Only in case of bilateral preocclusive flow signals in the ver-
tebral arteries and missing signal of the basilar artery the
diagnosis of proximal basilar artery thrombosis can be estab-
lished with relatively great diagnostic certainty.

Subclavian Steal Syndrome or Subclavian
Steal Phenomenon

The patient with subclavian steal syndrome typically com-
plains of non-specific dizziness, in some cases also of loss
of consciousness after muscular stress in one arm.
Subclavian artery syndrome is a consequence of an occlu-
sion or high-grade stenosis of the subclavian artery or the
brachiocephalic trunk. To meet the oxygen requirements in
the lower arm, collateralization occurs via the contralateral
vertebral artery or, in some instances additionally, via the
basilar artery, leading to retrograde flow in the ipsilateral
vertebral artery. The identical hemodynamic finding, occur-
ing in an asymptomatic form, is described as a subclavian
steal phenomenon.

Examination technique: In addition to occlusion or a
stenosis signal of the subclavian artery, the steal syndrome

Fig.2.17 Subclavian steal effect.
Pendulous flow (V2) with systolic
deceleration (retrograde flow) and
orthograde diastolic flow at ipsilateral
subclavian artery stenosis. Complete flow
reversal after decompression of the brachial
artery

in the contralateral vertebral artery is characterized by
orthograde relatively high flow velocities. In the ipsilateral
vertebral artery of a patient with the full clinical picture of
subclavian steal syndrome, complete flow reversal can be
identified already during rest. Because the flow profile can
bear a striking resemblance to a normal flow profile (but:
absence of early diastolic aortic valve reversion phenome-
non!), attention needs to be paid to the flow direction in per-
forming any routine imaging procedure of the vertebral
artery. An initial finding in “incomplete” steal effect consists
of systolic deceleration at unchanged diastole. At later stages,
pendulous flow with retrograde flow during systole and
orthograde flow during diastole are observed.

Subclavian steal syndrome can further be provoked with
the brachial artery ischemia test (Fig. 2.17): the brachial
artery is first compressed — by means of inflation of the pres-
sure cuff to suprasystolic values over 1 min — to cause isch-
emia in the lower arm. The peripheral arterioles in the arm
are thus maximally dilated and compensatory hyperemia is
triggered on sudden decompression. This leads to an imme-
diate effect in the ipsilateral vertebral artery in the form of
instantaneous retrograde flow in the vessel, or to enhance-
ment of the retrograde flow component. This test can be per-
formed additionally in the basilar artery to assess the effect
on this vessel (carotidobasilar overflow).

The possibility of dynamic and continuous recording
offered by Doppler sonography makes it the method of
choice for the diagnosis of steal effect.

Rotational Vertebral Artery Occlusion

A differential diagnosis is proposed in patients complain-
ing of head rotation related vertigo and syncope (Hunter’s
stroke) to confirm the suspected presence of rotational ver-
tebral artery occlusion. In particular patients with known
unilateral vertebral artery occlusion report that the symp-
toms are regularly provoked on extreme rotation of their
head. Principal causative factors comprise processes in the
region of C II/III; degenerative bony structures, ligaments,
as well as muscles may compress the vertebral artery on
head rotation (Netuka et al. 2005).

Examination technique: Alternatively, cw Doppler
may be used to visualize the V3 segment, and the V2 seg-
ment may be examined with duplex sonography. During

Decompression 60
ConVis
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rest the vertebral artery is usually represented without
abnormal findings. The patient is then asked to move the
head in such a way that the symptoms are elicited. The
diagnosis is confirmed in the presence of a change from an
unremarkable Doppler signal into a high resistance Doppler
signal with disappearing diastole at the concurrent devel-
opment of clinical symptoms.

2.2.2 B-Mode Sonography of the Brainstem

The use of transcranial B-mode sonography of the brainstem
is expedient for particular neurologic and psychiatric disor-
ders, as it is capable — superiorly to conventional MRI — of
showing specific changes in the substantia nigra and midbrain
raphe. Ground-breaking was the discovery of characteristic
findings in Parkinson’s disease and depression (Becker et al.
1995a, 1995b). These findings have since been replicated and
clinical applications have been defined.

2.2.2.1 Principles and Techniques

Imaging is performed using an optimized ultrasound system
with a phased array sector transducer (1.6-2.5 MHz). On
principle, the same transducer as that applied for color duplex
sonography can be used; a number of different equipment
manufacturers have, however, developed special transducers
providing higher resolutions for B-mode imaging.

Generally selected device parameters include an image
depth of 14-16 cm, and a dynamic range of 45-50 dB.

The examination is carried out using the temporal bone
window in axial section, with the transducer being placed
preauricularly, parallel to the orbitomeatal line. Despite opti-
mization of the image parameters (image brightness, time
gain compensation, among others), brainstem assessment is
not possible, or possible to a limited extent only, in 5-10% of

Fig. 2.18 Sonogram of the brain. (a) Axial section at midbrain level.
The contralateral cranial bone is readily identified as a bright structure
at the lower edge of the image. At the center, the mesencephalon is
viewed as a butterfly-shaped hypoechogenic structure surrounded by
the strongly echogenic basal cisterns. Visualized at increased echoge-
nicity in the midbrain cross section is the substantia nigra bilaterally

patients. During the examination consideration has to be
given to the fact that axial image resolution is superior to
lateral image resolution. Tissue harmonic imaging (THI
mode) is capable of improving resolution, although it is even
more strongly dependent on the insonation window; it has,
not yet been sufficiently investigated by relevant studies.

In the sectional image the mesencephalon is viewed as a
butterfly-shaped hypoechogenic structure surrounded by the
strongly echogenic cisterns (Fig. 2.18). The echogenicity of the
following structures is assessed in this plane: the ipsilateral
substantia nigra — appearing as a patchy area or as a delicate
band, the ipsilateral red nucleus, and the median brainstem
raphe. Hyperechogenicity denotes an abnormally increased
intensity or area of the ultrasound echo compared with a
normal finding. The gradation of echogenicity can be done
semiquantitatively according to the visual impression or — in
particular for the substantia nigra — quantitatively by planimetric
measurement of echogenic areas (Fig. 2.19). Because planim-
etric measurements are device- and transducer-dependent, ref-
erence values have to be established in larger normal populations
separately for each ultrasound system. A marked increase in
substantia nigra hyperechogenicity exists at values above the
90% percentile measured in the normal population, moderate
substantia nigra hyperechogenicity is present at values above
the 75% percentile (Berg et al. 2001a). On measurement with
the Siemens Sonoline Flegra system, substantia nigra areas
smaller than 0.20 cm? are classified as normally hyperecho-
genic, areas ranging from 0.20 to 0.25 cm? are classified as
moderately, and areas as of 0.25 cm? as significantly hyper-
echogenic. Echogenicity of the median raphe is assessed semi-
quantitatively (Becker et al. 1995b). In normal conditions the
raphe nucleus is viewed as a continuous linear structure
(Fig. 2.20). Echogenicity is regarded as being moderately
reduced when the raphe nucleus is still identifiable, but viewed
as a low-echogenic or interrupted band; echogenicity is consid-
ered to be significantly reduced when the raphe nucleus —
despite good visualization of the nucleus ruber — is not
differentiable from the surrounding midbrain parenchyma.

el

(ipsilateral: arrow I), the nucleus ruber bilaterally (ipsilateral: arrow
2), the median brainstem raphe (arrow 3), as well as the aqueduct
(arrow 4). (b) Schematic representation of (a); / ipsilateral substantia
nigra, 2 ipsilateral red nucleus, 3 brainstem raphe, 4 aqueduct. The
image inserted at the fop right shows a corresponding MRI image for
easier orientation
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Fig. 2.19 Substantia nigra in axial sonogram of the midbrain. (a)
Unremarkable finding: the substantia nigra is viewed as a delicate echo-
genic band- or patch-shaped structure (arrows). Also readily identifi-
able is the border echo of the red nucleus bilaterally (arrow heads). (b)
Pathologic finding: the substantia nigra is markedly hyperechogenic

Fig. 2.20 Brainstem raphe in an axial sonogram of the midbrain. (a)
Abnormal finding: despite good visualization of the nucleus ruber bilat-
erally (arrows), the brainstem raphe (arrowhead) is not represented; a
significantly reduced echogenicity is noted. (b) Unremarkable finding:

2.2.2.2 Clinical Application
Early Diagnosis of Idiopathic Parkinson’s Disease

Approximately 95% of patients with idiopathic Parkinson’s
disease show substantia nigra hyperechogenicity that is pro-
nounced in 73-79%, and moderate in about 20% of cases
(Berg et al. 2001b ; Walter et al. 2006a). No significant differ-
ences in substantia nigra echogenicity were found for the
clinical subtypes (akinetic-rigid subtype, equivalent subtype,
tremor-dominant subtype). Higher substantia nigra echoge-
nicity is observed primarily contralaterally to the clinically
affected side. It remains stable during the clinical course; a
more pronounced manifestation correlates with an early onset
and slow progression of Parkinson’s disease (Schweitzer et al.
2006). The cause of substantia nigra hyperechogenicity may be
an (genetically conditioned?) increased iron deposition in

bilaterally (arrows). The assessment and planimetric measurement of
the surface area is always done ipsilaterally. For this measurement the
substantia nigra was traced with the curser. The red nucleus can be dif-
ferentiated bilaterally (arrow heads). (¢) Schematic representation of
(b): SN substantia nigra, NR nucleus ruber, R raphe A aqueduct

the midbrain raphe (arrowhead) is viewed as a distinctly echogenic,
linear, continuous structure (arrow: nucleus ruber). (¢) Schematic rep-
resentation of (b): NR nucleus ruber, R — raphe

abnormal protein binding. The high frequency of this finding
in relatives of Parkinson patients speaks in favor of a genetic
influence.

Marked substantia nigra hyperechogenicity is also found
in 10% of healthy adults, and at a similar incidence for suc-
cessive decades of life up to age 80 years (Berg et al. 1999b).
This finding correlates with results of PET studies in adults
of approximately 30 years of age with a pathologic reduc-
tion in 'SF-dopamine uptake in the caudate nucleus and
putamen, with an accumulated incidence of parkinsonism
following the administration of high-potency neuroleptics,
and in patients older than 60 years without pre-existing
extrapyramidal motor disorders, with motor slowing com-
pared to individuals with normal substantia nigra echoge-
nicity (Berg et al. 2001a). These findings suggest that
substantia nigra hyperechogenicity reflects nigrostriatal
dopamine system dysfunction already years or decades
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before manifestation of a Parkinsonian disorder. The value
of brainstem sonography for the prediction of later develop-
ment of a Parkinsonian disorder is currently undergoing
investigation by number of prospective studies.

Differential Diagnosis of Parkinson Syndromes

Brainstem sonography supports discrimination between
idiopathic Parkinson’s disorder and atypical Parkinson syn-
dromes (Walter et al. 2003, 2004a). Normal substantia nigra
echogenicity differentiates multiple system atrophy from
Parkinson’s disease at a specificity greater than 90%. The
presence of bilateral marked hyperechogenicity enables dif-
ferentiation of corticobasilar degeneration from progressive
supranuclear palsy. Diagnostic certainty is enhanced by
sonography of other structures (lentiform nucleus, third ven-
tricle). The characteristic constellations of findings are shown
in Table 2.3.

Diagnosis of Affective Disturbances

Reduced echogenicity of the midbrain raphe was a frequent
finding in unipolar depression, and in Parkinson’s
disorder-related depression (Becker et al. 1995b; Berg et al.
1999a). Correlation was established between reduced raphe
echogenicity and signal alteration on MRI in the region of the
posterior raphe nucleus, and has been discussed as the expres-
sion of a central serotonergic system disturbance. Depressed
patients with reduced raphe echogenicity showed a more
favorable response to selective serotonin reuptake inhibitor
therapy than patients with normal raphe echogenicity (Walter
et al. 2006b). Studies are currently underway to determine
whether sonography of brainstem raphe represents a useful
instrument in the decision on the therapeutic strategy for
depressive disorders.

2.3 Electrophysiologic Diagnostics

Jurgen Marx, Frank Thémke, Peter P.Urban, Sandra Bense,
and Marianne Dieterich

2.3.1 Blink Reflex

The blink reflex has become the most widely used electrophysi-
ologic test of brainstem function since its first electromyographic
recording by Kugelberg (1952). It enables the quantitative
assessment of the different components of the human blink
response. Following unilateral stimulation of the trigeminal
afferents, two successive reflex responses can usually be evoked
in surface EMG of the orbicularis oculi muscle: an early compo-
nent (R1), which is typically observed only ipsilaterally, and a
late component, which can be induced ipsilaterally (R2) and
contralaterally (R2c) to the site of stimulation (Fig. 2.21). While
the R1 component does not have a clinical correlate, the R2
component corresponds to visible eye closure resulting from
contraction of the orbicularis oculi muscle. In addition, incon-
stant recording of a third reflex response can be achieved ipsilat-
erally and contralaterally with stronger stimulation magnitudes
fivefold to sixfold of the sensory threshold (Rossi et al. 1989).
However, owing to the poor reproducibility of this response, it
has not become an integral part of routine clinical diagnostics.

2.3.1.1 Anatomic and Physiologic Principles

Sensory nociceptive parts of the supraorbital nerve, the first
branch of the trigeminal nerve, constitute the peripheral
afferents of the blink reflex. The facial nerve is the common
efferent of all response components. Different topographic
mapping studies have shown the central course of the early
R1 component after entry of the trigeminal afferents to
extend from the lateral aspect of the mid-pons to the

Table 2.3 Typical sonographic findings for the substantia nigra (SN), the lentiform nucleus, and the third ventricle in healthy persons older than
60 years, and in patients with different clinical pictures

Syndrome SN hyperechogenic SN hyperechogenic Lentiform nucleus Third ventricle dilated
at least unilaterally bilaterally hyperechogenic (>10 mm)

Normal situation + +) + +)

Idiopathic Parkinson’s disease -+ -+ -+ (+)

Multiple system atrophy +) - +++ _

Progressive supranuclear gaze + - +++ +++

paresis

Corticobasilar degeneration +++ +++ il —

Lewy body dementia +++ +++ + (+)

Frequency of abnormal findings in previous studies: — not found in any patient; (+) very rare; + low incidence; ++ frequent finding;

+++ demonstrated in the majority of cases
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Fig. 2.21 Electromyographic recording of a
normal blink reflex obtained separately on either
side after the respective supraorbital stimulation
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ipsilateral region of the facial nucleus, in particular to the
intermediate subnucleus (Marx et al. 2001). The exact
course of the R1 reflex arc in the brainstem has been
investigated by only a small number of experimental stud-
ies (Cruccu et al. 2005). The findings of clinical correlations
and electrocoagulation studies in an animal model suggest a
strictly ipsilateral dorsomedial pontine course with a close
relationship to the principal trigeminal nerve nucleus
(Ongerboer de Visser 1983). In humans, the frequent
conjoint occurrence of R1-abnormalities and internuclear
ophthalmoplegia is in favor of an anatomic proximity of the
reflex arc to the medial longitudinal fasciculus.

