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Foreword

Technological progress in hard- and software of ultrasound equipment for clinical use
has been tremendous in recent years.

Exquisite morphological visualisation of soft tissues and related pathology is
now possible in clinical daily routine work. Periarticular anatomy and pathology of
ligaments, bursae or tendons can now be depicted with unprecedented precision by
sonography. This technique provides important support for better management of
patients affected by trauma or diseases of the locomotor system.

The important role of high resolution sonography in the visualisation and manage-
ment of traumatic or tumoral conditions of the peripheral nervous system is less well
known.

This volume provides an excellent and comprehensive overview of our current
knowledge in this emerging field of radiological imaging. It is the result of considerable
original sonographic research by the authors in close collaboration with colleagues
from several other disciplines including anatomists, neurologists and surgeons.

Dr. S. Peer and Dr. G. Bodner are internationally renowned pioneers in the new area
of peripheral nerve sonography and their book is based on extensive personal experi-
ence and exhaustive study of the existing literature on the topic. I would like to con-
gratulate them on this outstanding work.

I am confident that this superbly illustrated volume is a very timely and well needed
work and that it will find great interest among radiologists, neurologists and specialists
in reconstructive and plastic surgery, as well as among trauma surgeons and all those
involved in rehabilitation medicine. I sincerely hope that it will meet with the same
success among readers as the previous volumes published in this series.

Leuven ALBERT L. BAERT




Preface

Contrary to our initial expectations, the first edition of this book was a huge success
and very quickly sold out. This was somewhat surprising, since it covers only a very
narrow segment of radiology in general and sonography in particular.

We received a lot of feedback on the first edition - mostly positive - from various
medical professionals and we realized that there is a growing interest in peripheral
nerve sonography, not only among radiologists, but more so among neurologists,
orthopedic and plastic surgeons and traumatologists. Many of these people told us that
they feel sonography fills a gap in their daily diagnostic regime by providing a quick
and reliable diagnosis for a variety of peripheral nerve diseases. For many of these,
other imaging methods yield only dismal results and/or are expensive, time consum-
ing and uncomfortable for the patient.

Much of the feedback we received, together with new insights into various aspects of
nerve sonography - gained either from in-house research or from the growing interna-
tional scientific community dedicated to this method - went into this second edition.
In addition to scientific progress, scanner and especially transducer technology has
evolved further, prompting us to replace all anatomical, and as many as possible of the
clinical sonograms for state of the art high resolution images in this second edition.

It would not have been possible to achieve this without the help of several people,
none of whom may go unmentioned: Special thanks go to the series editor, Prof. Albert
Baert, for his trust and confidence in our work, and who immediately agreed when
asked about a possible second edition. Also, we would like to express our thanks to the
editorial staff of Springer Verlag (especially Mrs. Ursula Davis) for their contribution
to the editing and production of this volume.

Innsbruck SIEGFRIED PEER
Gibraltar GERD BOGNER
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Introduction to
High Resolution Sonography of the
Peripheral Nervous System

In 1988 Radiology published Bruno Fornage’s report
on the feasibility of sonographic imaging of periph-
eral nerves (FORNAGE 1988). At that time he used an
ALOKA 210-DX scanner (which is meanwhile hardly
found in museums) with a 5-7.5 MHz linear array
transducer and with his report opened up a new field
of sonographic imaging. In the first edition of our
book we mentioned the technical developments in
sonography, which were achieved since this event
and until now only 4 years have passed. Nevertheless
the technical success story of sonography has contin-
ued and will certainly do so in the future. Meanwhile,
high resolution transducers of up to 17 MHz are a
must for imaging of superficial nerves and dedicat-
ed artifact reduction software is a standard tool in
almost every modern ultrasound scanner. This has
changed the role of sonography in musculoskeletal
diagnosis in general, and for inspection of the pe-
ripheral nerve sonography may meanwhile really be
regarded as the number one imaging modality. The
spectrum of peripheral nerve disease entities acces-
sible to sonography has since the first edition of this
book also broadened, but still there are white spots
on the map, which warrant further research.

Besides being cheap and commonly available,
sonography spares the patient from ionizing radiation
and is an interactive and non-discomforting method,
which makes it first choice from a patient’s viewpoint.
In this paragraph a short overview of the historical
development of sonography of the peripheral nervous
system, the rationale for the widespread use of sonog-
raphy in the work-up of patients with peripheral nerve
disease, the technical requisites for performance of
nerve sonography and the basic image features of pe-
ripheral nerves on sonography will be given.
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Historical Development of
Peripheral Nerve Sonography

As already mentioned, the first report on the feasi-
bility of peripheral nerve sonography was presented
by FORNAGE (1988). This report also demonstrated
the typical tubular structure of peripheral nerves
with a speckled internal appearance for the first
time. Fornage also stated that the identification of a
nerve is facilitated by identification of surrounding
anatomic landmarks. Besides this, Fornage focused
more on the identification and differential diagnosis
of peripheral nerve tumors. How technical aspects
hampered the more widespread introduction of this
newly presented method into clinical routine may be
realized if we imagine that it took 3 more years for the
first report to appear in the literature concerned with
direct evaluation of a single peripheral nerve (the
sciatic nerve, which is the largest peripheral nerve in
the body), for an attempt on sonographic diagnosis
of various disease entities such as nerve compression
and trauma as well as for a first report on the ap-
pearance of a surgically reconstructed nerve (GRAIF
et al. 1991). One of the first evaluations of special
disease entities in the peripheral nervous system
with sonography was published shortly thereafter
and concentrated on the diagnosis of carpal tunnel
disease (BUCHBERGER et al. 1991). While Buchberger
and coworkers were able to show the potential of so-
nography for the differential diagnosis of this com-
mon disease entity, sonography did not gain wide
acceptance. In their work they correlated the pres-
ence of carpal tunnel disease with flattening of the
median nerve on sonography (Fig. 1.1a,b), but to go
deeper into the ultrastructure of the impaired nerve
was beyond the abilities of their equipment.

SILVESTRI et al. (1995) presented a basic report
on the ultrastructural sonographic/histological cor-
relation of peripheral nerves and for the first time
reported the meanwhile commonly known criteria
which aid in the differentiation of nerves and ten-
dons. While nerves consist of multiple hypoechoic
nodular (transverse scan plane) or continuous lon-
gitudinal structures (sagittal scan plane) with a thin
echoic stroma (Fig. 1.2a,b), small discontinuous hy-
perechoic speckles interspersed with hypoechoic el-
ements represent the typical appearance of tendons
(Fig. 1.2a). With angulation of the scanhead a ten-
don changes markedly from hyperechoic to a more
hypoechoic appearance, while the echotexture of a
peripheral nerve is influenced to a much lesser ex-
tent (Fig. 1.3a,b).

Since then, various reports in the literature un-
derlined the high potential of sonography for imag-
ing of peripheral nerve diseases (MARTINOLI et al.
1996; CHIOU et al. 1998; BODNER et al. 1999; PEER et
al. 2001, 2002; GRUBER et al. 2003, 2005, 2007). We
already stated this in the first edition of this book,
but what has happened since? We realized some in-
teresting developments: if you perform a literature
research on papers related with peripheral nerve
sonography you find about 10 articles concerned
with ultrasound guided anesthesia or nerve stimula-
tion for every article concerned with the clinical ap-
plication of nerve sonography. Nevertheless among
the latter are some interesting new developments,
such as the application of diagnostic sonography on
the diagnosis of vasculitic neuropathy (TAkAo et al.
2007), multifocal motor neuropathy (BEEKMANN et
al. 2005), functional studies (ALTINOK et al. 2004)
or the ultrastructural definition of nerve tumors
(GRUBER et al. 2007). Like we stated in the first edi-
tion, the application of sonography to the diagnosis

Fig. 1.1a,b. Transverse sonograms through proximal (a) (arrowheads = flexor retinaculum) and distal (b) carpal tunnel in
a patient with carpal tunnel disease. In the proximal carpal tunnel the median nerve (small arrows) is enlarged because of
edema with loss of fascicular echotexture. There is marked flattening of the nerve in the distal carpal tunnel
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Fig. 1.2. a Longitudinal sonogram of the wrist in a healthy volunteer demonstrating typical appearance of peripheral nerve
(arrows = median nerve) with continuous hypoechoic longitudinal elements (fascicle groups) interspersed with echoic peri-
and epineurium and tendons (discontinuous hyperechoic speckles = arrowheads). b Transverse sonogram showing dotted
appearance of normal nerve with multiple rounded hypoechoic fascicle groups (arrows) surrounded by hyperechoic peri-
and epineurium (small arrowheads). U = ulnar artery, large arrowheads = flexor retinaculum

Fig. 1.3a,b. Transverse sonogram through median nerve at level of the wrist with different angulation of scanhead in images
a and b Note markedly changing echotexture of tendons (T) with rather consistent echotexture of nerve (arrows)

of peripheral nerve diseases is still limited to a few
centers around the world but interest in this method
is constantly rising, mainly in non-radiologists, i.e.,
in neurologists, anesthetists, orthopedic and plastic
surgeons, traumatologists and other professionals
involved in the diagnosis and treatment of periph-
eral nerve diseases. WALKER et al. (2004) presents
a review of the current status of nerve and muscle
ultrasound and states “ultrasound is an ideal tool
for the clinical and research investigation of nor-
mal and diseased nerve and muscle” and “it will
likely assume a more significant role in these areas,
as those most able to exploit its potential, clinical
neurophysiologists and neuromuscular physicians,
incorporate its use at the bedside”. I think we are not
far from this becoming reality.