The bilaterally occurring late R2 response follows a
polysynaptic reflex arc. After entry of the trigeminal affer-
ents into the pons, the central fibers are assumed to descend
together with the spinal tract of V from the dorsolateral
pons to the level of the caudal pole of the hypoglossal
nucleus in the medulla oblongata. After partial crossing at

Stimulation right, recording right

this level, they reascend through the propriobulbar seg-
ment of the reticular formation, medial to the spinal
nucleus of the trigeminal nerve, bilaterally to the facial
nucleus region (Cruccu et al. 2005. The fibers ascending to
the ipsilateral facial nucleus may be located more laterally
than those coursing to the contralateral nucleus (Tackmann
et al. 1982).

The central R2 reflex arc is subject to suprasegmental
hemispheric and mesencephalic control.

Both a supratentorial lesion and a disturbance of conscious-
ness can influence the occurrence of the R2 response. The R2
response further habituates after multiple stimulations.

2.3.1.2 Clinical Application

The supraorbital nerve is usually stimulated separately on
both sides by means of surface electrodes placed on the
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Fig. 2.22 Technique for eliciting the blink reflex on supraorbital
stimulation

supraorbital foramen (Fig. 2.22). The stimulation cathode
should be positioned above the foramen, with the stimulation
anode approximately 2 cm above it and rotated slightly later-
ally, to avoid transfer of the stimulation current to the contralat-
eral side. If the infraorbital segment of the trigeminal nerve is to
be examined, the stimulation cathode is placed on the infraor-
bital foramen above the exit point of the nerve, and the stimula-
tion anode is positioned about 2 cm below. Stimulation is
applied with supramaximal rectangular impulses of 0.1 ms, at
an intensity of 3-20 mA. The stimulation strength can be
increased until a stable maximal electromyographic response is
obtained. The patient’s eyes should be closed lightly. The stim-
uli are applied at interstimulus intervals of at least 10-20 s to
avoid habituation of the R2 response (Kimura 1989). The
stimulus responses of each orbicular muscle are recorded
separately on either side using surface electrodes. The differ-
ent lead electrode is positioned directly below the lower
eyelid, at an approximate mid-position between the inner
and outer orbital border, the indifferent electrode is placed in
the temporal region at the lateral orbital border. An additional
ground electrode can be affixed submentally or to one fore-
arm. Filter limits are usually set at 20 and 3,000 Hz.

Measured are latencies from the trigger signal to initiation
of the evoked reflex response. A minimum of five successive
reflexes are recorded and evaluated for this purpose.

Applying this technique, supraorbital stimulation evokes
an ipsilateral R1 response and bilateral R2 responses in all
healthy subjects.

Defined as pathologic are

e The absence of individual reflex components

e Absolute latency prolongations above the upper limits of
normal

* Side to side latency differences above the upper limits of normal

Pronounced intra- and interindividual amplitude fluctuations
are usually not considered in the evaluation.

Table 2.4 Upper limits of normal of blink reflex components published
for different patient collectives

Investigator Component  Absolute Side differences
latencies (ms)  (ms)
Kimura (1975) R1 <13.0 <1.2
R2 <40.0 <5.0
R2¢ <40.0 <7.0
Hopfetal. (1991) RI1 <12.1 <1.2
R2 <42.5 <5.0
R2c <44.5 <7.0

While an R2 response can always be evoked on infraorbital
stimulation, this is not consistently possible for the R1 compo-
nent. Paired double stimulation with a short interval (<10 ms)
exerts facilitating effects on the R1 component, in particular
when the R1 component can not be evoked or appears unstable
on single stimulation in the presence of a demonstrable R2
component (Kimura. 1975). The upper limits of normal are
summarized in Table 2.4.

2.3.1.3 Interpretation of Findings

A delay in all reflex components after simultaneous stimula-
tion indicates an afferent defect and is observed after a
peripheral ophthalmic or trigeminal nerve lesion. A lesion of
the afferent type has also been described for intra-axial lat-
eral pons lesions when these also involve the trigeminal entry
zone (Hopf et al. 1992).

An efferent defect can be shown as unilateral absence or
delayed latencies of the orbicularis oculi muscle reflex
response, and is typically detected in patients with Bell’s palsy
(Kimura 1989). In this case the typical pattern develops
mostly within 1 week after onset of the paresis. In defect
healing with aberrant regeneration, an R1 or R2 response can
also be obtained in the mentalis or frontalis muscles, in addi-
tion to an orbicularis oculi muscle response. In patients with
Guillain-Barré syndrome, Fisher’s syndrome or congenital
motor, and especially sensory neuropathy, markedly prolonged
R1-latencies can be found bilaterally, while this is not the case
for the R2 component, a finding that may be accounted for by
the wider normal range (Valls-Solé et al. 1990).

The blink reflex primarily represents a highly sensitive
method for the demonstration of vascular or inflammatory
brainstem lesions affecting the mid- and lower pons, as
well as the medulla oblongata (Fig. 2.23). In a study that
included 180 patients with brainstem infarctions undergo-
ing diagnostic testing with a variety of electrophysiologic
brainstem reflexes and evoked potentials, the blink reflex
had a 30% rate of abnormal findings and emerged as the
method with the highest sensitivity for verification of clin-
ically suspected brainstem lesions (Cruccu et al. 2005). In
patients with transient symptoms or the lack of a con-
firmed lesion on magnetic resonance imaging, the blink
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Fig. 2.23 Classical pathologic patterns of the blink (a) reflex and their assignment to the respective brainstem lesions (b). NMT trigeminal motor
nucleus, NPT trigeminal principal nucleus, NST trigeminal sensory nucleus, V trigeminal nerve, VI facial nerve

reflex identified a central pathology in a relevant number
of cases, which is of crucial importance for the decision
on the subsequent therapeutic regimen as, e.g. the initia-
tion of secondary stroke prevention (Marx et al. 2002). In
addition, the blink reflex is a valuable tool in the economic
follow-up of functional recovery after brainstem lesions.

Topodiagnostic findings of imaging-based correlation
studies have suggested a relationship between delays in the
R1 component and ipsilateral pontine pathology (Cruccu
et al. 2005; Fig. 2.24). An isolated R1 pathology — without
involvement of the R2 component — is an indication of a lat-
eral mid-pontine lesion, although an association with inter-
nuclear ophthalmoplegia is frequently found on clinical
examination (Hopf et al. 1991).

Different R2 abnormality patterns may develop in the
presence of medullary lesions. In the majority of patients
with a typical lateral or dorsolateral medulla oblongata
infarction a loss or delay in the ipsilateral R2 and R2c
response is often observed. Following extension of the

lesion medially beyond the spinal tract of V, an ipsilateral
R2 and a bilateral R2c loss may develop, which is usually
associated with extended or only incompletely remitting
clinical symptoms. (Aramideh et al. 1997). A delay in the
R2c alone is much more rarely noted and is suggestive of a
contralateral paramedian medullary lesion. In contrast,
a bilateral medial medullary injury most often only
involves the crossed fibers for the R2c of both sides (Hopf
1994) However, the described constellations of findings
often also occur in mixed forms. Suprasegmental lesions
occurring primarily in the postcentral region are more
likely to lead to a delay in the R2 than in the R1 compo-
nent. In patients in coma due to supratentorial injury, the
R2 component may initially be lost, while the R1 compo-
nent is generally maintained until the development of a
secondary brainstem lesion. As a rule, both components
can be demonstrated in patients with apallic syndrome,
although they are absent in the brain dead patient (Metha
and Seshia 1976).
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Fig. 2.24 Example of an ipsilaterally absent R1-component (a) in a patient with acute right-pontine brainstem ischemia in the respective

T2-weighted MRI (b)

2.3.2 Masseter Reflex

Frank Thomke
2.3.2.1 Anatomic Principles

The masseter reflex is a monosynaptically transmitted
monophasic (myotatic) stretch reflex of the masseter mus-
cle. In contrast to all other stretch reflexes, the cell bodies
of the afferent neurons are located in the central nervous
system, in the mesencephalic nucleus of the trigeminal
nerve. Afferents are la fibers from the masseter muscle
spindles, which run in the masticatory nerve possibly
crossing to the sensory root via anastomoses in the
Gasserian ganglion, before entering the brainstem at the

level of the mid-pons, and ascend in the mesencephalic
tract of the trigeminal nerve to the mesencephalic nucleus
of the trigeminal nerve. This nucleus contains the cell
bodies of the first-order sensory neurons, which send col-
laterals down to the motor nucleus of the trigeminal nerve
in the lower pons, where monosynaptic transmission to
masseter muscle motoneurons takes place. The efferents
of the masseter motor neurons in turn course in the motor
root of the trigeminal nerve to the mandibular nerve, and
finally travel in the masseter nerve before entering the
masseter muscle (Fig. 2.25; Hopf 1994; Thomke 2003).
According to current knowledge, masseter reflex abnor-
malities indicate ipsilateral brainstem lesions between the
levels of the fifth nerve motor and the third nerve nucleus,
provided that trigeminal nerve functions are intact (i.e.,
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Mesencephalic nucleus
and tract of the
trigeminal
nerve

Fig.2.25 Representation of the central masseter reflex arc and adjacent
structures (According to Nieuwenhuys et al. 1989). MLF medial longi-
tudinal fascicle; IIT oculomotor nucleus; IV trochlear nucleus; Vs main
sensory trigeminal nucleus; Vim motor trigeminal nucleus; VI abducens
nucleus; VII facial nucleus; VIII vest: vestibular nucleus; N. V trigemi-
nal nerve; N. VI abducens nerve; N VIII vestibulocochlear nerve

normal corneal reflex, trigeminal sensory function, and
masseter function).

The masseter central reflex arc has a close topographic
relationships to numerous brainstem structures. In the pons it
is closely related to the vestibular nerve segment adjacent to
the vestibular nucleus (and to the medial vestibular nucleus),
to the inner knee of the facial nerve, as well as to the proximal
segment of the abducens nerve. In the midbrain, the intrames-
encephalic segments of the trochlear and oculomotor nerves
lie in close proximity (Nieuwenhuys et al. 1989; Hopf 1994;
Thomke 1999). Between the mid-pons and the third nerve
nucleus level there are also close anatomical relationships to
the medial longitudinal fasciculus, to descending excitatory
projections to the paramedian pontine reticular formation,
and to the widely ramified neuronal network involved in the
generation of smooth pursuit eye movements.

2.3.2.2 Clinical Application and Normal Values

The masseter reflex is elicited by a brisk tap with a reflex
hammer on the patient’s jaw, which stretches the masseter
muscles on both sides. The examiner places the index finger
on the tip of the patient’s chin, whose mouth is slightly open,
and taps his index finger with the reflex hammer. The

recording is triggered at the moment of the mechanical tap
by a signal from a piezo-electric element mounted in the
hammer. The reflex is recorded simultaneously on both sides.
Recording of the reflex response is primarily performed non-
invasively with the use of surface electrodes, that are placed
above the muscle belly 25 mm above the margin of the man-
dible (recording electrode), and over the zygoma at the lat-
eral edge of the orbit (reference electrode) with a bandwidth
of 20-2,000 Hz (overview see Thomke 2003). With a more
invasive technique signals are recorded by concentric needle
electrodes, although this method is not widely used and has
thus far been investigated by a very small number of studies
only (Yates and Brown 1981; Cruccu et al. 1987).

The reflex responses recorded by surface electrodes are
biphasic compound muscle action potentials of the masseter
muscle. The latency is the time interval between the impact
of the reflex hammer on the tip of the chin and the negative
deviation of the compound muscle action potential from
baseline, and the amplitude represents the maximal negative
deflection of the compound muscle action potential from
baseline (Fig. 2.26).

All published studies reported relatively large interindi-
vidual differences of latency and amplitude, whereas intrain-
dividual fluctuations on repeated stimulations were only
small. There was a wide difference in the number of the
recorded reflex responses, which ranged from 3 to 35, and
the calculation of latencies has not always been well-defined.

| Latency | | 1mv

| 10 ms |

Fig. 2.26 Original registration of a simultaneous masseter reflex
recording in a healthy person. The two upper graphs depict the record-
ing of ten successive individual reflex responses; the two lower graphs
show the cumulative average curve derived from the individual
recordings
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Some authors based the evaluation on the shortest among
three reflex responses as proposed by (Goodwill 1968). The
criterion established by (Ferguson 1978) is an abnormal
side difference of more than 0.5 ms based on more than ten
reflex responses. In our experience, the mean value calcu-
lated from ten successive reflex responses has proven
of value. With a good reproducibility of the individual
responses, the mean latency of the ten responses is identical
to the latency of the cumulative average curve (Fitzek et al.
2001). In a variety of normative collectives investigated
with different registration techniques, a certain amount of
variability of absolute latencies was observed. However, a
side difference in latencies of below 0.5 ms, as well as
increasing latencies at increasing age were well reproduc-
ible with all registration systems (Table 2.5; Hopf and
Gutmann 1990; Kriamer et al. 1992; Bremer 1993; Ben
Ghezala et al. 1996; Fitzek et al. 2001).

In contrast to the latencies, masseter reflex amplitudes
are substantially codetermined by muscular tension, in
addition to being characterized by a significantly higher
interindividual variability. Furthermore, the amplitudes
have not been investigated as extensively as the latencies.
Reductions in amplitude from one third up to one half of
the higher amplitude have been described as abnormal by
different studies (Table 2.6). In one study (Cruccu et al.
1987) even a reduction of one fourth with reference to the
higher amplitude was considered to be outside the normal
range, i.e. of the mean value plus a 2.5-fold standard devia-
tion. In this study the reflex responses were obtained with
concentric needle electrodes, but with surface electrodes in
all other studies.