1.1.2
Why Sonography of the
Peripheral Nervous System?

Sonography is user dependent, difficult to perform
(imagine the complex regional anatomy) and not
widely accepted - so why should we use it?

From an imaging point of view this question is, in
our opinion, easily answered. There is no real alter-
native! The only thing we might possibly think of is
MRI, but the reader who has already been involved
with magnetic resonance imaging of peripheral nerve
disease will agree that MRI of peripheral nerves - de-
spite MRI’s high soft tissue contrast and multipla-
nar capabilities - is often less than satisfying. The
basic problem with MRI lies in the only subtle con-
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trast differences of nerves and surrounding tissues
(Fig. 1.4a,b) and besides this the resolution of MRI is
still far below that of sonography. We stated this in
the first edition and so far - despite ongoing progress
in MRI techniques - this statement is still valid.

While with bigger nerves surrounded by fat the
nerve and its ultrastructure may be accessible to
MRI (FILLER et al. 1996), the visualization of small
nerves is limited. Only with small high resolution
surface coils and special imaging sequences may the
fascicular pattern of a small peripheral nerve be vis-
ualized with MRI (Fig. 1.5), although at the expense
of a small field of view and only for nerves lying close
to the skin surface.

Therefore, besides the lower resolution which lim-
its MRI to imaging of bigger nerves only, above all
the ultrastructure of nerves is not as easily accessible
to MRI compared to sonography. This may change
with the advent of new ultra-high field 3.0-Tesla clini-
cal MR-scanners and this may be proven with cor-
relative studies, but today MRI is second in line re-
garding anatomic and pathophysiologic analysis of
peripheral nerves. Another reason for the low impact
of MRI for diagnosis of peripheral nerve disease is the
oblique course of nerves in the extremities - while
it is easy to follow a nerve with a sonographic scan,
this is difficult to accomplish with MRI. The use of
3-D sequences and advanced postprocessing may be
a choice with MRI, but this is highly time consum-
ing. In this regard the only region where MRI may
challenge sonography is the examination of the bra-
chial or sacral plexus (HAYES et al. 1997; GIERADA
and ERIKSON 1993; GIERADA et al. 1993; BLAKE et al.

1996), and if we look at the MRI literature concerned
with imaging of peripheral nerves, this is the main
topic of interest (besides the differential diagnosis of
peripheral nerve tumors), but despite limitations in
the diagnosis of radicular avulsions the peripheral
parts of the plexus are much more easily assessed with
sonography compared to MRI. An important asset of
MRI in the evaluation of peripheral nerves is the pos-
sibility to acquire images after intravenous adminis-
tration of gadolinium contrast agents, which may add
some information regarding nerve inflammation or
hyperperfusion and inflammatory edema in neuritis
or chronic nerve compression. The same information
will probably be gained with color Doppler and power
Doppler sonography of peripheral nerves, but there
are no data in the literature on the value of Doppler
techniques for diagnosis. Nevertheless, with modern
equipment the evaluation of perineural vasculature
is certainly within reach. In this regard some prom-
ise may also lie in the application of sonographic mi-
crobubble contrast agents for the investigation of the
peripheral nerve, but to date there are no literature
reports on this technique.

Besides the problems with MRI, there are other rea-
sons which advocate sonography of peripheral nerves
and one lies in the limitations of electrodiagnostic
methods, which will be discussed in more detail later
in this book. While electrodiagnosis is able to confirm
definitely and in many cases localize a nerve lesion, to
define the nature of the underlying pathology is often
beyond its reach. The latter however is important in-
formation for planning of treatment and may in many
cases be gained from careful sonographic evaluation.

Fig. 1.4a,b. Transverse T1 weighted MR-image (a) and sonogram (b) through median nerve (arrows) at level of the carpal
tunnel. Note slight flattening of median nerve (arrows) underneath the flexor retinaculum (arrowheads). While the median
nerve is only faintly visible in the MR-image acquired with a normal surface coil, the outer margin of the nerve and its
inner structure is readily visualized in the sonogram - thickening of flexor retinaculum (arrowheads) is easily assessed in
the sonogram, while hardly identified in the MR-image




High Resolution Sonography of the Peripheral Nervous System: General Considerations and Technical Concept

Fig. 1.5. Transverse high resolution MR-image of median
nerve at wrist level (arrow) with small loop type surface coil.
Note visibility of nerve fascicles inside median nerve but at
the expense of increased noise

Another favorable aspect of sonography lies in
the interactive nature of the procedure. The exam-
ination is easily tailored to the exact location of a
patients pain sensations, areas of hypersensitivity
(such as a Tinel-Sign) or areas of possible coexisting
trauma. It is quick and lacks the discomfort caused
by pricking with needles during electrodiagnostic
studies or by positioning in MRI. The possible inter-
action between examiner and patient with the abil-
ity to react on clues in a patients history is a further
important asset and so is the possibility to perform
a functional ultrasound examination tailored to the
investigation of reduced nerve mobility (an impor-
tant sign in compression neuropathies or postopera-
tive patients with scar formation) or nerve disloca-
tion (in snapping triceps syndrome for example).

Ultrasound Scanner Hard- and
Software Requirements

The results which may be obtained in the diagnosis
of peripheral nerve disease with sonography are to
a large extent influenced by the availability of state
of the art equipment. We will not touch on the basic
physical principals of sonographic imaging but only
on some of the aspects which are especially critical for
nerve examinations. In addition, some of the newer
developments which are likely to influence clinical
practice will be discussed in the next paragraphs.

1.21
Hardware Requirements

Imaging with ultrasound depends on both contrast
and resolution. With current clinically available
transducers imaging of superficial structures is pos-
sible at frequencies of up to 17 MHz, which results
in an axial resolution of 250-500 microns. Spatial
detail in a sonogram, however, is not only dependent
on axial resolution but also on resolution within the
scan plane (lateral resolution) and the slice thick-
ness (elevation). High frequency broad band linear
array transducers are state of the art for small parts
sonography and “sine qua non” as far as imaging of
peripheral nerves is concerned. Future transducer
development will supply us with multidimensional
arrays, which will further enhance resolution in the
elevation plane with reduction of clutter (WILDES
et al. 1997). For peripheral nerve sonography the
choice of transducer depends on the anatomical re-
gion to be examined, but generally speaking a high
frequency scanhead is preferred wherever possible.
For superficially lying nerves, therefore, a 15-17-
MH?z transducer is highly recommended, while for
deep lying nerves such as the sciatic nerve a 12- or
even 9-MHz linear array transducer may be more
feasible.

Until recently peripheral nerve sonography asked
for a high end state of the art ultrasound scanner,
which meant a quite bulky machine stuffed with sev-
eral kilos of fancy electronics. This may change in the
near future, as several ultrasound companies provide
us with portable systems that almost reach the image
quality of their bigger counterparts. In particular the
concept of zone-sonography is very promising in this
regard — we were unable to apply it to a bigger sample
of routine patients, but first impressions of nerve ex-
aminations we performed on a Zonare-Z.0One porta-
ble ultrasound system (Zonare Medical Systems, CA,
USA) were very impressive. Thus the “sonographic
stethoscope”, with the potential to perform bedside
nerve sonography easily, seems not far away.

1.2.2
Software Requirements

1.2.2.1
Compound Imaging

While real time compound imaging is common in
modalities such as CT and MR, ultrasound sys-




S. Peer

tems have traditionally lacked the power needed
for acquisition and processing of such images in
real time. New developments in the processing
speed of ultrasound scanners made this technique
available. The computed beam steering software
is used to steer the ultrasound beam “off axis”,
which results in several lines of sight to a sono-
graphic target within a single scan. With powerful
signal processing software the single image frames
are accurately rendered according to the visualized
geometry and updated in real time. A schematic
illustration of compound imaging technology is
given in Figure 1.6.

The clinical value of compound imaging lies in
the reduction of sonographic artifacts (PiccoLr et
al. 2000). By scanning from different view angles,
different artifact patterns are produced in the single
views. By averaging these single frames into a com-
pound image, artifacts such as speckle, noise, drop-
out or refractive shadowing are suppressed. This
results in a sharper delineation of tissue interfaces
and better discrimination of lesions against their
background, as well as improvement of image con-
trast and detail resolution (Fig. 1.7a-h).

In addition the mode of compound technology
applied can be changed by the examiner to either
target the beam to enhanced resolution of regions of
interest or to a quicker overview mode.

1.2.2.2
Tissue Harmonic Imaging

Tissue harmonic imaging is another sonographic
technology which improves image quality of so-
nograms in state of the art scanners (BURNSs et al.
1996). The fundamental ultrasound signal trans-
mitted to the tissue consists of a broad band of low
frequencies. The transmitted signal resonates off
tissue in the body at a frequency twice the trans-
mitted signal and only these high frequency reso-
nant signals are detected by the scan head. In a
normal scan the signal travels into the body and
back to the transducer again, which means the ul-
trasound beam passes tissue interfaces twice and
therefore artifacts increase. With tissue harmonic
imaging the detected signal (which is produced by
resonance inside the tissue) travels only one way
towards the transducer, which means it is not at-

Fig. 1.6. Schematic
drawing of compound
imaging technology. A
structure is scanned
from different view
angles by use of beam
steering, which results
in single images with
somewhat different
representation of the
structure and differ-
ent artifact pattern.
The latter are added in
real time format and a
“compound image” is
reconstructed
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tenuated by round-trip travel through tissue and
therefore we experience a reduction of artifacts.
In addition, resonance at object margins (the main
source of artifacts in a normal scan) is of very
low energy and therefore does not contribute to
the image to the same extent compared to con-
ventional imaging. Despite good results in other
areas of small part sonography, the value of tissue

harmonic imaging for ultrasound of the peripheral
nerve is limited by adding only little improvement
to the image quality (Fig. 1.7a-h).

We might add that somehow the value of this
technology for B-mode imaging has in our opinion
been surpassed by compound imaging and other ar-
tifact reduction techniques, which are certainly the
better choice for imaging of peripheral nerves.

" N S VP T T e g s
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Fig. 1.7a-h. Transverse and longitudinal sonograms through median nerve at wrist level in normal B-mode (a,e), with
addition of tissue harmonic imaging (b,f), image compounding (c,g9) and compound imaging + artifact reduction software
(XRES") (d,h). Addition of tissue harmonic imaging adds only little improvement of image quality; nevertheless the inter-
faces between individual fascicular bundles inside the median nerve as well as between the nerve and its surroundings are
sharper (b,f). Note marked improvement of image sharpness, with better definition of tissue borders and an overall reduc-
tion of image noise in images acquired in compound mode (c,g) and the additional effect of artifact reduction software
(d,h) especially on image homogeneity
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1.2.2.3
Extended Field of View Imaging

With extended field of view imaging (also called pan-
oramic imaging by some manufacturers) the possibil-
ity of sonography to display longitudinal structures
is enhanced. With this technique the transducer is
swept longitudinally along a structure of interest
and dedicated software reconstructs an image out of
single scans along the course of the sweep (Fig. 1.8).

Newer technology not only uses pixel informa-
tion at the edge of the scan for reconstruction of
the panoramic image but, by application of a pat-
tern recognition algorithm, extracts information of
every entire single scan and adds it to the final pan-
oramic view. This technique not only yields better

image quality in panoramic scans but also enables
the user to redirect his sweep easily by moving back
and forth with continuous update of the panoramic
view and without having to restart his sweep. Once
the panoramic image has been acquired, dedicated
software allows one to refine the image further by
application of various postprocessing tools such as
magnification, rotation, etc.! With high end ultra-
sound scanners, panoramic imaging is also possible
in compound mode, which adds the benefit of im-
proved resolution (Fig. 1.9).

From a clinical point of view, panoramic imaging
is mainly a tool for documentation or presentation
of results, which - as far as the peripheral nerve is
concerned - may add valuable information for the
planning of surgical interventions.

Fig. 1.8. Schematic drawing of panoramic imaging technology. Continuous single images (as
wide as the width of the scanhead allows) acquired at a fixed distance during a longitudinal
sweep along an anatomic structure are summed up and reconstructed to a “panoramic view”

of the structures along the whole sweep

Fig. 1.9. Panoramicimage in compound mode along the dorsal aspect of the thigh in a patient with
traumatic rupture of the sciatic nerve. The proximal (short arrow) and distal (long arrow) nerve
stump is demonstrated with marked swelling and disorganized blind ending neural elements in
the proximal stump due to neuroma formation. The panoramic image nicely demonstrates the
huge gap in between the nerve stumps measuring almost 20 cm (double headed arrow)
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1.2.2.4
High Resolution Imaging

Within the last few years, different ultrasound com-
panies have tried to enhance the quality of sonogra-
phic images with the introduction of various image
processing tools. One of these tools, which was re-
cently introduced into clinical practice, is XRES™ by
ATL/Philips. This pattern analysis tool takes place
at the pixel level. It looks at the predominate pat-
terns within groups of pixels and brings them into
order. By emphasizing patterns and de-emphasizing
speckle, noise and clutter, XRES™ imaging enhances
diagnostic features by reducing artifacts, improving
visibility of existing tissue texture patterns and bring-
ing margins and borders into greater definition. One
of the special aspects of XRES™ imaging is the ability
to combine this tool with image compounding, thus
adding further to image improvement by significantly
improving the visibility of the tissue patterns that are
detected in SonoCT mode, so that the patterns are
more vivid and clearly evident. Images take on a sig-
nificant depth they did not have before. There is also
an overall sharpening of margins, borders and tis-
sue interfaces. A comparison of XRES™ imaging with
simple compound imaging is given in Figure 1.7a-h.

General Technique of
Sonographic Nerve Examination

In this section we will focus briefly on some gener-
al recommendations for examination of peripheral
nerves and documentation of results.

1.3.1
Anatomic Considerations

Nerves are round or ovoid structures with a complex
internal architecture resembling a cable. The single
nerve fibers are composed of axons, myelin sheaths
and Schwann cells. Several of these fibers form a
single fascicle and a variable number of such fas-
cicles combine into an individual nerve. The size of a
single fascicle and the numbers of fascicles included
in a nerve depend on the size of the nerve, its loca-
tion (distance from its origin, type and tightness of
surrounding tissue) and its type (amount of motor

or sensory elements). The single nerve fascicles and
the nerve as a whole are interwoven and surrounded
by supportive tissue, the interfascicular and super-
ficial epineurium. The latter two may be identified
to a certain extent with sonography, while the con-
nective tissue comprising the endoneurium, which
surrounds a single nerve fiber and the perineurium
surrounding a fascicle are very thin membranes and
below sonographic resolution. Sonographic histo-
logical correlations first presented by SILVESTRI et
al. (1995) confirmed the ability of sonography to
identify the fascicular architecture of a peripheral
nerve: On transverse sonograms a normal nerve
shows an echotexture of tiny hypoechoic dots - the
fascicles (or fascicle groups) - embedded in a hyper-
echoic meshwork of connective tissue - the interfas-
cicular and superficial epineurium (Fig. 1.10).

However, we must note that the overall number
of fascicles visualized on sonograms does not corre-
spond exactly with the real number of fascicles in a
nerve, probably due to coalescence of some adjacent
fascicles in a single image. Another reason for this
lies in the somewhat interwoven course of nerve fas-
cicles, and this is also why the analysis of the conti-
nuity of single fascicles in traumatic lesions or after
nerve repair has to be done with caution. We must
also be aware that a reduction of transducer fre-
quency leads to a diminishing number of individual
fascicles, which may be visualized in the image.