In addition to the delay in the absolute latency, an abnor-
mal side difference has been identified as the most sensitive
parameter of pathologic change.

Table 2.5 Normal values of masseter reflex latencies reported by different studies

Latencies (mean value +SD?)

Goodwill (1968) 8.4 = Ims
n=_86
Kimura et al. (1970) 7.1 £0.62 ms

n=20

Ongerboer de Visser and Goor (1974)
7 ms (3140 years) (n =7)

7 ms (20-30 years) (n=9)

Side differences (mean value +SD?)

<1 ms

0.27 £ 0.15 ms

0.07 = 0.15 ms for the entire group

Yates and Brown (1981)
n=21

Gorombey et al. (1986)
n=20

Lowitzsch and Marzi (1986)
n=24

Cruccu et al. (1987a)

n=25

Hopf and Gutmann (1990)
n=>58

Bremer (1993)
n=112

Fitzek et al. (2001)
n=105

7.4 ms (41-50 years) (n = 10)
7.8 ms (51-60 years) (n = 10)
8.4 ms (61-70 years) (n = 6)
7.8 ms (71-80 years) (n = 4)

In another 5 patients aged 71-80 years no reflex

response was evoked bilaterally

8.7+ 1s

6.4+ 0.9 ms

7.6 £0.7 ms

7.2 £0.8 ms

6.9 = 0.4 ms (<40 years) (n = 27)
7.6 = 0.5 ms (>40 years) (n=31)

6.4 = 0.7 ms (<42 years) (n = 29 women)
6.9 + 0.5 ms (<42 years) (n = 29 men)
7.3 £ 0.6 ms (>42 years) (n = 26 women)
7.5 £ 0.6 ms (>42 years) (n = 28 men)

7.7 = 0.6 ms (<50 years) (n = 40 women)
8.1 £ 0.7 ms (250 years) (n = 30 men)
8.8 £ 1 ms (>50 years) (n = 20 women)
8.8 £ 0.5 ms (>50 years) (n = 15 men)

0.1 £0.2 ms

0.1 £0.2 ms

0.23 ms

0.11 £0.15 ms

0.15 £ 0.12 ms for the entire group

0.17 £ 0.14 ms for the entire group

<0.4 ms® for the entire group <50 years

<0.54 ms" for the entire group >50 years

4As far as indicated

*Upper limit of 95% confidence interval (as the normative collective of Fitzek et al. did not exactly fulfil the normal distribution criteria, the 95%

confidence interval was used to determine the upper limit of normal reflex latencies)
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Table 2.6 Normative values of masseter reflex amplitudes reported by different studies

Amplitudes (mean value +SD?)

0.8 +0.6 mV

Cruccu et al. (1987)
n=25

Hopf and Gutmann (1990) 2.2 mV (240 years) (n = 27)

Side differences (mean value +SD?)

7% + 10%

17.2% + 8.6%"
18% + 8.8%"

<48.5%"< for all women and men

n=>58 1.9 mV (>40 years) (n =31)
Bremer (1993) 3.2+ 1.6 mV (<42 years) (n =29 women)
n=112 2.8 £ 1.6 mV (42 years) (n = 29 men)

2.7+ 1.9 mV (>42 years) (n =26 women)
2.4 + 1.3 mV (>42 years) (n =28 men)

Fitzek et al. (2001)
n=105

2.0 0.9 mV (250 years) (n = 40 women)
1.7 £ 0.8 mV (<50 years) (n = 30 men)
1.0 £ 0.5 mV (>50 years) (n = 20 women)

<33%>"< (or <0.8 mV) for the entire group <50 years

<33%"< (or 0.4 mV) for the entire group >50 years

1.1 £0.6 mV (>50 years) (n = 15 men)

*As far as indicated
®Relating to the side with the higher amplitude
‘Indicated in all cases is the upper limit of the 95% confidence interval

The following are regarded as pathologic findings:

» Side differences in latencies from >0.5 ms (Fig. 2.27)

e Unilateral or bilateral latencies outside the age-related
normal range, i.e. higher than the respective mean value
plus a 2.5-fold standard deviation

e Unilateral or bilateral reflex loss (Fig. 2.28); no reflex
responses may occasionally be recorded in healthy
patients older than 70 years

¢ Partial reflex loss, i.e. the absence of four or more reflex
responses over ten examinations

e A difference in amplitude of more than 50% with regard
to the respective higher amplitude

The single recording of an abnormal masseter reflex can on
principle be the expression of an acute or an older, pre-
existing lesion. The presence of an acute lesion is regarded
as confirmed if one of the following findings is documented
in subsequent examinations:

* A unilateral or bilateral reduction (or increase) in latency
of 0.8 ms or higher

* A unilateral or bilateral return of a previously absent
reflex response (Fig. 2.28)

2.3.2.3 Interpretation of Findings

Suprasegmental, i.e. supratentorial or cerebellar lesions do
not have an influence on the masseter reflex (Hopf et al.
2000). However, damage to the peripheral segments of the
reflex arc outside the brainstem, i.e. lesions of the third
branch of the trigeminal nerve, the mandibular nerve, or
masseter muscle pareses are possible causes of an abnor-
mal masseter reflex (Kimura et al. 1970; Ongerboer de
Visser and Goor 1974; Ongerboer de Visser and Goor 1974;

Ferguson 1978; Cruccu et al. 1987). In the presence of clin-
ically intact functions of the trigeminal nerve, i.e., normal
corneal reflex, normal trigeminal sensory function, normal
masseter function, an abnormal masseter reflex indicates
ipsilateral brainstem dysfunction between the caudal pons
and the rostral midbrain. Overall, the examination of the
masseter reflex represents one of the most sensitive electro-
physiologic tests for the demonstration of a functionally
relevant brainstem dysfunction, which may be attributed to
the extensive rostrocaudal course of the central reflex arc.

An abnormal masseter reflex is the most frequently iden-
tified abnormal electrophysiologic finding in patients with
vertebrobasilar ischemia (Mika-Griittner et al. 2001; Marx
et al. 2002). In addition to the rostrocaudal extension of the
central reflex arc, the vascular architecture of the pontomes-
encephalic brainstem is of crucial importance here. The
region of the central masseter reflex arc comprises not only
the terminal circulation territory of the long penetrating
branches from the basilar artery but also vessels exiting from
the lateral and dorsolateral segments of the circumferential
branches of the basilar artery (Hassler 1967).

Abnormal masseter reflex findings have been reported in
30-60% of patients with multiple sclerosis, and their inci-
dence may be higher than abnormal findings for the blink
reflex or acoustic evoked potentials. Patients with internu-
clear ophthalmoplegia also frequently show ipsilateral
masseter reflex abnormalities (overview Thomke 2003). This
may be attributed to the close proximity of the medial longi-
tudinal fascicle to the central reflex arc between the mid-pons
and the rostral midbrain, which are at mutual risk for injury
from possible primarily ischemic or demyelinizing lesions
located in this region.

The occurrence of masseter reflex abnormalities in patients
with isolated cranial nerve dysfunctions can also be explained
by anatomic conditions. The central reflex arc is located in
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Fig. 2.27 Patient with dorsolateral
infarction of the rostral pons right. MRI
(image at center); ipsilateral latency-
delayed and amplitude-reduced masseter
reflex right (left graph); at normal
elicitation left (right graph)

Masseter reflex right

9.5 ms

Fig.2.28 MRI: Patient with circum-
scribed dorsal mid-brain infarction right.
Absence of ipsilateral masseter reflex at
normal elicitation left (upper curves).
Normalization at follow-up (lower curves)
confirms presence of a current lesion

close proximity to the oculomotor, trochlear, abducens and
facial (inner knee of facial nerve) nerves, as well as to the
vestibular nerve proximal to the nucleus (and to the medial
vestibular nucleus), so that mutual damage to these structures
is possible (Thomke and Hopf 1999). In patients with
Arnold—Chiari malformations, the masseter reflex has further
proven highly useful for the identification of disturbed pon-
tomesencephalic brainstem functions; the sensitivity is here
again attributable primarily to the rostrocaudal extension of
the central masseter reflex arc (Koehler et al. 2001).

2.3.2.4 Conclusion

The electrophysiologic examination of the masseter reflex is a
highly sensitive test for the demonstration of a functionally
relevant pontomesencephalic brainstem dysfunction, which
continues to be a valuable diagnostic tool. Electrophysiologic
diagnostic methods (masseter reflex, blink reflex, electroocu-
lography) are superior to magnetic resonance imaging (MRI)

|

Masseter reflex left

1mV

8.3 ms

|
Initial examination il

'-

when only T1 and T2 weighted sequences with slice thick-
nesses of >4 mm are prepared (Mika-Griittner et al. 2002;
Thomke et al. 2002). As a result of the markedly improved
visualization of the brainstem by means of more recent MRI
techniques (e.g. diffusion weighted and fluid attenuated inver-
sion recovery [FLAIR] sequences) and thinner, 2-3 mm thick
slices, an increasing number, although not all, functionally
relevant brainstem lesions are depicted (Mika-Griittner et al.
2001, 2002; Marx et al. 2002). MRI identifies morphologic
damage, which is frequently, although not always, associated
with disturbed function of morphologically damaged struc-
tures. In contrast, electrophysiologic examinations detect
disturbances of function, that are often due to morphologic
damage, but which may also occur in the presence of normal
(or only slightly damaged) morphology, i.e. in the absence of
MRI-documented lesions. The electrophysiologic examina-
tion of the masseter reflex is a widely available, cost-effective,
and readily reproducible test that can provide important infor-
mation on the presence of a relevant brainstem dysfunction
and the dynamics of its clinical course.
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2.3.3 Early Acoustic Evoked Potentials

Peter P.Urban

2.3.3.1 Anatomic and Physiologic Principles

Early acoustic evoked potentials (EAEP) are viewed as
electrical potential fields in response to an auditory stimulus
recorded from the scalp or the auditory canal, using elec-
trodes with a latency of up to 10 ms. The anatomic course of
the auditory path renders EAEP’s suitable for the detection
of tegmental brainstem lesions. EAEP’s consist of five suc-
cessive positive (in contrast to conventional upwards plotted)
peak potentials (Fig. 2.29).

Wave I originates in the cochlear segment of cranial
nerve VIII, presumably near the exit site from its foramen.
Wave 1II is generated in the most proximal part of the
cochlear nerve in the region of the cochlear nucleus.
Intraoperative tests on the exposed cochlear nerve lend sup-
port to the assumption that Wave Il is generated by an abrupt
change in the conductivity of cerebrospinal fluid compared
to the cerebral parenchyma at the entrance site to the brain-
stem at the pontomedullary junction (Martin et al. 1995).
The accurate topographic allocation of subsequent waves
is, however, less well-defined. The possible origin of wave
III may be in the horizontal connections between the
cochlear nucleus, the nuclei of the medial and lateral supe-
rior olives, and the trapezoid body at the pontine level. The
conjectured origin of waves IV and V is in the mesenceph-
alic lateral lemniscus ascending to the inferior colliculus
(Markland 1994).

A reliable topographic allocation of the lesion to the right
or left side is possible alone for wave I, and can be made with
reservations only for wave II. In view of the bilateral projec-
tions in the brainstem, changes in waves III, IV and V do not
permit a dependable allocation of the lesion to one of the

sides. There are currently a number of indications that these
waves in particular do not originate in a neuronal structure,
but have multiple generators (Kaga et al. 1997).

2.3.3.2 Application
Stimulation

Stimulation is achieved by clicks, i.e. sounds with a frequency
spectrum ranging from 500 to 7,000 Hz, that are generated by
arectangle-shaped electric pulse of 100 us transmitted through
earphones. Depending on pulse polarity at the earphone mem-
brane, the clicks generate a pressure (condensation click) or
suction (rarefaction click) stimulus to the tympanic membrane.
Rarefication clicks frequently lead to larger amplitudes of wave
I, and more often produces readily distinguishable waves IV
and V. In some settings, rarefication clicks are therefore used
exclusively. The application of condensation clicks lead to
larger wave V amplitudes. The alternating application of rare-
fication and condensation clicks, or subsequent averaging of
the curves reduces the stimulus artefact. The use of alternating
clicks alone is advised against because artefacts will also sum
up and can thus simulate potentials. In addition, latency differ-
ences in individual waves between condensation and rarefica-
tion clicks may cause elimination of the waves due to
summation. Furthermore, in some patients a pathologic finding
is detected only with the use of one stimulation polarity, while
it would have been missed with the application of alternating
stimulation, or on stimulation with the other polarity only.
The clicks are applied using a frequency of 10 Hz. The
stimulus strength ranges 70 dB HL above the individual
auditory threshold, which needs to be determined first; 95
dB HL should not be exceeded. The stimulus is applied
monaurally and the contralateral ear is masked with white
noise at a stimulus strength 40 dB HL below that of the click.

Condensation click right
Recording right
0.5 uV/U

\ Condensation click right
Recording right
0.5 uv/U
Rarefication click right

Recording right
/ 0.5 uv/U
- Rarefication click right
I Recording right

0.5 uv/U

Summation of

Condensation/Rarefication
/ Recording right

0.5 pv/u
— Summation of

ondensation/Rarefication
Recording right

Fig.2.29 Normal EAEP finding

.5 pv/U
1.0 ms/Div
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This prevents stimulus conduction across the cranial bone to
the non-stimulated ear.

When the waves are not readily definable, stimulation
strength should either be increased or decreased. While
decreasing stimulus strength leads to reduced amplitudes at
increased latencies, inter-peak latencies remain unaffected.

Recording

The potentials are mostly recorded bilaterally. The electrodes
are placed on the mastoids or earlobes and are interconnected
at Cz. The Cz electrode is the “different” electrode in EAEP
applications and the electrode placed on the mastoid or ear-
lobe represents the “indifferent” electrode, because as far-
field potentials, EAEPs have their largest amplitude above
the vertex. Employed are needle and surface electrodes, as
there are no differences between these regarding latency and
amplitude. The transition impedance must not be greater
than 5,000 Q. A filter setting of 100-3,000 Hz is recom-
mended. Measured are the first 10 ms after stimulation.
1,000-2,000 stimulation trains are usually averaged. A sec-
ond measurement is requisite to ensure reproducibility.

2.3.3.3 Physiologic Variability of EAEP and
Abnormal Findings

With increasing age, latencies of waves [ and V are found to
be increased in men only.