In contrast to tendons, nerves are highly vascu-
larized structures, with small vessels running along
the perineurium and supplying a tight microvascu-
lar plexus. With newer high resolution transducers
and improved color Doppler sensitivity these ves-
sels may quite frequently be visualized with color or
power Doppler (Fig. 1.11). To date we do not know
the amount of vasculature or which Doppler-wave-
forms are characteristic for an individual normal
nerve, as studies with sonoanatomic correlation of
a nerve’s vascular state are lacking. Thus, if vessels
are visible inside a nerve with color Doppler, we have
to keep in mind that this may be a normal finding,
and not immediately think of pathologic hypervas-
cularization - although we do know that an altered
vascular state is an important aspect of the patho-
physiology of nerve entrapment and compression
injuries (DAHLIN 1991). In our experience a detected
increase of vessels inside and along the surface of
a nerve, when compared with the normal, clinical-
ly unsuspicious contralateral nerve, may be a sign
of a hypervascular state in a postoperative nerve
(Fig. 1.12), in perineuritis or in a nerve proximal to
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a compression. However, this is still preliminary ex-
perience with lack of confirmation in larger statisti-
cally controlled clinical trials.

Variations of the course or shape of peripheral
nerves are known and may be studied with sonog-
raphy. Not uncommonly, variations of the median
nerve may be found in the carpal tunnel, for exam-

ple, which should be known to the examiner as they
may be important in a preoperative setting. In 20%
of asymptomatic volunteers a unilateral persistent
median artery and in 6% a bilateral persistent me-
dian artery is detectable with sonography (GASSNER
et al. 2002), which may associated with a high divi-
sion or a bifid median nerve (Fig. 1.13a,b).

Fig. 1.10a,b. Corresponding transverse sonogram (a) and plastinated anatomic section (b) of cadaver specimen acquired at
distal forearm. The median nerve fascicles (arrows) are clearly visualized as hypoechoic nodular structures in the sonogram.
Note also visualization of superficial epineurium (arrowheads) with tiny extensions between the nerve fascicles. PQM =

pronator quadratus muscle, FT = flexor tendons

i PSV -9.08 cmis
EDV 0.000 cris
R 1.00

100pix
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Fig. 1.11a,b. Longitudinal color Doppler sonogram (a) along median nerve (arrowheads) in a healthy volunteer. A small
vessel is identified along the surface (but inside the outer epineurium) of this normal nerve. Spectral wave analysis (b) shows

a monomorphic high resistance waveform
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Fig. 1.12. Longitudinal color Doppler sonogram through peroneal nerve in a patient with
a compression fracture of the tibial condyle and coexistent peroneal palsy. The peroneal
nerve (arrows) is continuous surrounded by edema and hematoma and shows marked hy-
pervascularization especially along its surface due to unspecific reactive neuritis

Fig. 1.13. a Transverse color Doppler sonogram through carpal tunnel in a patient with suspected carpal tunnel disease.
Single median nerve stem with normal configuration and fascicular texture (small arrowheads) is accompanied by a small
eccentrically positioned median artery (arrow). b Transverse sonogram through carpal tunnel in another patient with sus-
pected carpal tunnel disease shows bifid median nerve with a larger radial and a smaller ulnar portion (arrowheads) and
a interposed median artery (arrow)

1.3.2
Nerve Examination

The examination of a peripheral nerve should in-
clude transverse and longitudinal scanning. For
superficially lying nerves (median nerve) or nerves
coursing along bony ridges we generally recommend
the use of a stand off gel pad, which improves the
contact of the transducer with the skin surface and
results in substantial improvement of image qual-
ity. The identification of a nerve inside an image
scan is easily accomplished if common anatomical
landmarks are observed (i.e., the peroneal nerve at
the fibular neck, or the tibialis nerve following the
course of the posterior tibial artery and veins, etc.)
and Chapter 2 will focus extensively on these rela-
tionships. For the evaluation of nerve compression
syndromes the recommendation is straightforward,
as they typically occur in distinct locations along

the course of a nerve, i.e., the carpal tunnel, the ul-
nar sulcus etc.! If a patient’s history and/or clinical
examination is typical for one of these compressive
lesions, the sonographic exam will be tailored to
evaluation of the site where the nerve lies close to
ligaments, bony ridges or spurs or tight to a bony
surface and is followed for 5-10 cm proximal and
distal to this area. While transverse scanning is bet-
ter suited to identifying edematous swelling of nerve
fascicles proximal to a compressive lesion, longitu-
dinal scans or panoramic views are better suited to
revealing a sudden change in the diameter of a nerve
traversing underneath a ligament for example. In
cases of unclear or atypical symptoms an attempt
to scan the whole course of a nerve, searching for
pathology, is to be taken and sometimes it will be
necessary to scan even the brachial plexus of the af-
fected side. In these cases we often prefer to identify
the nerve at a site where it lies close to the surface
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or near distinct anatomical landmarks and follow
it from there to the level of suspected pathology.
This type of examination is highly recommended
in cases where the nerve lies inside scar tissue or
close to hematomas, as the nerve itself is often rather
difficult to distinguish at the level of the lesion in
such situations.

Another general recommendation concerns the
examination of the nerve at the unaffected side. The
diagnosis of nerve pathology is often achieved with
identification of subtle changes in nerve diameter
or echotexture, which is why we always confirm our
local findings in comparison with the contralateral
unaffected side. The latter is of utmost importance if
measurements of nerve diameters or cross sectional
area are used for the identification of a compres-
sion syndrome. High inter-individual variations in
these measurements exist and a reliable diagnosis
of pathology is only possible in correlation with the
measurement of the normal contralateral nerve. We
will comment on this in other chapters of this book
and want to remind the reader that evaluation of the
ultrastructure is key for the diagnosis of a periph-
eral nerve lesion.

Positioning of the patient is another important
aspect in sonographic nerve examinations. In some
cases the examination will be time consuming,
which is why a position that is comfortable to sustain
for the patient and at the same time allows for easy
access to the region of interest for the sonographer
should be sought. In many cases we use supportive
cushions or pillows to put a patients extremity in a
position which allows easier access to a nerve.

While peripheral nerves may be scanned with
normal B-mode sonography, we always use com-
pound imaging and additional artifact reduction
software available on the scanner, because of the
resulting gain in soft tissue resolution (see above).
We further use color or power Doppler in general
nerve examinations because of our interest in the
vascular situation of a nerve. We highly recom-
mend this for all cases with inflammatory lesions,
tumors or postoperative nerves, as the demonstra-
tion of increased vascular supply to a nerve (cor-
relation with contralateral nerve!) may have im-
portant implications on diagnosis and treatment.
For the examination of nerve tumors, color Dop-
pler sonography is absolutely mandatory. In con-
trast to neurofibromas, schwannomas for example
are generally hypervascular lesions, which helps
in the differential diagnosis of neurogenic tumors
(GRUBER et al. 2007).
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One of the major advantages of sonography com-
pared to other modalities for imaging of the soft
tissues, such as MRI and CT, is its ability to acquire
images in virtually every orientation along the
course of a peripheral nerve. This however results
in a very complex regional topographic anatomy.
Therefore a well-founded knowledge of regional
anatomy and topography is an indispensable pre-
requisite for the sonographic assessment of periph-
eral nerves. The typical sonographic appearance of
nerves must be distinguished from other soft tissue
structures and may change substantially depend-
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ing on the type of surrounding tissue elements.
Usually nerves present as longitudinal bands with
a mixture of hyperechoic (peri- and epineurium)
and hypoechoic elements (fascicle groups) in longi-
tudinal sonograms. In the transverse plane a vari-
able number of hypoechoic dots (fascicle groups)
is surrounded by hyperechoic epineurium with hy-
perechoic septa between the fascicles (SILVESTRI
et al. 1995). Even low-flow feeding vessels, called
vasa nervorum, can be depicted using color Dop-
pler sonography Figure 2.1a. Usually one small ves-
sel can be found showing arterial flow in pulsed
wave Doppler (Fig. 2.1b). In case of inflammation,
nerve entrapment or after nerve repair the detect-
able vessels increase in number and size and show
a higher blood flow.

In the following chapter the regional anatomy of
nerves, which may be assessed with state of the art
sonographic equipment, is demonstrated by corre-
lation of representative sonograms with anatomic
cryosections of fresh cadaver specimens. Trans-
verse and longitudinal sonograms in typical loca-
tions for peripheral nerve disease were acquired.
The sonographic scan planes were marked on the
cadaver surface and correlative anatomic cryosec-
tions were produced along the skin markings with
a fine needle tooth band saw. In this way an exact
correlation of paired sonograms and cross-sections
was achieved in order to recapitulate topographic
relations and to present the normal topographic
anatomy of the peripheral nerves. The figures rep-
resent typical sonographic scan planes, that are
routinely used for clear visualization of peripheral
nerves. Special emphasis was laid on the presenta-
tion of useful anatomic landmarks that allow for
easier recognition of the individual nerves. That is
why cutaneous nerves and terminal nerve branches
were excluded from the presentation as their detec-
tion is very tricky and sometimes only possible in
pathological states.
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Fig. 2.1a,b. Transverse US scan of the median nerve at the wrist using Color Doppler US (a) to depict feeding vessels (vasa
nervorum), which are small in size and show low, arterial flow in pulsed wave Doppler (arrows) (b)

Sonographic Anatomic Correlation in the
Head and Neck Region

2.1.1
Cranial Nerves

The 12 cranial nerve-pairs originate from the brain-
stem to the mesencephalon and course mainly in
small channels inside the bony parts of the neuro-
and/or viscerocranium, which is why they are only
poorly accessible to sonography. The facial, the ac-
cessory and the vagal nerve however may be visu-
alized to a certain extent along their extracranial
course. Sonographic imaging, however, is limited
by the caliber of the nerves and by influences of
surrounding soft tissues, which sometimes impair
direct visualization.

The facial nerve (cranial nerve number 7) enters
the facial soft tissues at its emission through the sty-
lomastoid foramen of the temporal bone. Consisting
completely of motor fibers for viscerocranial mus-
cles (mimic muscles and parts of the chew muscula-
ture) it enters directly into the parotid gland, where
it usually spreads into two or three main branches.
The latter are interconnected by thin nerve fibers
forming the so-called parotid plexus. From here
the nerve distributes into five nerve-branch-groups
(each with one to four branches): the temporal, the
zygomatic, the buccal and the marginal mandibu-
lar branches as well as one cervical branch (usually
anastomosing with branches of the cervical plexus
in the superficial cervical ansa).

Sonographic identification of the facial nerve is
easiest after its emission from the temporal bone

posterior to the perpendicular mandibular branch.
Its visualization gets difficult after it enters the pa-
rotid gland, where the two or three main branches
may only occasionally be visualized with very high-
frequency transducers (more than 15 MHz). Within
the more ventral parts of the parotid gland nerve
branches must be distinguished clearly from the
equally hypoechoic minor and major exocrine pa-
rotid duct (Fig. 2.2). The latter are always oriented
towards the mouth, where they usually end in the
region of the premolar teeth of the upper jaw. The
terminal peripheral branches of the facial nerve in-
side the mimic musculature cannot be discerned
sufficiently even with state of the art sonographic
equipment.

The vagal nerve (cranial nerve number 10) repre-
sents the strongest parasympathetic nerve and exits
from the jugular foramen where it forms its two gan-
glia: the superior ganglion (Ganglion jugulare) and
the bigger inferior ganglion (Ganglion nodosum).
Releasing several branches with several different
neuronal qualities, it descends inside a common soft
tissue sheath together with the internal jugular vein,
the internal carotid artery and more caudal with the
common carotid artery.

The vagal nerve is best assessed at the level of the
carotid sinus (division of the common carotid ar-
tery), where it lies in the posterior triangular space
between the slightly offset venous and arterial lu-
men (Fig. 2.3). The superior cervical sections of the
vessels and the nerve lie directly ventral of the slop-
ing anterior scalene muscle. More inferior the vagal
nerve directly abuts the cervical prevertebral fascia.
Its main stem can be followed with sonography from
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inframandibular (along a short individual stretch
cranial to the hyoid bone) down to the division of
the brachiocephalic trunk on the right side and to
the origin of the common carotid artery from the
aortic arch on the left side. Within the inferior cervi-
cal space the detection of the nerve becomes difficult
because of interposed fat impairing sonographic
contrast.

The two major branches of the vagal nerve (the su-
perior laryngeal and the recurrent laryngeal nerve)
may not be clearly visualized with sonography due
to their complex course and limited sonographic
depth resolution.

The accessory nerve (cranial nerve number 11)
being a mere motor nerve also exits from the jugu-
lar foramen and hands its internal branch over to
the neighboring vagal nerve. The residual external
branch (forming the proper accessory nerve) is re-
sponsible for the innervation of the sternocleido-
mastoid and trapezius muscle (Fig. 2.4). In its su-
perior part it lies ventral to the cervical splenius
muscle turning onto the lateral surface of the in-
ternal jugular vein, usually perforating the superior
third of the sternocleidomastoid muscle at a vari-
able height. Its further course follows the medial
part of the superior margin of the trapezius muscle,
where it may be detected easiest with sonography,
before its entrance into the muscle. However, the
loose fatty and connective tissue in the lateral cervi-
cal region may result in artifacts, which sometimes
impair the investigation of the nerve (BODNER et al.
2002).

2.1.2
Cervical and Brachial Plexus

In the fetal period the upper extremity forms pad-
dle-like, being supplied by the according neural seg-
ments of the rump wall (metameric segmentation
of the vertebrate rump). In later life this ontological
specialty finds its expression in the distribution of
the sensory dermatomes in relation to the spinal
nerves. The annular organization of the dermatomes
on the rump wall is continued in a longish fashion
in the extremities (segments C3-Thl for the upper
extremity). The order of the axons of the according
spinal segments passes through rather complicated
combinations and reorganizations compared to the
simple distribution of the nerves in the rump wall.
This redistribution of the segmental axons mainly
takes place at the level of the cervical and brachial

plexus, where the individual peripheral nerves of the
extremity are formed (KAHLE 1991).

The cervical plexus forms out of the ventral roots
of the first four spinal nerves (C1-C4). The recombi-
nation of the involved axons takes place in the inter-
muscular soft-tissue resulting in several sensible cu-
taneous nerves, which are all perforating the lateral
superficial cervical fascia at the posterior margin of
the sternocleidomastoid muscle to run onward sub-
cutaneously.

Fig. 2.2a,b. Longitudinal US scan with corresponding cryo-
section of facial nerve (arrows) in its course within the pa-
rotid gland (I) with high contrast of the fascicular parts of
the nerve to the surrounding glandular tissue
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The most important nerve of this plexus is the
phrenic nerve , which innervates the ipsilateral hemid-
iaphragm. It is formed by axons from C3 and C4 and
- lying ventral on the anterior scalene muscle - runs
downward to the upper chest aperture (Fig. 2.5).

The brachial plexus forms out of the ventral roots
of the spinal nerves C5-Thl. Its supra-clavicular sec-
tion consists of a superior, a medial and an inferior
trunk (primary chords). These trunks form within
or somewhat lateral to the gap between the anterior
and medial scalene muscle (inter-scalene gap). In-
ferior to the clavicle the three plexus fascicles (me-
dial, lateral and posterior or dorsal) are formed by

Fig. 2.3a-c. Transverse US scan (a) with the corresponding
cryosection (b) showing the vagal nerve (arrow) in typical
position between the internal jugular vein (I) and the com-
mon carotid artery (2) (thyroid gland 3). ¢ Longitudinal US
scan of the vagal nerve (arrow) lying adjacent to the internal
jugular vein (1)

interchange of axons between the different trunks
and they are named according to their relation to
the axillary artery (secondary chords). Out of these
fascicles the three main nerves of the upper extrem-
ity (median, ulnar and radial nerve) as well as the
axillary, the musculocutaneous and several cutane-
ous nerves are formed.

The sonographic identification of the plexus
trunksisbestachieved in a transverse plane through
the interscalene gap, with a slight cranial tilt of the
transducer (Fig. 2.6). The three trunks present as hy-
poechoic nodules positioned on a virtual line from
dorso-cranial to ventro-caudal. They are embedded
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in loose connective and fatty soft tissue and must
not be mixed up with small regional lymph nodes on
transverse sonograms. Orientation of the probe in
a longitudinal plane along the course of the trunks
reveals the typical fascicular pattern of peripheral
nerves (YANG et al. 1998).