Conversely, interpeak latencies (IPL) remain largely
unchanged (Lopez-Escamez et al. 1999).

Body temperature has a pronounced influence on EAEP
latencies: latencies are decreased at lower temperatures.

Women show slightly shorter waves III and V, as well as
shorter IPLs I-III and -V (Lopez-Escamez et al. 1999),
which may be attributable to a higher mean body tempera-
ture in women.

With increasing (senile) hearing loss — even when it is
not yet of clinical significance — a decrease in amplitudes is
observed, principally for wave I, but also for all subsequent
waves. When wave I is so low that its latency can not be
determined with certainty, determination of the IPL should
also be dispensed with.

Wave I is included in the stimulation-ipsilateral recording
only. Wave II may also be absent in healthy subjects or be
lost in the descending arm of wave I or in the ascending arm
of wave III. Wave II is frequently better identifiable on
stimulation-contralateral recording. A further variation is the
merger of waves IV and V to a common entity. In certain
conditions waves IV and V may be better differentiated on
suction than on pressure stimulation.

A decisive factor in the neurologic applicability of EAEPs
is the differentiability of wave 1.

In some cases a normal click-auditory threshold may be
identified, despite the absence of wave 1. This may be an indica-
tion of high tone deafness, since wave I is generated by the
high-frequency components of the click. Findings reported in
the literature demonstrate that in these cases wave I can be
shown in approximately 75% of patients with the application of
needle electrodes in the outer auditory canal (Chiappa 1997).

2.3.3.4 Evaluation

Evaluation parameters comprise latencies of waves I, III and
V. From these, the more informative IPLs I-III, III-V, and
-V are calculated, because they are not as substantially
influenced by biologic factors (sex, age, auditory distur-
bances, etc.) (Markand 1994). In addition to the absolute
latencies of the individual waves and IPLs, side differences
can be used in establishing a diagnosis. In view of the fact
that amplitudes of the EAEPs are subject to a relatively wide
fluctuation range, the absolute values are not suitable for
diagnostic purposes. Only the quotient of wave V and I
amplitudes is of diagnostic value. The amplitudes from the
peak of the wave to the following negative minimum are
measured for this purpose. In some instances abnormal find-
ings are detected only on pressure or suction stimulation
(Maurer 1985; Hammond et al. 1986). The separate evalua-
tion of both stimulation types is therefore recommended.

The mean value plus 2.5-fold standard deviation is usu-
ally defined as the maximum permissible value. Normative
values have been described in the literature (e.g. Chiappa
1997), and should be tested for transferability in an own
patient collective.

IPL I-V represents the pathway from the distal vestibulo-
cochlear nerve through the pons to the mid-brain, which can
be pathologically prolonged due to a lesion along the entire
peripheral and central segment. Isolated high tone deafness
may lead to a paradoxical shortening of IPL I-V. Because
only the low frequency components of the cochlea are pres-
ent in these circumstances, the latency of wave I is delayed,
although this does not apply to the latencies of the following
waves.

IPL I-III represents the pathway from the distal vestibu-
locochlear nerve to the lower pons. A delayed IPL I-III may
therefore be generated by a lesion in the cerebellopontine
angle (e.g. acoustic neurinoma), meningitis, neoplastic
meningitis, Guillain-Barré syndrome, HMSN I, III, and
pontomedullary lesions.

IPL ITII-V represents the pathway from the lower pons to
the tegmental pontomesencephalic region.

The V/I amplitude quotient should be within a range
from 0.5 to 3 (Pratt et al. 1999). This signifies that, as a rule,
the amplitude of wave V is larger than that of wave I. At a
V/I quotient <0.5, wave V is thus too low, which lends
support to the presence of a central lesion.
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At a V/I quotient >3, wave I is too low; this finding serves
as an indication of a peripheral lesion or hearing disturbance.

Central Lesions

The following constellations serve as an indication of a
central lesion in the brainstem:

e Normal waves I, IT and III with absence or delayed and/or
amplitude reduced waves IV and V, or wave V alone. The
probability of a central lesion is increased if not only the
V/T amplitude quotient is <0.5, but wave V is simultane-
ously also delayed (Figs. 2.30-2.33).

e Pathologically prolonged IPL III-V, on condition that the
V/T amplitude quotient is <0.5 and waves I and II are within
the normal range. In clinical practice an extension of IPL
II-V is only rarely observed. A prolonged latency of wave
V at a still normal IPL III-V is detected more frequently.

Fig.2.30 Arnold—Chiari-II-malformation.
Loss of waves III-V. Upper two traces:
condensation clicks; middle two traces:
rarefication clicks; lower two traces:
summation of condensation and rarefication
clicks

» Pathologically prolonged IPL I-IIT with an V/I amplitude
quotient <0.5 and normal waves I and II. This constella-
tion may, however, also be observed in the presence of
proximal lesions of the cochlear nerve. Indicative of a
central lesion is a simultaneously prolonged IPL III-V,
while IPL III-V is normal for peripheral lesions.

Multiple Sclerosis

Conflicting results have been reported regarding the incidence
of pathologic EAEP findings in multiple sclerosis (MS). This
is due to the different examination techniques, the size of the
patient collectives, duration of the disease, and assessment
criteria used. The more parameters as, e.g. absolute latency of
individual waves as well as their right-left differences (and
not only the IPL and V/I amplitude quotient), are used in the
evaluation, and the narrower the limits of the upper norm are

Fig. 2.31 Pons infarction right. Delayed latencies of waves IV and V bilateral. Description of curves see Fig. 2.30
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Fig. 2.32 Cavernoma left pontine. Delay of wave V. Description of curves see Fig. 2.30
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Fig. 2.33 Cavernoma right pontine. Amplitude-ratio wave V/I < 0.5. Delay of wave V. Description of curves see Fig. 2.30

determined, the higher is the proportion of pathologic find-
ings. The cumulative incidence rate of pathologic EAEP find-
ings ranges from 30% to 60% for clinically confirmed (Friedli
and Fuhr 1990; Chiappa 1997), and from 20% to 40%
(Chiappa 1997; Buchner 2000) for clinically possible or prob-
able MS. Although the incidence rate of pathologic EAEP
findings is substantially lower than that for other evoked
potentials (VEP, SEP and MEP), a pathologic EAEP finding

may, in individual cases, indicate the presence of a clinically
silent lesion and increase the probability of the diagnosis.
The EAEP patterns in MS correspond to the findings of a
central lesion. Although patients with a central lesion do not
have a hearing disorder in spite of distinct EAEP changes,
MS patients with sudden unilateral hearing disturbance have
been described, who showed demyelinating lesions in the
pontomedullary junction, or in the dorsolateral caudal pons
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on MRI. These patients had an ipsilateral loss of waves II-V
or IV and V on EAEP (Drulovic et al. 1993). In approxi-
mately 50% of all MS patients with pathologic EAEPs, this
is abnormal on unilateral stimulation alone (Chiappa 1997).

IPL III-V is generally only rarely pathologically pro-
longed, while this is very often observed for waves IV and V
in the presence of normal waves I-III.

Brainstem Ischemia/Bleeding

Unilateral brainstem lesions in the region of the lateral lem-
niscus and the inferior colliculus ordinarily do not lead to
clinically observable hearing disturbances, despite the fact
that differentiated investigations on interaural time dis-
crimination have identified abnormalities (Levine et al.
1993). Bilateral lesions of the trapezoid body, the lateral
lemniscus, and the inferior colliculus may, however, be
causal factors of central bilateral hearing loss (Hoistad and
Hain 2003). The correlation between the occurrence of
hearing disturbances and EAEPs is, nevertheless, very lim-
ited with brainstem lesions. Pathologic EAEPs are most
often detected in patients with clinically normal auditory
function. On the other hand, normal EAEPs have been
described for brainstem lesions on different levels, even in
the presence of central hearing loss (Egan et al. 1996; Vitte
et al. 2002; Lee et al. 2004). EAEP patterns in ischemia or
bleeding in the brainstem correspond to the findings of a
central lesion.

EAEPs with monaural stimulation in patients with ros-
tral brainstem lesions with involvement of the lateral lem-
niscus and the inferior colliculus have until now detected
pathologic findings only on contralateral, but not on
respective stimulation-ipsilateral recordings (Fischer et al.
1995; Cho et al. 2005). More caudally located unilateral
lesions in the region of the superior olivary complex, the

Fig. 2.34 Acute decrease in hearing on the
right. Infarction in the territory of the
anterior inferior cerebellar artery (AICA).
Delayed latencies of waves I-V.
Description of curves see Fig. 2.30

region of the cochlear nucleus, or the entrance site of the
vestibulocochlear nerve can, however, represent the cause
of ipsilateral hearing disturbances and pathologic EAEPs
(Hausler and Levine 2000; Fig. 2.34).

Infarctions of the dorsolateral medulla oblongata
(Wallenberg’s syndrome) seldom cause changes in EAEPs
(Chia and Shen 1993). In cases with maintained tegmental
function, ventral infarctions of the base of the pons, rang-
ing in severity to the clinical picture of locked-in syn-
drome are associated with normal EAEPs (Bassetti et al.
1994). An analysis of pontine hemorrhages did not show
a correlation between clinical and EAEP findings, while a
bilateral loss of waves III, IV and V was associated with
a poor prognosis (Ferbert et al. 1990). EAEPs further pro-
vide prognostic information on the presence of brainstem
compression in patients with space-occupying cerebellar
infarctions (Krieger et al. 1993).

Brain Death

The following EAEP patterns show the irreversibility of clin-
ical defunctionalization symptoms in primary supratentorial
and in secondary brain damage:

* Progressive consecutive loss of waves with eventual bilat-
eral loss of all components

e Progressive consecutive loss of waves III-V at unilateral
or bilateral preservation of waves I or I and II

e Isolated preservation of waves I or I and II

According to guidelines for brain death diagnosis issued by
the Federal German Chamber of Physicians (BAK) (Scientific
Committee BAK 1997) can “in primary supratentorial and in
secondary brain damage under specified conditions the silence
of EAEP confirm the irreversibility of clinical defunctionaliza-
tion and substitute the observation period.”
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2.3.4 Vestibulocollic Reflex

Sandra Bense and Marianne Dieterich

2.3.4.1 Anatomic and Physiologic Principles

In recording the vestibulocollic reflex, also named “vestibular-
evoked myogenic potentials” (VEMP), the vibration sensi-
tivity of the sacculus is used to test the reflex arc from the
otoliths to the neck musculature (Colebatch and Halmagyi
2000). The reflex arc of the vestibulocollic reflex (VCR)
courses from the sacculus via the inferior segment of the ves-
tibular nerve, the vestibular nucleus region in the brainstem,
interneurons, and o-motorneurons of the vestibulospinal
tract to the sternocleidomastoid muscle.

2.3.4.2 Application

In clinical diagnostics the VCR represents a readily performed
screening test for side-related otolith function of the sacculus.
It is usually evoked by a loud click sound markedly above the
auditory threshold (in healthy subjects approximately 95-105
dB SPL [sound pressure level]), and is applied via earphones
monoaurally with a repetition frequency between 3 and 5 Hz.
The stimulation elicits brief inhibition and subsequent excita-
tion of a small number of motoneurons in the neck muscula-
ture. The reflex potential is recorded by surface EMG from the
neck musculature, preferably from the sternocleidomastoid
muscle. For registration, electrodes are affixed bilaterally above
the middle of the muscle belly and the sternal line. An addi-
tional electrode placed on the forehead serves as the ground
electrode. From 50 to 100 stimulations per side are averaged
for the recording. The study subject is placed in a supine posi-
tion. Pretensing of the sternocleidomastoid muscles should be
ensured, as the resulting reflex muscle movement can be better
recorded (Lim et al. 1995). This is achieved by slight lifting of
the subject’s head (Fig. 2.35). Middle ear function of the study
subject must be intact, although this does not apply to the audi-
tory function.

2.3.4.3 Evaluation and Reference Values

In a healthy subject, a biphasic potential with a positive wave
is recorded ipsilateral to stimulation after approximately 14 ms
(P14), and a negative wave after about 21 ms (N21) (Fig. 2.36).
The absence of these waves, or a decrease in amplitude are
useful diagnostic criteria. Later components are not of vestibu-
lar, but of possible cochlear origin. Contralateral reflex
responses are usually not recorded. The VCR can be obtained

Fig. 2.35 Experimental recording procedure of the click-evoked myo-
genic potential or vestibulocollic reflex (VCR) from the sternocleido-
mastoid muscle

N1 10 ms

|1oo pv

N1

10 ms

} i R 1 A 1 1 L i 1

Fig.2.36 Vestibulocollic reflex (VCR) in a healthy volunteer. A bipha-
sic potential with a positive wave can be recorded ipsilateral to stimula-
tion after approximately 14 ms (P14), and a negative wave after
approximately 21 ms (N21)

in all persons under 60 years, although the amplitudes are
lower with increasing age. Amplitudes further vary signifi-
cantly interindividually, so that side differences greater than
35% or 50% have been shown to be more sensitive than abso-
lute values (Welgampola and Colebatch 2001). Alternatively,
the peak-to-peak amplitudes of the two recordable components
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(pl4 — n24) can be used as a measure for the response; an
amplitude of 100 pv should be reached in individuals younger
than 60 years. The assessment of latencies is possible only on
the basis of normative values under the respective stimulation
and recording conditions (Basta et al. 2005), and is therefore
primarily subject to the scientific objectives.

2.3.4.4 Interpretation

In the past few years pathologic changes in the VCR
have been described for a number of different central and
peripheral vestibular disturbances (vestibular neuritis,
otic zoster, Méniére’s disease or vestibular schwannoma)
(Welgampola and Colebatch 2005). In approximately
35-54% of patients with advanced Méniere’s disease
(De Waele et al. 1999), and in up to 80% of patients with
vestibular schwannoma, pathologically changed or
absent VCRs have been identified (Patko et al. 2003).
The proportion of cases ranging from 12% to 39% in
vestibular neuritis is substantially lower, and may be
explained by the fact that vestibular neuritis affects pri-
marily the superior segments of the vestibular nerve and
spares the sacculus projections of the inferior segment
(Murofushi et al. 1996; Chen et al. 2000; Ochi et al.
2003). In the rare Tullio’s phenomenon caused by an
inner perilymph fistula (superior canal dehiscence syn-
drome), reduced stimulation thresholds and increased
amplitudes may be found on the affected side (Watson
et al. 2000; Minor et al. 2001).

The VCR can be used as a rapid screening test in bilateral
vestibulopathy, the bilateral loss of peripheral vestibular
organ function of different etiology. However, in these
patients sacculus function appears to be less frequently
impaired than semicircular canal function on caloric testing
(Zingler et al. 2008). Comparable to findings in patients with
Meéniere’s disease, in patients with vestibular migraine the
amplitude is often found to be reduced bilaterally (in 68%)
while latencies are normal (Baier and Dieterich 2009; Baier
et al. 2009).

As may be expected, the VCR in pontomesencephalic
lesions above the vestibular nuclear region remains unaf-
fected (Heide et al. 1999; Itoh et al. 2001). Abnormal
VCRs, in particular latency delays have been described for
pontomedullary lesions of different etiology (e.g. ischemic
infarction, bleeding, compression) (Chen and Young 2003;
Murofushi et al. 2001), and in lesions involving the vestibu-
lospinal pathways (e.g. in disseminated encephalomyelitis)
(Murofushi et al. 2001; Sartucci and Logi 2002; Versino
et al. 2002; Bandini et al. 2004). Overall, the VCR is of
secondary importance in the diagnosis of central-vestibular
disturbances. Pathologic findings should be interpreted

with caution in individuals older than 60 years, or under
difficult recording conditions with inconstant muscle
preinnervation.

2.3.5 Exteroceptive Suppression
of Masticatory Muscle Activity

Peter P.Urban

Inhibition of masticatory muscle activity through the appli-
cation of painful stimuli to the trigeminus-innervated buccal
mucous membrane or the periglottis is an antinociceptive
defense reflex that synapses in the brainstem and is not clini-
cally verifiable. The electromyographically demonstrated
inhibition of masticatory muscle activity by electrical stimu-
lation of the trigeminal-innervated periglottis or other
trigeminal-innervated areas has been described in the litera-
ture as the jaw-tongue reflex, the jaw-opening reflex, the
masseter inhibiting reflex, or the masseter silent period.

Electric stimulation of facial areas innervated by the sen-
sory trigeminal nerve represents a readily standardized and
widely available stimulation modality that has become an
accepted technique for diagnostic purposes. The finding that
in contrast to mechanical excitation, electrical stimulation
activates only cutaneous afferences, lead (Godeaux and
Desmedt 1975) to introduce the term “exteroceptive suppres-
sion” (ES) of masticatory muscle activity, which will be used
in the following discussion.

The diagnostic field of application for exteroceptive
suppression of masticatory muscle activity comprises the
functional assessment of sensory trigeminal afferents, of the
reflex arc in the pontomedullary brainstem, and of motor
trigeminal efferents to the masticatory musculature.

2.3.5.1 Anatomic and Physiologic Principles
Afferences of Exteroceptive Suppression

In an experimental setting one or two phases of suppression
(ES1 and ES1) of the voluntarily preinnervated masticatory
musculature can be evoked mechanically with reflex ham-
mer tap, electric stimulation (e.g. of the mental nerve), or
with selective stimulation of nociceptive or non-nociceptive
fibers of skin areas innervated by the trigeminal nerve (Ellrich
et al. 1997; Fig. 2.37). While inhibition of masticatory mus-
cle activity can also be achieved with the application of
acoustic (Meier-Ewert et al. 1974) and electric stimulation to
the upper extremities (Erb’s point, median nerve) (Urban and
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Fig. 2.37 ESI1 and ES2 of a healthy
subject. EMG recording bilateral, electrical
stimulation at the mental foramen right
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Hopf 1992), this is not possible for the lower extremities.
The multimodal and multitopic elicitation confirms a conver-
gence of different afferent influences on the motor neuron
pool of the masticatory musculature located in the midpon-
tine segment.

Interconnection of ES1

The findings obtained by experimental animal studies pro-
vide conclusive evidence of a disynaptic interconnection of
ES1. Impulses from the primary afferents (pseudounipo-
lar trigeminal neurons in the trigeminal ganglion Gasseri)
are initially transferred to an inhibitory interneuron in the
supratrigeminal nucleus, which is located immediately dor-
somedial to the midpontine motor nucleus of the trigeminal
nerve (Mizuno and Konishi 1975). The inhibitory interneu-
rons are directly interconnected with the ipsilateral and
contralateral motor neurons of the motor nucleus of the
trigeminal nerve. Experimental or clinical tegmental mid-
pontine lesions therefore lead to changes in the ES1 only
(Goldberg 1972; Ongerboer de Visser et al. 1989; Ongerboer
de Visser and Cruccu 1993; Fig. 2.38).
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Fig. 2.38 Schematic drawing of the central pathways of the exterocep-
tive suppression of masticatory muscle activity (Modified according to
Ongerboer de Visser 1983)
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Interconnection of ES2

The reflex path of the ES2 is significantly less well documented.
The ES2 latency of 30—60 ms lends support to the assumption
of a polysynaptic interconnection. The selective loss of ES2 in
the presence of experimental lesions near the midline at the
level of the obex confirmed a course of the reflex path extend-
ing to the medulla oblongata (Nakamura et al. 1973). Correlative
with this finding, lesions of the upper and middle dorsolateral
medulla oblongata showed changes in the ES2 alone (Ongerboer
de Visser et al. 1989; Valls-Sol€ et al. 1996). Changes in the
ES2 after acute supratentorial lesions speak in favor of an influ-
ence exerted on the ES2 by structures located in the rostral
brainstem (Cruccu et al. 1988; Liepert et al. 1993).

2.3.5.2 Clinical Application
Stimulation

Proven and tested stimulation sites include, in dependence
on the clinical problem (e.g. peripheral nerve lesions) the
exit sites of the mental and infraorbital nerves (Cruccu et al.
1987). Two suppression periods can generally be distin-
guished on stimulation of the mental nerve. Suppression on
stimulation of the supraorbital nerve is not observed in all
healthy study subjects. Electric stimulation is applied using a
bipolar stimulation electrode, with the cathode being placed
above the nerve exit site. Stimulation time is 0.2 ms (rectan-
gular stimulation). The stimulation frequency should not
exceed 0.1 Hz in order to avoid habituation (Gobel and
Schoenen 1993). The stimulation strength has an influence
on the duration and degree of EMG suppression. The increase
in stimulation strength mediates shortening of ES1 latency,
an increase in ES1 duration, fusion of ES1 and ES2 latency
into a long suppression phase, and a higher degree of sup-
pression. The application of a constant stimulation strength
of 20 mA is proposed for all individuals, with the aim of
standardizing the elicitation of exteroceptive suppression. In
order to account for differences in the perception of stimula-
tion strength, it has alternatively been recommended to ini-
tially determine the perception threshold (=lowest stimulation
strength, at which the study subject perceives the stimula-
tion), before setting the definitive stimulation strength at a
previously determined multiple (Kimura et al. 1994).

Suppression is further influenced by the degree of preac-
tivation of the masticatory musculature. A specified mini-
mum of preactivation is required to enable suppression of
EMG activity. At increasing strength of preactivation, the
duration of suppression is shortened, and the occurrence of
ES1 and ES2 fusion is reduced. A standardized preactiva-
tion (e.g. maximum masticatory force) is therefore indis-
pensable (Connemann et al. 1997).

Recording

Electromyographic recording of the reflex response is car-
ried out with Ag/AgCl surface electrodes bilaterally from
the masseter muscle (stimulation electrode: above the
muscle belly; indifferent electrode: above the cheekbone),
or from the temporal muscle (stimulation electrode: in the
middle of the temporal muscle directly below the hairline;
indifferent electrode before the tragus). Registration is
done at an amplitude of 200-1,000 nV/cm and a sweep
of 20 ms/div, at a lower/upper threshold frequency
of 20/2,500 Hz. Recorded are a minimum of five
applications.

2.3.5.3 Evaluation

Included in the evaluation are latencies to the onset of EMG
suppression and the duration of suppression. As suppres-
sion neither begins nor ends abruptly, it is essential to define
the reduction degree of the initial activity, which deter-
mines the presence of suppression as well as its onset and
end. Because the mean amplitude of the inference pattern
over a period from 20 to 40 ms prior to the stimulus is fre-
quently determined as the reference value, a delay circuit
should be applied. The degree of the required reduction in
initial activity has not yet been standardized and varies
from 50% to 95% (Schoenen et al. 1987; Gobel et al. 1992,
1994; Bendtsen et al. 1996; Connemann et al. 1997). The
raw or the rectified EMG signal can be used in the evalua-
tion. A number of studies have evaluated every individual
recording, and calculated the mean value and standard
deviation. Other authors have averaged or superimposed
the curves and based the determination of the presence of
suppression on the resulting “sum-curve.” In view of the
fact that the established values vary in dependence on the
respective evaluation method, individual researchers need
to determine their own reference ranges.

2.3.5.4 Reference Values/Normal Variants
and Pathologic ES Criteria

Reference values have been established for the latency and
duration of ES1 and ES2, as well as for the duration of volun-
tary activity occurring between ES1 and ES2 (Keidel et al. 1994;
Gobel and Dworschak 1996). A number of additional factors
with an influence on the obtained measurements should be con-
sidered (recording site, stimulation site, duration and frequency
of recording, recording electrode and strength, degree of
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preactivation, definition of ES, evaluation technique). The
ESI1 latency ranges from 10 to 15 ms, and from 35 to 60 ms
for ES2. As arule, ES1 and ES2 are separated by a voluntary
activity phase. The interposed activation phase is described
as “breakthrough voluntary activity” or “interposed EMG
activity.” In particular in the presence of higher stimulation
strengths and/or lower preactivation the facilitation period is
absent, which leads to the merger of ES1 and ES2. Further
variants observed in healthy subjects include, at decreasing
frequency: absence of ES2, absence of ES1, absence of ES1
and ES2, or the occurrence of an ES3 (Gobel 1996). These
variants can be confirmed with certainty as variants when
they are found to be bilaterally symmetric.

Unilateral changes in suppression may be an indication of
the presence of a brainstem lesion (Ongerboer de Visser and
Cruccu 1993). In addition to the absence of an ES, the finding
of reduced suppression intensity can be assessed as pathologic.
Prerequisites for the described evaluation include well stan-
dardized stimulation and recording techniques, as well as the
quantitative assessment of the degree of suppression
(Connemann et al. 1997). Further criteria for the presence of a
pathologically changed ES are increased (onset of suppres-
sion) ES1 and ES2 latencies, as well as a shorter duration of
ES2 (at normal latency).

2.3.5.5 Interpretation of Findings

Circumscribed brainstem lesions in the pontine and med-
ullary tegmentum can induce changes in the ES pattern
(Ongerboer de Visser et al. 1989; Ongerboer de Visser and
Cruccu 1993; Valls-Sol€ et al. 1996) and thus contribute
to the topodiagnosis. Afferent disturbances lead to a
loss of ipsilateral and contralateral responses after stimu-
lation of the affected side. Efferent disturbances are the
cause of diminished or absent masseter activity on the
affected side with ES1 and ES2 loss on both left and right
stimulation.

Pontine lesions: Isolated changes in ES1 can develop in
the presence of a small ipsilateral lesion in the mid- to lower
pons (Urban et al. 1999a; Figs. 2.39 and 2.40).

Medullary lesions: Isolated changes in ES2 can be
observed in the presence of medullary lesions (Urban et. al.
1999). However, ES2 may also be delayed or absent in the
presence of supramedullary lesions. Changes in ES2 after
acute supratentorial lesions may be evidence of an influence
on ES2 by structures located rostral to the brainstem.
A shortened duration of ES2 has been reported for
acute supratentorial lesions with hemiparesis (Figs. 2.41
and 2.42).

I
1 ] ]
i i Al il

0 100
Stimulation left, recording left

200 O 100 200

Stimulation left, recording right

(ms) (ms)

7
;

%

1
1
1
|
I
]
'
|
|
I
I
I
L

L L " n i "

0 100

Stimulation right, recording left

Fig. 2.39 Multiple sclerosis. (a) Demyelinating lesion in the tegmen-
tum of the left pons. (b) ES1 latency delay on stimulation left (ES1 —
stimulation left, recording masseter right: 19.0 ms, masseter left:
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20.0 ms. ES1 — stimulation right, recording masseter right: 15.8 ms,
masseter left: 15.2 ms) at normal ES2 bilaterally
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Fig. 2.40 Multiple sclerosis. (a) Demyelinating lesion in the tegmen-  left: 20.2 ms. ES1 — stimulation left, recording masseter right: 16.2 ms,
tum of the right pons. (b) ESI latency delay on stimulation right masseter left: 13.8 ms) at normal ES2 bilaterally
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Fig. 2.41 Mediolateral medulla oblongata infarction left. (a) MRI. (b) Absence of ES2 on stimulation left at normal contralateral ES2 and normal
ES1 bilaterally
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Fig. 2.42 Dorsolateral medulla oblongata infarction right. (a) MRI; (b) absence of ES2 on stimulation right at normal contralateral ES2 and normal

ES1 bilaterally

2.3.6 Somatosensory Evoked Potentials

Peter P.Urban

Somatosensory evoked potentials (SEP) are changes in
potentials resulting from electric stimulation of sensory
peripheral nerves, and can be recorded with electrodes from
the scalp, the cervical region or, in dependence on the stimu-
lation site, from the extremities.

Due to the anatomic course of the central somatosensory
projections, median SEPs (stimulation of the median nerve)
are suitable for the detection of circumscribed brainstem
lesions, affecting the rostral segments of the dorsal columns
and the medial lemniscus.

In addition to median SEPs, stimulation of the trigeminal
nerve is used in some instances to assess the integrity of the
sensory afferents in this innervated region (Stohr et al. 1981).
The validity of trigeminal SEPs has, however, been ques-
tioned and is used by only a small number of laboratories in
view of a pronounced stimulation artefact and inconstant
reproducibility (Tackmann 2000). The median SEPs will
therefore be discussed in this chapter.