Two distinct nerves leave the plexus trunks at this
level: the long thoracic nerve with fibers from the su-
perior and medial trunk and the thoracodorsal nerve
with fibers from the medial and inferior trunk. These
two nerves are responsible for the lateral, superficial
rump muscles (serratus anterior muscle and dorsal
latissimus muscle) and run downwards almost per-
pendicular to each other. The thoracodorsal nerve is
in its distal course usually accompanied by a branch

of the axillary artery (thoracodorsal artery). Due
to only minimal difference in echotexture against
the surrounding tissue a clear visualization of these
nerves is only achieved in selected cases.

The plexus fascicles in proximity of the axillary
artery can be visualized best with an abducted or
elevated arm and with the transducer oriented along
the course of the axillary artery. The posterior fas-
cicle continues into the axillary and radial nerve,
the lateral fascicle together with axons of the medial
fascicle (median loop) - after releasing the muscu-
locutaneous nerve directly underneath the clavicle
- into the median nerve. The medial fascicle forms
the ulnar nerve and the nerves responsible for the
sensibility of the medial arm.

Fig. 2.4a-d. Transverse US scan (a) with according anatomical cryosection (b) showing the accessory nerve (arrows) in
its typical topographic situation lying on the scalene muscles (3) ventral to the anterior border of the trapezius muscle (2)
(sternocleidomastoid muscle I). ¢ Longitudinal US scan according to the course of the accessory nerve (arrows) lying on a
scalene muscle (3). d Scheme with the projection of the accessory nerve (line) onto the skin surface. Landmarks for identi-
fication of scanhead position are the sternocleidomastoid muscle (I) and the trapezius muscle (2)
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Sonographic Anatomic Correlation in the
Upper Extremity

2.21
Nerves of the Upper Arm

The musculocutaneous nerve originates from the
lateral fascicle of the brachial plexus and from the
roots C5-C7. It runs at the medial side of the cora-
coid process and dorsally enters the coracobrachial
muscle. Passing through the coracobrachial mus-
cle the nerve reaches the fascial space between the
brachial biceps and the brachial muscle. Usually
covered by the muscle belly of the short head of
the brachial biceps muscle it heads for the region
of the radial epicondyle of the humerus (Fig. 2.7).

Fig. 2.5a-c. Transverse US scan (a) with the corresponding
cryosection (b) showing the phrenic nerve (arrow) typically
positioned directly ventral to the anterior scalene muscle (2)
(depending on the scanninglevel) covered by the sternocleido-
mastoid muscle (3) (section of the clavicle 1). ¢ Scheme with
the projection of the phrenic nerve onto the skin surface with
the according landmarks: clavicle (1), anterior scalene muscle
(2), medial head of the sternocleidomastoid muscle (3)

In this region it comes closer to the surface exit-
ing between the radial onset of the biceps muscle
and the underlying brachial muscle, and continu-
ing subcutaneously ends in the lateral cutaneous
antebrachial nerve, which supplies the skin of the
lateral forearm (sensory branches). The musculo-
cutaneous nerve is a very small nerve and identified
easiest with sonography along its course medial to
the coracoid process or between the brachial biceps
and brachial muscle. From here it may invariably
be followed proximally and distally - depending on
local contrast and sonographic resolution. It usu-
ally is well contrasted by the embedding muscles
along a fair distance.

The median nerve is formed out of parts of the
lateral and medial fascicle of the brachial plexus
(median loop). It runs ventral to the brachial ar-
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Fig. 2.6a-e. Transverse US scan (a) with the corresponding
cryosection (b) showing the roots and trunks of the brachial
plexus (arrows) between the anterior (4) and middle (5) sca-
lene muscle in typical topographic relation to the internal
jugular vein (6) (body of the seventh cervical vertebra C7).
US scan (c) and corresponding cryosection (d) according
to the course of the roots and the proximal trunks of the
brachial plexus (arrows) (sternocleidomastoid muscle 2, in-
ternal jugular vein 6 and bodies of the sixth and seventh
vertebra C6, C7). e Scheme with the projection of the trunks
of the brachial plexus onto the skin surface with the accord-
ing landmarks: lateral (2) and medial (3) part of the sterno-
cleidomastoid muscle, clavicle (1)




22

H. Gruber and P. Kovacs

tery in the medial bicipital groove directly heading
downward to the elbow, where it usually lies in be-
tween the two heads of the pronator teres muscle in
95%, between the ulnar head of the muscle and the
ulna in 3%, or even perforates the humeral head of
the muscle in 2% of cases. The pronator teres muscle
is the most proximal muscle supplied by the median
nerve. Very seldom the perforation of parts of the
pronator teres muscle by the median nerve may lead
to a kind of entrapment-syndrome, resulting in an
impairment of the ventral forearm muscles. Being
the biggest nerve of the upper arm the median nerve
is easily identified with sonography along its course
within the medial bicipital groove ventral to the bra-
chial artery (Fig. 2.8).

The ulnar nerve as the main branch of the me-
dial fascicle of the brachial plexus (roots C8-Thl)
also heads directly downward to the elbow within
the medial bicipital groove, and reaches the “groove
of the ulnar nerve” (sulcus nervi ulnaris) where it
bends around the lower margin of the medial epi-
condyle of the humerus. In the upper arm the nerve
does not release any motor or sensory branches.
Sonographic identification of the ulnar nerve is
easiest achieved along its course within the medial
bicipital groove posterior to the brachial artery, or
as the single structure within the groove of the ulnar
nerve (Fig. 2.9).

The medial fascicle of the brachial plexus is re-
sponsible for two additional sensory nerves supply-
ing the medial skin of the upper extremity: the me-
dial brachial cutaneous and the medial antebrachial
cutaneous nerve - both originating from roots from
C8 and Thl and both running downwards epi-fas-
cially and subcutaneously. Sonographic identifica-
tion of these nerves is only possible in selected cases
with transducers of at least 15 MHz due to only min-
imal differences in echotexture between the nerves
and their surroundings.

The dorsal fascicle of the brachial plexus releases
two nerves: the axillary and the radial nerve being
both mixed nerves (motor and sensory elements)
supplying the shoulder and the complete dorsal as-
pect of the upper extremity.

The axillary nerve formed out of roots C5 and
C6 leaves the dorsal fascicle at or slightly below the
clavicle and runs dorsally along the inferior aspect
of the articular capsule of the shoulder (humero-
scapular joint) to bend around the surgical neck of
the humerus (collum chirurgicum humeri). It exits
the lateral axillary hiatus (foramen axillare lat-
erale, defined laterally by the humerus, proximally

by the minor teres muscle, distally by the minor
teres muscle and medially by the long head of the
triceps muscle) where motor branches take off for
the teres muscles. The axillary nerve reaches the
deltoid muscle from posterior with several branch-
es for the muscle and additionally provides sensory
branches for the skin of the shoulder. A short way
after its exit from the dorsal fascicle the axillary
nerve is accompanied by the posterior circumflex-
ing artery and veins of the humerus, which supply
the deltoid muscle and the muscles at the border
of the lateral axillary hiatus. The axillary nerve
may sonographically be detected with elevation of
the arm in the posterior axillary fold (lateral axil-
lary hiatus). Here it represents a rounded, tubular
structure entering the deltoid muscle accompanied
by two vessels. From here it may be followed up-
ward to its reunion with the radial nerve in the dor-
sal fascicle (Fig. 2.10).