2.3.6.1 Anatomic and Physiologic Principles

The SEP examination represents an objective function test
of the somatosensory system. The early components of

somatosensory evoked potentials consist of changes in
amplitudes generated along the peripheral pathways
(peripheral nerve, plexus and posterior root) and the cen-
tral projections (dorsal columns, dorsal column nuclei,
medial lemniscus, thalamus and sensory cortex) by
repeated stimulation of sensory peripheral
Activation of the AP fibers of the peripheral nerves that
are capable of fast impulse conduction is chiefly respon-
sible for the generation of the primary cortical SEP com-
plex. Normal SEP consists of a complex wave formation,
whose components are named in relation to polarity and
peak latency. The polarity and latency of individual com-
ponents is dependent upon

nerves.

e Individual variables: gender, height and age

e Stimulation conditions: stimulation strength and stimu-
lation frequency

* Recording conditions: filter settings, electrode place-
ment and interconnection

2.3.6.2 Application
Stimulation
Electrical stimulation of the median nerve is applied at the

volar surface of the wrist above the nerve. Stimulation strength
is set at 4 mA above the motor threshold (for mixed nerves),
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or at the threefold to fourfold sensory threshold (for purely
sensory nerves) with a proximally positioned cathode.

The duration of stimulation ranges from 0.1 to 0.2 ms at
stimulation strengths from 3-5 Hz.

Between 500 and 2,000 stimulation trains are averaged
for an analysis time of 50 ms. The filter should be set at 10
Hz-2 kHz; recommended amplification is 50 pV per unit,
and electrode impedance should be below 5 kQ.

Recording

The potentials are recorded using thin subcutaneously placed
steel needle electrodes or adhesive electrodes affixed above
Erb’s point (N10), spinal process C7 (N13a), spinal process
C2 (N13b) and sensory cortex C3’/C4’ (N20), against a ref-
erence electrode placed over Fz (10/20 system) (Fig. 2.43).

An additional recording from C3’/C4’ and Fz (stimulation
electrode) against a non-cephalic reference is required for
assessment of brainstem potentials P14 and N18a, as well as
for the peripherally generated P9 potential (Fig. 2.44).

2.3.6.3 Evaluation

Latencies, amplitudes, as well as the waveform of the
respective potentials are evaluated and compared with the
reference values established by the individual laboratory.
Latencies outside the 2.5-fold standard deviation of the
age- and size-corrected mean value, and amplitude asym-
metries 260% on bilateral comparison are rated as patho-
logic (Maugiere et al. 1999).

The Generator Question and the Interconnection of SEPs

The N10 potential of the brachial plexus in the region adja-
cent to the root is recorded above Erb’s point, following
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Fig.2.43 Median nerve SEP — normal finding
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oomsy 60.0

Fig. 2.44 Median nerve far-field potentials — normal finding

stimulation of the median nerve and recording against Fz as
reference. A negative potential can be recorded after 13 ms
over C7. This so-called N13a potential originates from a hori-
zontal dipole in the dorsal horn at the level of segment C6 and
represents the first centrally generated potential. An N13b
potential can also be recorded above C2, although its exact
site of origin has not been conclusively identified. In addition
to a postsynaptic response in the region of the cuneate nucleus,
a presynaptic impulse in the region of the dorsal columns in
the vicinity of the cuneate nucleus has been discussed as a
possible generator. Results obtained by investigations in brain
dead patients suggest, however, that the negative potentials
recorded after 13 ms above C2 and C7 represent two different
generator potentials (Besser et al. 1988). The principal corti-
cal potential (N20) originates from gyrus 3b in the postcen-
tral region. The latency difference between the N20 and the
N13a potential constitutes the central conduction time.

Far-Field Potentials

Far-field potentials are generated on stimulation of the median
nerve and recording against a non-cephalic reference (e.g. the
contralateral shoulder). The initially recorded potential is P9
in the brachial plexus of the axillary region. Several authors
have described a location in the region of the medial lemniscus
for the subsequent P14 potential (Jacobson and Tew 1988;
Dillmann et al. 1990), namely in the region between the cervi-
comedullary junction and the lower pons (Clall and Buettner
1993). P14 has, however, also been recorded in patients after
brain death (Wagner 1996; Sonoo et al. 1999), which lends
support to the hypothesis of a more caudal origin (Lueders
et al. 1983). The N18a potential is a further brainstem poten-
tial whose precise point of origin has not yet been definitely
defined; it can be determined on recording from Fz against a
non-cephalic reference. The N18a potential represents a sub-
component of a broad-based N18 complex that can be
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optimally recorded above C3’ or C4’. A mesencephalic origin
has nevertheless been suggested by findings obtained by brain-
stem and intraarterial recordings (Koehler et al. 2000). The
N18 potential is generated in the medulla at the level of the
cuneate nucleus and should not be confused with the N18a
potential (Sonoo et al. 1992; Noel et al. 1996; Maugiere et al.
1999).

2.3.6.4 Interpretation of Findings

Brainstem lesions that include the medial lemniscus induce
changes in the N20 potential and/or a prolongation of the
central conduction time at a normal N13b potential above
C2. Even though a diagnostic assessment of the lesion level
in the longitudinal axis is not possible on the basis of this
finding, it nonetheless permits assignment of the lesion to the
transverse level. Further conclusions may be drawn follow-
ing consideration of the far-field potentials.

2.3.6.5 Brainstem Lesions

Only a small number of studies have reported reliable find-
ings regarding a correlation between singular brainstem

Fig. 2.45 Brainstem
compression in
Arnold—Chiari-
malformation Type II.
(a) MRL (b) SEP:
Absence of far-field
potential N18 on
median nerve
stimulation right and
normal finding on
stimulation left. (c)
SEP: Absence of N20
on stimulation of the
right median nerve at
a normal finding on
the left side.
Labelling of the
potentials see

Figs. 2.43 and 2.44

lesions and SEPs. The most promising approach appears to
be the inclusion of far field potentials. Although the exact
diagnosis on the height of the lesion based on SEPs alone is
generally not possible. In the presence of certain constella-
tions SEPs can nevertheless provide topodiagnostic infor-
mation. The cervical potentials N13a and NI13b are
preserved in all brainstem lesions with involvement of the
medial lemniscus, while N20 is pathologically changed.
This finding does, however, not permit any conclusions as
to the topography of the lesion, which may be located
between the cervical region of the spinal cord and the post-
central gyrus.

Pontine lesions: The far field potentials P14 (Cla3 and
Buettner 1993) and N18 (Sonoo et al. 1991; Raroque et al.
1994) are preserved in the presence of pontine lesions, while
pathologic changes are manifested in N20.

Medullary lesions: Lesions in the rostral aspect of the
medulla are characterized by a preserved N18 at an absent
P14 potential, which lends support to the assumption of an
origin of P14 in the caudal medulla oblongata (Sonoo et al.
1996; Manzano et al. 1999). N18 may also be absent in cases
with a high medullary lesion (Fig. 2.45).

SEPs provide prognostic information on brainstem hem-
orrhage, basilar artery thrombosis and traumatic brainstem
lesions: the bilateral absence of N20 potentials is always
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associated with a poor prognosis, although not with a unilat-
eral extinction of the potentials (Ferbert et al. 1988, 1990;
Christophis 2004).

Brain Death

A typical initial finding in brain death on recording against a Fz
reference is the absence of a cortical response at the concurrent
demonstration of an N13b potential above C2 (Besser et al.
1988). The N13b potential is subsequently also lost (Stohr
etal. 1987). According to guidelines for brain death determina-
tion (Third update 1997, Scientific Committee, Federal German
Chamber of Physicians) the extinction of N13b represents a
criterion in the diagnosis of brain death, as it correlates with
intact posterior column nuclei and is thus associated with the
brainstem. In the further course, the N13a potential generated
at the level of C6 may also be lost due to ischemic spinal cord
injury with spinal vessel supply via the vertebral arteries.

Primary supratentorial or secondary brain damage is a
further precondition of SEP assisted brain death diagnosis.
Additional diagnostic investigations (EEG, cerebral circula-
tion) must be carried out in patients with primary infratento-
rial lesions. SEP diagnosis as the only diagnostic procedure
is not permissible for suspected lesions in the cervical part of
the medulla. Four channel recording is obligatory to identify
peripheral lesions (e.g. polytrauma with brachial plexus
injury) and to provide evidence of the preservation of periph-
eral potentials (N10).

2.3.7 Transcranial Magnetic Stimulation

Peter P.Urban
2.3.7.1 Anatomic and Physiologic Principles

Evaluation of motor evoked potentials (MEP) with the use of
transcranial magnetic stimulation (TMS) permits the func-
tional, non-invasive assessment of pyramidal pathway func-
tion. A capacitor discharges a very brief pulse of current
which flows through a copper coil and initially induces a
pulse-shaped magnetic field that passes through the skull cap
without significant discomfort to the subject. The magnetic
field in turn induces an electric field in the brain, which syn-
chronously activates primarily presynaptic neurons of the
motor cortex, thus triggering a series of descending action
potentials, while the peripheral nerves are directly polarized.
Individual segments of the corticobulbar and corticospinal
tract can be examined by recording the compound muscle
action potentials (CMAPs) from different target muscles. In
the cranial nerve region these comprise mainly the facial
nerve innervated mimic musculature and the tongue. In addi-
tion to the corticomuscular latency, the peripheral motor

latency is determined with stimulation of the proximal nerve
segments or roots; the difference between these latencies
corresponds to the so-called central motor conduction time
(CMCT). The central motor conduction time reflects the
function of the pyramidal pathway segments which project
to the motor neurons of the target muscle used for the
recording.

The corticofacial projections descend from the primary
motor cortex to the contralateral facial nucleus, while the
facial neurons supplying the forehead muscles also receive
projections from other, premotor areas (Morecraft et al.
2001). The corticofacial projections in the brainstem are
located at the mesencephalic level in the middle segment of
the cerebral peduncle; in the mid-pontine region they are,
however, distributed across the entire base of the pons. The
fibers cross the midline in the most caudal part of the pons,
at the level of the facial nucleus region. Variations of the
described course have, however, been described. Some indi-
viduals are characterized by so-called aberrant fiber bundles
of the pyramidal pathway; they leave the pyramidal pathway
at the level of the pontomesencephalic junction, and travel
caudally along the border of the tegmentum before reaching
the facial nucleus (Yamashita and Yamamoto 2001). In other
subjects it may be assumed that corticofacial projections
travel with the largest part of the pyramidal pathway through
the ventral base of the pons, which they leave in the region
of the ventral medulla oblongata only, to cross the midline
at the level of the upper medulla oblongata, and continue ros-
trally to the facial nucleus located in the lower pontine dor-
solateral tegmentum (Urban et al. 2001). A lesion location
after decussation of the projections in the lateral medulla,
and before arrival at the facial nucleus serves to explain the
clinical picture of an ipsilaterally located central facial pare-
sis (Urban et al. 1998, 1999; Urban and Hopf 2002).

The corticolingual projections descend, by and large
symmetrically, from the primary motor cortex to both hypo-
glossal nuclei; this can be documented electrophysiologi-
cally with the use of transcranial magnetic stimulation,
which enables the demonstration of bilaterally symmetrical
CMAPs on cortical stimulation (Urban et al. 1996, 1997).
Due to the bilaterally symmetrical excitation of the tongue,
a unilateral lesion of the cortical projections does not in all
cases lead to a lateral deviation of the tongue, but is rou-
tinely associated with dysarthrophonia, caused by a distur-
bance of the highly complex fine motor requirements of the
tongue motor system in the context of articulation (Urban
et al. 1997, 1999, 2001). Comparable to corticofacial pro-
jections, corticolingual projections course through the mid-
dle segment of the cerebral peduncle, subdivide in the base
of the pons and cross the midline in the region of the ventro-
medial segment of the base of the pons. Location variability
has also been described for corticolingual projections in the
brainstem with “aberrant bundles” in the paralemniscal teg-
mental position (Urban et al. 1996).
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2.3.7.2 Application

Recordings in the cranial nerve region are obtained from the
masticatory musculature (trigeminal nerve), the facial mimic
musculature (facial nerve), the sternocleidomastoid and tra-
pezius muscle (accessory nerve), and the tongue (hypoglos-
sal nerve). Of clinical importance are thus far principally
recordings from the facial mimic musculature and the
tongue, which also enable a fractional assessment of the
corticomuscular segments.

Corticofacial Projections

For stimulation of the motor cortex a circular coil (mean
diameter: 90 mm) or a double coil (mean diameter of each
coil half: 70 mm) is placed 2 cm lateral to the vertex. In view
of the variability of the CMAPs, a minimum of four MEPs
are recorded and the shortest latency and largest amplitude
are assessed. Recordings of the CMAPs are taken simulta-
neously, side-related from a facial muscle. A number of dif-
ferent facial muscles have been described as possible
recording sites. A systematic comparison of the validity of
different target muscles regarding evokability of a response
potential, stimulus artefacts, interference with the R1 com-
ponent of the blink reflex, cross-talk with registration of
contralateral side activity, side differences between ampli-
tudes on right-left comparison, and intraindividual repro-
ducibility demonstrated distinct advantages of the buccinator
and triangular muscles over other muscles when electrical or
magnetic stimulation of the facial nerve is used, and of the
buccinator and levator labii superioris muscles when mag-
netic stimulation of the motor cortex alone is applied (Urban
2002). This correlates with findings of anatomic studies,
showing that only the lateral region of the facial nerve
nucleus, where the orofacial musculature is represented,
receives almost exclusively contralateral projections from
the primary motor cortex, while the upper facial muscles are
supplied by bilateral projections from the supplementary
motor cortex and the rostral segment of the cingulate gyrus
(Morecraft et al. 2001). Recordings from the orofacial mus-
culature, most notably from the buccinator muscle via an
enoral approach, are therefore particularly suitable for the
examination of corticofacial projections (Urban et al. 1997).
In addition to cortical stimulation, magnetic stimulation of
the proximal, peripheral segment of the facial nerve is
applied and enables determination of the peripheral motor
conduction time (PMCT).

Comparative studies investigating the surgically exposed
facial nerve during surgical interventions in the cerebellopon-
tine angle showed the superiority of a stimulation site located in
the most proximal segment of the facial canal, approximately
10-15 mm after entry of the nerve into the internal acoustic
meatus (Rosler et al. 1989; Schmid et al. 1991). This requires a

parietotemporal coil placement and relatively low stimulation
strength (as a rule 30-50% of the maximum stimulator perfor-
mance). Attention should be paid that the PMCT is approxi-
mately 1-1.5 ms longer than with supramaximal electric
stimulation at the stylomastoid foramen. Careful monitoring is
required here to avoid accidental magnetic stimulation of the
facial nerve at its exit point from the petrous canal. The conduc-
tion time difference between corticomuscular conduction time
(CCT) and PMCT corresponds to the so-called central motor
conduction time (CMCT), which also comprises the infranu-
clear segment of the facial nerve up to its entry into the petrous
canal. The conduction time difference between magnetic stimu-
lation of the proximal segment and electric stimulation at the
stylomastoid foramen (= distal motor latency [DML]) corre-
sponds to the transossal conduction time, which has not gained
significant diagnostic importance thus far. Electric stimulation
at the stylomastoid foramen corresponds to the classical facial
excitability test (FET), although this is used principally in
CMAP evaluations.

Corticolingual Projections

TMS of the motor cortex is applied with a circular or a dou-
ble coil, placed 4-6 cm lateral to the vertex. Recordings of
the CMAPs are taken from each side of the tongue, using a
spoon-shaped electrode device made of plastic material, into
which two pairs of Ag/AgCl electrodes are embedded
(Schmid et al. 1991; Meyer 1992). Light preactivation is
achieved by slight pressure of the tongue against the elec-
trode device, with the hard palate serving as a counterpressor.
Synchronous with cortical stimulation, magnetic stimulation
of the proximal hypoglossal nerve is applied in the hypoglos-
sal canal, with coil placement in a deep occipital position.
Due to both the deep anatomic location of the hypoglossal
canal at the caudal end of the base of the skull and low mag-
netic field intensity, at this site the hypoglossal nerve can be
reached and PMCT or CMCT determined in only 75% of all
healthy subjects (Urban et al. 1997). No further conclusions
can be drawn in cases of an unavailable MEP. More distal in
the course of the nerve, electric stimulation can be applied to
the mandibular angle (Redmond and Di Benedetto 1988).

2.3.7.3 Evaluation
TMS of Corticofacial Projections

Since even in healthy subjects merely inconstant ipsilateral
responses can be achieved after cortical stimulation (Urban
et al. 1997; Fischer et al. 2005), only contralateral responses
are considered in patients. A lesion of the supranuclear
projections is presumed:
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¢ When no CMAP is evoked on cortical stimulation (absence
of potential is defined as no reproducible response on four
consecutive stimulations and amplification of 200 pV/div)
(Rosler et al. 1989; Fig. 2.46).

e At an amplitude quotient (amplitude on cortical stimula-
tion: amplitude on electric stimulation of the facial nerve
at the stylomastoid foramen) <10%.

e In the presence of an abnormally delayed central motor
conduction time or a pathologic side difference for the
CMCT.

An infranuclear facial nerve lesion can be assumed at an ampli-
tude reduction of <50% compared to the healthy side (Urban
2002), approximately 10 days after the acute lesion with onset
of axonal degeneration. Reference values for the buccinator
muscle have been published (Urban et al. 1994, 1997).

TMS of Corticolingual Projections

In healthy subjects, bilaterally symmetric muscle responses
can be evoked on cortical stimulation at both sides of the
tongue (Urban et al. 1994). A lesion of the supranuclear
projections is presumed:
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¢ When no CMAP is evoked on cortical stimulation (absence
of potential is defined as no reproducible response on four
consecutive stimulations and amplification of 200 pV/div)
(Rosler et al. 1989; Fig. 2.47).

e At an amplitude quotient (amplitude on cortical stimula-
tion: amplitude on electric stimulation of the hypoglossal
nerve at the mandibular angle) <10%.

e In the presence of an abnormally delayed central motor
conduction time or a pathologic side difference for the
CMCT. Reference values have been published elsewhere
(Urban et al. 1994, 1997).

2.3.7.4 Interpretation of Findings

Brainstem Ischemia
Prognostic Significance of MEPs

Typical characteristics of MEPs after cerebral ischemias
comprise a reduced amplitude quotient, in some instances
even the absence of CMAPs on cortical stimulation, an
increased motor stimulation threshold, and an only slightly
delayed CMCT (Weber and Eisen 2002). Only a small
number of studies have analyzed TMS for vascular
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Fig. 2.46 Infarction in the dorsal base of the pons right near the medial lemniscus with central facial paresis left. TMS of the motor cortex right
does not evoke a contralateral CMAP in the buccinator muscle
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Fig. 2.47 Infarction of the left base of the pons, presenting with dysarthria and central facial paresis right. TMS of the motor cortex left does not

evoke a CMAP across the two sides of the tongue
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brainstem ischemias. In the largest series, 30 intensive
care patients with acute brainstem lesions were investi-
gated 12 h after termination of sedation and muscle relax-
ation (Schwarz et al. 2000). The causal factor was a
brainstem infarction in 15 patients, and a space-occupying
cerebellar infarction in five cases. Causes in the remaining
patients included brainstem and cerebellar hemorrhages,
brainstem contusion, encephalitis and basilar aneurysm,
respectively. It was found that the absence of MEPs to the
abductor pollicis brevis muscle in the acute phase corre-
lated significantly (p < 0.0001) with a motor deficit per-
sisting after 3 months. Bassetti et al. (1994) reported on
six patients with locked-in-syndrome and recording of
MEPs from the upper and lower extremities. Four patients
with an initial absence of MEP did not show clinical
motor recovery, while two patients with still obtainable
muscle responses had a nearly complete regression of
paresis. Ferbert et al. (1992) investigated MEPs to the
abductor pollicis brevis muscle in 20 patients with hemi-
paresis due to a circumscribed pontine infarction. TMS
in the acute phase was, however, carried out in only
seven patients, and was used in the chronic infarction
study of 13 patients. CMCT was pathologically pro-
longed in patients with moderate to severe pareses, while
the amplitude quotient between cortical and electric
stimulation of the peripheral nerves did not permit dif-
ferentiation between the paretic and non-affected side.
From these studies it can be concluded that MEPs in the
acute phase of brainstem infarctions are of prognostic sig-
nificance with respect to paretic regression. This finding
is in accordance with reports on investigations of MEPs at
other infarct locations (Escudero et al. 1998; Trompetto
et al. 2000).

Topodiagnostic Significance of MEPs

On principle, the findings reported by TMS studies permit
only tentative conclusions regarding the height of the lesion.
In all cases the lesion has to be located rostral to the body
segment showing pathologically changed MEPs. The possi-
bility of level diagnostics arises only in the presence of a
pathologic finding, since a normal MEP does not permit the
exclusion of a partial lesion, e.g. of the slow conducting fiber
segments. The investigation of MEPs does, however, permit
a statement with respect to a lesion location at the axial level
(Urban et al. 1996, 1997).

Multiple Sclerosis

Typical changes in MEP characteristics in multiple
sclerosis (MS) include a markedly prolonged CMCT,

potential dispersion on cortical stimulation, and a reduc-
tion in the amplitude quotient. MS lesions located in the
brainstem, as well as ischemias, can mediate functional
impairment of corticobulbar and corticospinal projec-
tions. Singular lesions exist only rarely in the brainstem,
chiefly at the onset of the disease, which qualifies the util-
ity of TMS for topodiagnostic mapping. Of greater impor-
tance for meeting the diagnostic criterion of topical
dissemination is the possibility of identifying clinically
silent lesions by means of TMS. The examination of
corticospinal and corticobulbar projections can make a
valuable contribution to this procedure (Riepe and Ludolph
1993; Urban et al. 1994). In individual cases, the investi-
gation of corticofacial projections with TMS can also
provide topodiagnostic information. The occurrence of
incomplete peripheral facial paresis with preserved excit-
ability of the proximal facial nerve on magnetic stimula-
tion, and prolonged CMCT suggests the presence of an
infranuclear, but more proximally located, e.g. intra-axial,
lesion, for example a demyelinating lesion of the dorsolat-
eral pons (Fig. 2.48).

Amyotrophic Lateral Sclerosis

Typical changes in MEP characteristics in amyotrophic lat-
eral sclerosis (ALS) comprise a reduction in the amplitude
quotient, frequently in form of an absent potential on corti-
cal stimulation, and in some instances a slightly prolonged
CMCT. In ALS, corticobulbar functions are often affected
early in the course of the disease. In 51 patients with differ-
ent clinical courses of ALS, a lesion of the corticolingual
projections was detected in 53% of cases, of the corticofa-
cial projections in 47%, and of the corticospinal projections
to the upper or lower extremities in 25% and 43% of
patients, respectively (Urban et al. 1998, 2001). Similar
incidences of function disturbances of the corticobulbar
projections have been reported for recordings from the
masseter muscle (Trompetto et al. 2000) and from the tra-
pezius muscle (Truffert et al. 2000). Additional examina-
tion of the corticobulbar projections can be helpful, in
particular in the differential diagnosis of cervical myelopa-
thy (Truffert et al. 2000).

Hereditary Spastic Spinal Paralysis

In patients with hereditary spastic spinal paralysis, in
particular MEPs to the lower extremities are absent or
amplitude-reduced, while, depending on the clinical find-
ings, the upper extremities are less often and less severely
affected. The corticobulbar projections may, however,
also be affected in the absence of a clinical correlate
(Visbeck et al. 2000).
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Fig.2.48 Multiple sclerosis. MRJ: Demyelinating lesion in the region
of the dorsolateral pons left, presenting with peripheral facial paresis
left. TMS (upper right figure) On day 2 absence of CMAP on cortical
stimulation of the right motor cortex and recording from the left buc-

2.3.8 Laser Evoked Potentials

Peter P.Urban
2.3.8.1 Anatomic and Physiologic Principles

A number of similarities exist between the method of laser
evoked potentials (LEP) and somatosensory evoked poten-
tials, but only the LEPs enable an objective examination of
nociceptive pathways. The term nociceptive pathway refers to
the entire distance from the peripheral receptor to the cortex.
The peripheral pain receptors (nociceptors) are so-called free
nerve endings of Ad- and C-fibers. These fibers enter the
dorsal horn via the dorsal root and synapse in the dorsal horn
upon the second neuron. The second neuron crosses at the spi-
nal level through the anterior commissure to the contralateral
side and courses within the spinothalamic tract in the anterior
part of the spinal cord to cranial.

2.3.8.2 Application
Stimulation

Stimulation is applied with short repeated heat impulses gen-
erated by a CO, laser (wavelength 10.6 um, stimulation time

cinator muscle. The peripheral facial nerve showed a normal excit-
ability at canalicular stimulation. Lower right figure: Corresponding
to clinical improvement, CMAP reappeared following cortical stimu-
lation on day 14

20-100 ms) or a thulium (Tm) laser (wavelength 2.01 pm,
stimulation time 3 ms). Stimulation strength is 1.5- to two-
fold the pain threshold (Treede et al. 2003). These pulses are
conducted via a glass fiber where they can be directed to any
user-defined skin surface area by means of a mirror handpiece.
The laser beams do not cause skin damage. Strong laser stimu-
lation may lead to some transitory reddening of the skin. The
interval between two stimulations applied in a random order
ranges from 8 to 12 s. Forty laser stimulations are applied per
train.

Recording

The LEPs are recorded using Ag/AgCl cup electrodes and
electrode impedances below 5 kQ. A minimum of two
channels is required for the assembly: vertex (Cz) against
connected earlobes, and a vertical oculogram for the iden-
tification of eye movements and blinking. The amplifier
sensitivity is 100 pV for the oculography and 25 pV for the
remaining channels. At a bandpass of 0.2-70 Hz, the
recording rate is set at 200 Hz and the time window at 1 s
before and up to 3.5 s after onset of the stimulation. To
increase the amplitude of LEPs, the attention of the study
subject is directed toward the stimulations (e.g. by counting
of stimulations, etc.).
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In patients, two areas are examined by left-right compari-
son (e.g. both hands or both feet), only one of which has
pathologic change. Both areas are subjected to two stimula-
tions each, applied in balanced succession to compensate for
habituation effects.

2.3.8.3 Evaluation

The principal LEP component used for evaluation in view of
its good reproducibility is a negative-positive complex within
a latency range of approximately 200-400 ms, derived from
stimulation to the dorsum of the hand. On application of the
Tm laser, negativity (N2) occurs at a latency of 210 ms, posi-
tivity (P2) occurs at a latency of 330 ms, and the peak-to-
peak amplitude ranges from 10 to 60 nV. The long latency of
LEPs is attributable to the slow nerve conduction velocity of
nociceptive fibers (Ad: 15 m/s), and the fact that these are
late potentials which are not generated in the primary senso-
motor cortex. Positivity represents the LEP component with
the most reliable reproducibility, making it the most fre-
quently assessed factor in the evaluation process.

Absolute amplitude values are not considered for diag-
nostic purposes because of their high interindividual vari-
ability and numerous influential factors (subjective pain
sensation following laser stimulation, vigilance, age, etc.).
A complete absence of the cortical potential constitutes
the only factor for evaluation (Treede 1996). Side-to-side
differences in amplitudes >35% have been described as
pathologic (Beydoun et al. 1993). The absolute latencies
are only rarely prolonged; a 2.5-fold excess of the stan-
dard deviation from the mean values in a normal collec-
tive documents evidence of pathology (Treede 1996). The
latency delay following stimulation of the dorsal foot
ranges from 30 to 70 ms compared to stimulation to the
dorsum of the hand. Maximum amplitudes are observed
above the vertex.

2.3.8.4 Interpretation of Findings

While pathologic latency delays, reduced amplitudes on
right-left comparison, or the absence of a potential docu-
ment the presence of a lesion involving the nociceptive path-
ways, they do not initially enable the differentiation between
a lesion of the peripheral and the central nervous system.

Central Lesions

The first application of LEPs was described in patients with
syringomyelia (Kakigi et al. 1991; Treede et al. 1991).
These patients had the typical symptoms of sensory disso-
ciation, i.e. the absence of pain and temperature perception
at preserved tactile sensitivity. LEPs showed pathologic
latency delays, amplitude reductions, or the absence of
potentials.

Brainstem Ischemia/Hemorrhage

In patients with brainstem infarction and absent or dimin-
ished pain perception owing to a lesion of the spinothalamic
tract, good correlation has been found between clinical and
electrophysiologic findings, which also reflect the clinical
course (Hansen et al. 1996). Patients with a lesion of the
lateral spinothalamic tract due to a dorsolateral medullary
brainstem infarction (Kanda et al. 1996), or a distinctly lat-
eral caudal medullary infarction (Urban et al. 1999) are char-
acterized by contralateral sensory dissociation that can be
objectified with LEPs. The absence of LEPs on stimulation
to the ipsilateral side of the face has been reported in patients
with dorsolateral medulla oblongata infarction and the clini-
cal picture of Wallenberg’s Syndrome (Cruccu et al. 2003;
Figs. 2.49 and 2.50).