The radial nerve (roots of C5-C8) supplies the
extensor muscles of the whole upper extremity plus
the dorsal skin. It pursues the course of the dorsal
fascicle in relation to the axillary and brachial ar-
tery. Ventral to the tendinous origin of the dorsal
latissimus muscle it bends to the posterior surface
of the humerus and continues to the proximal end
of the osseous “groove of the radial nerve” (sulcus
nervi radialis). It is accompanied by the profound
brachial artery and vein. In its spiral course directly
at the surface of the humerus between the proximal
lateral and distal medial head of the brachial triceps
muscle, it reaches the region of the lateral epicondyle
where it finally lies at the flexor side of the elbow (cu-
bita) between the brachial and brachioradial mus-
cle. Along its whole course the radial nerve releases
motor and sensory branches to the extensor muscles
and dorsal skin. The nerve is most easily assessed
with sonography in its course within the musculo-
osseous channel formed by the bellies of the bra-
chial triceps muscle and the humerus (Fig. 2.11).
From this region it may be followed proximally and
distally with adherence to the anatomic landmarks
mentioned above (axillary/brachial artery, muscu-
lar interposition).
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Fig. 2.7a,b. Transverse US scan (a) with the corresponding cryosection (b) showing the musculocutaneous nerve (arrow)
lying within the brachial biceps muscle (I) ventral to the humerus (2)

Fig. 2.8a-c. Transverse US scan (a) with the corresponding
cryosection (b) showing the median nerve (arrow) next to
the brachial artery between the triceps (I) and brachial bi-
ceps (2) muscle (humerus 3). ¢ Scheme with the projection of
the typical course of the median (broken line) and the ulnar
(line) nerve onto the skin surface (ventral brachial biceps
muscle 2, dotted line)
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Fig. 2.9a,b. Transverse US scan (a) with the corresponding cryosection (b) showing the ulnar nerve (arrow) in its typical
position close to the brachial vascular bundle (brachial artery and vein 2) ventral to the triceps muscle (1)

Fig. 2.10a-c. Transverse US scan (a) with the corresponding
cryosection (b) showing the axillary nerve and accompany-
ing vessels (arrows) ventrally covered by the lateral parts of
the latissimus dorsi muscle (I) and the pectoral muscle (2)
inferior to the glenoid part of the scapula (3). ¢ Scheme with
the projection of the course of the axillary nerve (line) onto
the skin surface with the posterior axillary fold (dotted line)
mainly formed by the underlying latissimus muscle
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Fig. 2.11a-d. Transverse US scan (a) with the correspond-
ing cryosection (b) showing the radial nerve (arrow) in its
groove between the heads of the triceps muscle (I) running
directly on the surface of the humerus (2). ¢ Longitudinal
US scan. d Scheme with the skin projection of the course
of the radial nerve (line) in the dorsal upper arm with the
lateral epicondyle (dotted line) as a relevant landmark for
positioning of scanhead

2.2.2
Nerves of the Forearm

In the forearm the median nerve, after passing
the pronator teres muscle, enters the fascial space
between the main flexor groups of the upper ex-
tremity: it runs downward to the wrist between
the superficial and the profound finger flexors. In
its course many muscular branches supply differ-
ent ventral muscle groups of the forearm. Several
ulnar flexors of the forearm however are omitted by
this nerve and their supply will be mentioned later.
One remarkable branch of the median nerve is the
anterior antebrachial interosseous nerve being re-

leased in the cubita-region and running downward
to the carpus lying directly on the interosseous
membrane. This branch finally reaches the square
pronator muscle, and along its course supplies the
long flexor of the thumb and the radial parts of the
deep finger flexors.

In the region of the wrist the median nerve lies
directly under the tendon of the long palmar muscle,
interposed between the flexor tendons and covered
by a thin layer of the forearm fascia (Fig.2.12). In
this region the median nerve may already have split
into two parts (common digital nerve trunks), in
which case an interposed median artery may coexist
as an anatomic variant (GASSNER et al. 2002).
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Fig. 2.12a,b. Transverse US scan (a) with the corresponding cryosection (b) showing the median nerve (arrow) interposed
between the distal brachial muscle (I) and the flexor of the radial carpus (2) muscle (trochlea of the humerus 3)

Sonographic identification of the median nerve
is easiest at the wrist, as its distal course between
the forearm flexors may sometimes be obscured by
a variable amount of surrounding fatty tissue. In the
cubita it is usually positioned medially to the deep
lying brachial artery and veins. Due to its small ca-
liber the anterior antebrachial interosseous nerve
may only invariably be visualized with sonography.

Passing the groove of the ulnar nerve the ulnar
nerve usually lies between the two heads of the ul-
nar carpal flexor. Covered by this muscle it runs
straight to the wrist. It supplies the ulnar carpal
flexor and the three ulnar parts of the deep finger
flexor muscle, which end in the deep flexor tendons
of the three ulnar fingers. In the distal part of the
forearm the ulnar nerve lies medially between the
tendon of the ulnar carpal flexor muscle and lateral
of the ulnar artery and veins. The ulnar artery and
the ulnar nerve both lie superficially to the thin lay-
er of the forearm fascia, only covered by loose sub-
cutaneous fat and connective tissue. Sonographic
visualization of the ulnar nerve is easiest before its
entrance into the ulnar carpal flexor muscle at the
elbow and in the distal third of the forearm in its
typical position between the tendon of the ulnar
carpal flexor muscle and the ulnar artery (Fig. 2.13).
As it is embedded in inhomogeneous echogenic
tissue in the wrist region and is smaller than the
neighboring median nerve its identification at this
site may sometimes be difficult.

On its course in the cubita and the forearm the
radial nerve runs at the ventral side between the bra-
chial and the brachioradial muscle. At the level of
the radial head (caput radii) bifurcates in its both
terminal branches: the superficial and the profound
branch. The superficial branch of the radial nerve
runs further distally at the medial border of the bra-
chioradial muscle and medial to the long and short
radial carpal extensor muscles. The proximal part
of the superficial branch always stays ventral to the
supinator muscle in the proximal forearm and is ac-
companied medially by the radial artery and veins
along an individual distance. The distal section of
this branch returns to the dorsal subcutaneous re-
gion of the extremity through the distal part of the
brachioradial muscle and crosses the extensor reti-
naculum dorsally. The profound branch of the radi-
al nerve enters the supinator muscle at an individual
distance from the radial-nerve-bifurcation passing
through a small, tendinous arch (the arch of Frohse).
In most asymptomatic subjects the profound branch
of the radial nerve shows a relative change in caliber
at its entry into the supinator muscle through the
arch of Frohse (RIFFAUD et al. 1999). If this arch is
too small the profound branch of the radial nerve
may be compressed - especially during hand exten-
sion and pronation, which further reduces the width
of the supinator arch (THOMAS et al. 2000). On its
course through the supinator muscle the profound
branch releases several muscular branches and fi-
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nally enters the space between the superficial and
profound hand extensors. It ends as the posterior
antebrachial interosseous nerve lying on the poste-
rior surface of the interosseous membrane.

Sonographic identification of the radial nerve and
its branches in the forearm, is easiest at their course
between the brachial and brachioradial muscle, where
they show a high contrast difference compared with
the surrounding muscular tissue. The superficial
branch is best assessed medially to the brachioradial
muscle. The terminal branches of the superficial ra-
dial nerve branch can only be visualized with the use
of transducers with a frequency of at least 15 MHz.
The profound branch of the radial nerve is easily vis-
ualized inside the supinator muscle due to the high
sonographic contrast difference between the nerve
and the surrounding muscle (Fig. 2.14). The posterior
antebrachial interosseous nerve is only detectable
with present sonographic equipment in rare cases
due to its small size and insufficient contrast.

2.2.3
Nerves of the Wrist and Hand

In some subjects the division of the median nerve be-
gins in the region of the distal forearm, at latest in the
region of the carpal tunnel. Usually the first common
digital palmar nerve (for the thenar and the thumb)
is the first branch leaving the nerve. The infrequently
found median artery, which is a variable branch of
the proximal section of the ulnar artery and leads
into the also variable superficial palmar arterial arch
(HAFFERL 1969; VoN LAaNz and WACHSMUTH 1972;
PLATZER 1982), may be found inside the carpal tunnel
interposed between the first common digital palmar
nerve and the median nerve remnant. The bifurcation
of the residual median nerve into the second (second
finger and radial part of third finger motor and sen-
sory supply) and third (ulnar third and radial fourth
finger motor and sensory supply) common digital
palmar nerve usually takes place inside or directly

Fig. 2.13a-d. Transverse US scan (a) with the corresponding
cryosection (b) showing the ulnar nerve (arrow) in its course
within the “sulcus nervi ulnaris” formed by connective tis-
sue and the distal humerus (I). ¢ Longitudinal US scan of
the ulnar nerve (arrows) within the “sulcus nervi ulnaris”.
d Scheme with skin projection of the ulnar nerve (line) in
the cubita relative to the ulnar epicondyle of the humerus

(dotted line)
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distal to the carpal tunnel. The median nerve or its
terminal branches always appear more or less oval
or flattened, with considerable individual variation
in healthy subjects. (SARRIA et al. 2000; DUNCAN et
al. 1999) (Fig. 2.15).