Fig. 2.49 MRIs of two patients with an infarction of the right lateral medulla oblongata. (a, b) Patient 1 presented with dissociated sensory deficits
on the left side of the body caudal to C3. (c, d) Patient 2 presented with dissociated sensory deficits of the left half of the body caudal to Th4
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Fig.2.50 Laser evoked potentials of the Patient 1
patients from Fig. 2.49 with dissociated

sensory deficits caudal to C3 (patient 1) and

caudal to Th4 (patient 2). LEPs were absent

from the affected sides, but could be

obtained on the control side
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2.3.9 Recording of Eye Movements

Frank Thomke

Electrooculography enables quantitative, accurate recording
of different types of eye movements. A number of different,
more or less complex, methods are available for this pur-
pose, whose advantages and disadvantages are discussed
below. The cooperation of the patient is a basic requirement
of all electrooculographic methods. In an inattentive or tired
patient, disturbances of smooth pursuit eye movements may
occur, and saccades may be characterized by varying degrees
of target inaccuracies, or they may be slowed. These irregu-
larities can, on principle, also occur through the influence of
centrally acting substances.

2.3.9.1 Direct Current Recording

Direct current electrooculography is the longest known (and
probably most widely used) method for recording different
types of eye movements. It enables quantitative, relatively
accurate recording, and is capable of providing sufficient
information to answer most clinical questions. The method
is based on the so-called corneoretinal potential, a difference
of potential between the cornea and the retina, with a posi-
tive corneal against a negative retinal potential. On move-
ments in the direction of the electrode, a positive deflection
is observed (the positive cornea is located closer to the elec-
trode than the negative cornea); on movements away from
the electrode a negative deflection is noted (the negative ret-
ina lies closer to the electrode than the positive cornea). The
eye thus functions as a flexible dipole, so that every eye
movement mediates changes in the electric field, which can
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be recorded as changes of potentials between two surface
electrodes. This can be achieved with the subject’s eyes
either open or closed. Adhesive electrodes for recording of
horizontal eye movements are placed at the lateral and the
medial corner of the eye, respectively; for recording of verti-
cal eye movements, the electrodes are affixed above or below
the respective eye (Fig. 2.51).

There is a linear correlation between the amplitudes of
these deflections and those of eye movements for amplitudes
of up to 40°. Within this range (+40° from the primary posi-
tion), direct current electrooculography permits evaluation
of different eye movements with a resolution of about 1°.
Due to the fact that eye movements can be recorded from
closed eyes, investigations of the vestibular system, e.g.
caloric excitability of the horizontal semicircular canals on
warm and cold water stimulation, or rotational testing may
be performed and followed by quantitative evaluation of the
recorded caloric and postrotatory nystagmus (Table 2.7).

2.3.9.2 Infrared Reflective Oculography

Infrared reflective oculography is based on the finding that
the intensity of light reflection of the white sclera is greater
than that of the darker iris, which, in turn, is greater than
light reflection of the pupil. Movements of the eye exposed
to invisible infrared light cause the iris-sclera border and the
iris-pupil border to shift in the direction of the eye move-
ment, i.e. the positions of areas with strong, moderate, and
mild reflection of the infrared light change commensurate
with the eye movement. The infrared light reflected from the
eyes and changes over time, which are proportional to the
respective eye movement, are measured during this process.
Modern systems comprise more than 1,700 photosensitive
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Fig. 2.51 Direct current recording of eye movements. (a) The eye
functions as a flexible dipole, with the cornea relating to the positive
and the retina relating to the negative pole. Eye movements function as
“dipole movements” and mediate changes in the electric field which are

diodes (e.g. AMTech Eyetracker E.T.3: 1,728 diodes, height
13 pum, distance 10 pum) arranged in a linear array opposite
each eye. The mode of operation of this diode array is com-
parable to that of a television camera recording only a single
image line, while here the reflection of infrared light is deter-
mined by what may be imagined as a line proceeding across
the eye. From these data the computer calculates the changes
in infrared light reflection recorded during the respective eye
movement. The infrared light sources and photosensitive
diodes can be integrated into a helmet or a ring mounted on
the head. They may also be installed in a frame furnished
with a head and chin support for the patient.

Eye movement recordings obtained with this method
can only be done with open eyes and are within a range
of approximately +20° proportional to the eye position
and have a resolution of less than 0.5°. Comparable to
direct current recording, infrared reflective oculography
does not permit recording of rotational eye movements
(Table 2.7).
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recorded as changes of potentials between two surface electrodes.
(b—d) Different types of eye movements: saccades (b); smooth pursuit
eye movements (c); optokinetic nystagmus (d) (see Thomke: Eye
movement disturbances. Stuttgart: Thieme 2001)

2.3.9.3 Videooculography

Videooculography uses video cameras to record eye move-
ments, in addition to a system for computer-based data eval-
uation. The study subject wears head-mounted goggles with
an integrated camera system and semi-translucent mirrors,
weighing less than 500 g (progressively lighter models are
becoming available). The eyes are illuminated with infrared
light emitted by diodes integrated into the goggle frame.
Horizontal and vertical eye positions are calculated by
back-transformation after the respective image processing
system has mapped the pixel coordinates of the pupil center
and calibration of the system. The torsional components are
determined based on individual characteristic iris patterns in
a selected segment of the iris (alternatively, a mark is made
on the iris using a tissue-compatible make-up pencil). The
degree of torsion and the eye speed are again calculated
by back-transformation of the achieved eye position with
consideration of the time domain. The spatial resolution of
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Table 2.7 Advantages and disadvantages of different eye movement recording methods

Method

Characteristics

Advantages

Disadvantages

Direct current
recording

Infrared reflective
oculography

Videooculography

Scleral search coil
technique

Recording area: approximately +40°
Spatial resolution about 1°
Temporal resolution about 40 Hz

Recording area: approximately +20°
Spatial resolution below 0.5°
Temporal resolution about 100 Hz

Recording area: approximately +25°
horizontal and + approximately 20° vertical
Spatial resolution up to 0.02°

Temporal resolution 500 Hz

Recording area: always £180°
Spatial resolution up to 0.01°
Temporal resolution 500 Hz

Non-invasive

Low patient discomfort
Recording from open and
closed eyes possible

Non-invasive

Low patient discomfort
Reliable recording of horizontal
and vertical eye movements

Non-invasive

Low patient discomfort
Reliable recording of horizon-
tal, vertical and torsional eye
movements

Recording possible from open
and closed eyes

Reliable recording of horizon-
tal, vertical and torsional eye

Prone to artefacts (muscle artefacts, blink
artefacts, baseline fluctuations)

Lower reliability in recording of vertical eye
movements

Recording of torsional eye movements not
possible

Recording possible from open eyes only

Limited recording area (+20°)
Recording of torsional eye movements not
possible

Recording possible from open eye,

only (influence of fixation as a result of
recording in complete darkness is
assessable)

Limited recording area (+25° horizontal or
+20° vertical)

The cornea must be anesthetized

A contact lens with an opening at the center
and an integrated coil must be affixed
Very cost-intensive and complex technology

movements

currently available systems are within a range of 0.02° hori-
zontal, 0.03° vertical and 0.1° torsional; temporal resolution
ranges up to 500 Hz (Table 2.7).

2.3.9.4 Scleral Search Coil Technique

The scleral search coil technique is by far the most precise
and accurate technique for eye movement recordings in a
three-dimensional space, which also permits recording of
rotational eye movements. It is based on the principle that
voltage is induced in an electrically conductive material
while this conductor moves within a magnetic field (or the
strength of the magnetic field changes). A contact lens with
a small opening at its center and an embedded coil of very
thin wire is fixed on the anesthetized cornea (instead of the
described contact lens, older systems based on the method
developed by Robinson (1963) used a flat metal ring fixed
to the cornea). The head of the patient is placed in the center
of a strong magnetic field elicited by large magnetic coils.
During eye movements in the magnetic field, a voltage is
induced in the metal ring, which is proportional to the
amplitude of the eye movement. The method is not widely
available and employed predominantly in scientific experi-
mentation. It enables three-dimensional recording of hori-
zontal, vertical and rotational eye movements from open
and closed eyes at a very high resolution of up to 1 min of
angle (0.01°) (Table 2.7).

2.3.10 Other Electrophysiologic Methods
for the Investigation of Brainstem
Reflexes

Peter P.Urban

2.3.10.1 Stapedius Reflex

The stapedius reflex (Fig. 2.52) is an acousticofacial reflex
with the cochlear part of the vestibulocochlear nerve func-
tioning as the afferent, and the facial nerve as the efferent
branch. Proceeding from the cochlear nucleus, the neurons to
the stapedius muscle in both facial nuclei are accessed,

Rechts: 226 Hz

1.5
(ml)
1.0
0.5
Fig. 2.52 Stapedius reflex in
a healthy subject —400 —200 0 (dapa)200
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inducing bilateral contraction of the stapedius muscle after
unilateral stimulation. Synapsing occurs at the pontomedul-
lary level. The stapedius reflex is used primarily by ENT
clinicians as an objective audiometric test method. While the
examination of the stapedius reflex permits a qualitative
assessment, a quantitative evaluation of latencies or ampli-
tudes is not possible. Pathologic findings of the stapedius
reflex may, on principle, be expected in the presence of teg-
mental pontomedullary lesions; an inference as to the lesion
topography may be drawn from the pattern of the pathologic
findings (ipsilateral/contralateral) (Lehnhardt 1993). How-
ever, other important influences also need to be considered in
the interpretation of abnormal findings. Mechanical damage
to the auditory ossicle chain, e.g. as a result of stapes ankylo-
sis, or peripheral facial paresis are further possible patholo-
gies responsible for the absence of a reflex response.

2.3.10.2 Trigemino-Cervical Reflex

The trigeminocervical reflex (head retraction reflex) was
first described as a clinical reflex by (Wartenberg 1941). In
a positive case, a light tap with the reflex hammer to the
region below the nose elicits a brief head jerking reaction in
the seated patient. The reflex may also be examined neuro-
physiologically. With the patient in a seated position, the
exit sites of the supraorbital or intraorbital nerves are stimu-
lated electrically at the pain threshold and the reflex response
is recorded from the sternocleidomastoid and/or semispina-
lis capitis muscle, using surface or needle electrodes
(Ertekin et al. 2001; Serrao et al. 2003). The trigeminocer-
vical reflex is a polysynaptic interconnected nociceptive
protective reflex between the sensory trigeminal and the
accessory nucleus, or the cervical motor neurons. At low
stimulation strengths, inconstant stimulus responses with

Fig. 2.53 Stimulation and recording device for unilateral electric
stimulation of the hard palate. Recording of CMAPs is achieved from
surface area of the tongue using Ag/AgCl-electrodes. (a) View from

latencies of about 40 ms are elicited in the spinal muscula-
ture (Ertekin et al. 2001). Conversely, several reflex
responses with different latencies can be recorded at higher
stimulation strengths. Short latency responses are obtained
after approximately 10 ms, while later response latencies of
about 40 ms are associated with the mechanical reflex
response (Sartucci et al. 1986; Di Lazzaro et al. 1996;
Serrao et al. 2003).

Absent or abnormally prolonged reflex responses have
been described in patients with tegmental medullary infarc-
tions, cervical myelopathy, and multiple sclerosis (Rossi
et al. 1989; Di Lazzaro et al. 1996).

2.3.10.3 Trigemino-Hypoglossal Silent Period

Inhibitory connections between sensory trigeminal afferents
and hypoglossal neurons have been described in animal
models (Tomioka et al. 1999; Zhang et al. 2003). Similar
projections have also been shown in humans (Urban et al.
2005). Analogous to the masseter silent period, the trigemi-
nohypoglossal silent period may be assumed to be an anti-
nociceptive protective reflex.

Examination of the trigeminohypoglossal silent period
is performed with a specially prepared enoral stimulation
and recording device, which permits right-left unilateral
electric stimulation of the trigeminal (V2) innervated pala-
tine mucosa and simultaneous recording of EMG activity
from both sides of the tongue surface (Fig. 2.53). Stimulation
is applied to each side of the palate with the fivefold sen-
sory stimulation threshold, while the study subject is asked
to maximally activate the tongue muscle. Five trains are
recorded and EMG activity is averaged. Filter settings are
20 Hz and 2 kHz, respectively.

above showing stimulation electrodes. (b) View from below showing
recording electrodes
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In 18 of 20 subjects, monophasic bilateral suppression
of tongue activity was observed on right-left unilateral
stimulation, starting at 41.1 + 4.7 ms and terminating at
82.4 £ 12.5 ms. Mean duration of the silent period ranged at
41.4 + 10.2 ms. Tongue muscle activity was not suppressed
after bilateral palatal stimulation in two of the subjects
(Fig. 2.54).

Fig. 2.54 Trigeminohypoglossal silent
period in a healthy subject. Unilateral
electric stimulation of the hard palate
induces bilateral suppression of muscle
activity at both halves of the tongue

Initial investigations in individual patients with circum-
scribed tegmental brainstem lesions of the caudal pons and
the dorsolateral medulla oblongata showed the absence of a
silent period on the ipsilateral side of the lesion location,
although no sensory abnormality was found on clinical
examination (Figs. 2.55 and 2.56). In individual patients with
multiple sclerosis, a unilateral clinically silent lesion was

V-1, tongue r

V,-l, tongue |

F V,-l, tongue |

ﬂvaw

Fig. 2.55 Patient with dorsolateral
infarction involving the right medulla
oblongata. (a) Axial MRI. (b) Sagittal MRI.
(c) Electrical stimulation of the hard palate
at the right side shows no suppression of
muscle activity at both halves of the tongue,
while stimulation to the left side of the
palate leads to bilateral suppression of
tongue muscle activity
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Fig.2.56 Patient with hemorrhage into a
cavernoma in the left pontine tegmentum.
(a) Axial MRI. (b) Sagittal MRI. (c)
Electrical stimulation of the hard palate at
the left side shows no suppression of
muscle activity at both halves of the tongue,
while stimulation of the right side of the
palate leads to bilateral suppression of
tongue muscle activity

detected. Further studies in a larger patient population and in
patients with circumscribed brainstem lesions will be con-
ducted to determine the diagnostic validity of this method.
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