The terminal peripheral branches of the median
nerve - the paired proper palmar finger nerves (pal-
mar supply of finger 1-3 and the radial palmar side

of finger 4) - are sensory branches emerging of the
common digital palmar nerves, which are directly
positioned on the tendons or tendon sheaths of the
long flexor muscles (Fig. 2.16). They may only be
visualized with transducers of at least 15 MHz us-
ing a stand-off pad. Each of them is accompanied
by a proper palmar finger artery, usually lying more
superficially (Fig. 2.17).

Fig. 2.14a-d. Transverse US scan (a) with the corresponding cryosection (b) showing the division of the radial nerve: su-
perficial (arrow) and profound branch (arrowhead). The profound branch typically covered by the arch of Frohse (*) and
the superficial branch covered by the proximal parts of the brachioradial muscle (I) (proximal radius 2). ¢ Longitudinal
US scan of the profound branch of the radial nerve (arrowheads) with the arch of Frohse (*) (radial head 2). d Scheme with
the skin projection of the course and division of the radial nerve in the cubita: radial nerve (line), superficial branch (thick
dotted line), profound branch (broken line). Radial epicondyle of the humerus (thin dotted line) as landmark
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Fig. 2.15a-d. Transverse US scan (a) with the corresponding cryosection (b) showing the median nerve in the wrist (arrows)
together with the cross sections of the finger flexor tendons within the carpal tunnel (2) covered by the transverse ligament
of the carpus (¥). ¢ Longitudinal US scan of the distal median nerve (arrows) with the underlying finger flexor tendons (2)
(distal radius 3). d Scheme with skin projection of representative branches of the median nerve (lines) and the ulnar nerve
(broken lines) in the wrist and hand. Pisiform bone (I) as landmark

The ulnar nerve reaches the hand running super-
ficially to the flexor retinaculum and accompanied
laterally by the ulnar artery. Here it bifurcates re-
leasing the profound branch, which forms a neural
arch supplying the muscles of the hypothenar, the
interosseous muscles and finally even part of the
thenar muscles, between the proximal parts of the
small flexor and the abductor of the small finger.
The residual ulnar nerve (fourth common digital
palmar nerve ends in the paired proper palmar fin-
ger nerves (supplying the radio-palmar aspect of

the fourth and the palmar aspect of the fifth finger).
Just like the terminal median nerve-branches the
terminal ulnar branches are accompanied by the
proper palmar finger arteries (the terminal arte-
rial branches of the superficial palmar arch). A very
small side-branch of the ulnar nerve - the dorsal
branch of the ulnar nerve - which exits the ulnar
nerve in the middle of the forearm, reaches the hand
subcutaneously and dorso-medially to the styloid
process of the ulna (Fig. 2.18). It ends in the senso-
ry proper finger nerves for the dorsal aspect of the
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fourth and fifth finger being accompanied by sub-
cutaneous veins. The sonographic visualization of
the terminal branches (proper palmar finger nerves)
and their proximal nerve stems only succeeds with
high frequency transducers of at least 15 MHz using
a stand-off pad.

The radial nerve ends in three common dorsal
finger nerves, having already formed in the region
of the distal forearm. Each of these neural branches
lies subcutaneously and crosses the extensor reti-
naculum superficially. The division into the paired
proper dorsal finger nerves (for the dorsal thumb
and the dorso-proximal parts of finger 2-4 - the
second and third dorsal finger - are usually sup-

plied by the median nerve) takes place at variable
locations. The terminal dorsal branches are ac-
companied by the barely visible terminal arterial
branches of the dorsal carpal branch of the radial
artery. The visualization of these flimsy branches
of the radial nerve is achieved best in the region
of the lateral extensor retinaculum. The branches
are embedded in subcutaneous fat and connective
tissue, which is why their presentation may be in-
sufficient. The posterior antebrachial interosseous
nerve and its terminal branches for the sensory
supply of the dorsal carpal and digital joints may
not be visualized with present state of the art ul-
trasonography.

Fig. 2.16a-d. Transverse US scan (a) with the corresponding scheme (b) and longitudinal US scan (c) with the corresponding
scheme (d) showing the metacarpal section of the branches of the median nerve (common digital nerves, arrows) together
with the accompanying arteries (*) (flexor tendons I with underlying metacarpal bone 2; lumbrical muscles 3)
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Fig. 2.17a-f. Transverse US scan using Color Doppler US (a) with the corresponding scheme (b) showing the digital section of the
branches of the median nerve (proper digital nerves, arrows) together with the accompanying arteries (*) (flexor tendons I with
underlying proximal phalanx of the finger 2. Longitudinal US scan using Color Doppler US (c) with the corresponding schema (d)
showing a proper digital nerve (arrows) together with the closely accompanying artery (*s). Cryosections through the proximal
(e) and middle phalanx (f) of the finger showing the proper digital nerves (arrows) together with the accompanying arteries (*)
(flexor tendons I with underlying proximal 2 and distal 3 phalanx). For better imaging a stand-off pad should be used
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Fig. 2.18a-d. Transverse US scan (a) with the corresponding
cryosection (b) showing the ulnar nerve (arrow) in its carpal
section accompanied closely by the ulnar artery (*) next to
the tendon of the ulnar flexor of the carpus (I). Longitudinal
US scan (c) with corresponding scheme (d)

Sonographic Anatomic Correlation in the
Lower Extremity

Justlike the proximal extremity, the lower extremity
forms paddle-like in the fetal period. It is supplied
by the according neural segments (metamer seg-
mentation) of the rump wall. In later life this onto-
logical specialty results in the distinct distribution
of the sensible dermatomes in correlation with the
supplying spinal roots. For the lower extremity these

are the segments L1-S3. The annular organization of
the dermatomes on the rump wall is transferred to
a somewhat longitudinal representation in the lower
just as it is in the upper extremity, however with
some kind of inward rotation of the dermatomes.
The recombination of the axons with formation of
the peripheral nerves itself takes place at the level
of the lumbar and sacral plexus, with the ventral
parts of the lower extremity supplied by the lumbar
and the dorsal parts as well as the pelvic floor by
the sacral plexus.
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2.341
Nerves of the Groin and the Thigh

The most cranial nerve descending from the lum-
bar plexus is the sensory lateral femoral cutaneous
nerve. It forms out of the ventral branches of the
spinal nerves of the segments L2 and L3. It runs
downward on the iliac muscle to the medial side
of the anterior iliac spine and uses the very lateral
part of the muscles' lacuna to get to the ventro-lat-
eral subcutaneous space. It can be identified with
sonography in the muscles’ lacuna, where it enters
the subcutaneous space between the sartorial and
tensor fasciae lata muscle. Because of its small size
its sonographic visualization may be very difficult
(Fig. 2.19).

One of the biggest peripheral nerves of the human
body is the femoral nerve. It contains the fascicles
for the musculature and the sensibility of a great
part of the ventral aspect of the lower extremity. It
is the sole innervator of the knee-extensors and is
responsible for the sensibility of almost the whole
ventral and medial aspect of the lower extremity.
The femoral nerve is usually formed out of the ven-
tral branches of the spinal nerves of segment L1-L4.
The recombination of the neural fascicles of the
femoral nerve takes place within the psoas muscle,
where it is split into a superficial and profound sec-
tion. The proximal part of the nerve leaves the psoas
muscle at its lateral border, running downward to
the inguinal region in the retroperitoneum inside
a groove formed medially by the psoas muscle and

Fig. 2.19a-d. Transverse US scan (a) with corresponding scheme (b) and longitudinal US scan (c) with corresponding
scheme (d) of the lateral cutaneous femoral nerve (arrows) piercing through sartorius muscle (1) medial to the superior
anterior iliacal spine (2)
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laterally by the iliac muscle. It leaves the muscles’
lacuna as the most medial structure separated from
the adjacent femoral artery only by the ileopectineal
arch (Fig. 2.20). The latter is a thin tendinous struc-
ture, which is part of the inguinal ligament complex,
and connects the inguinal ligament and the body of
the iliac bone.

Fig.2.20a-c. Transverse US scan (extended panoramic
scan) (a) with the corresponding cryosection (b) showing
the triangular cross-section of the femoral nerve (arrow)
accompanied closely by the femoral artery (2) and vein (3)
altogether on the iliopsoas muscle (4). ¢ Scheme with skin
projection of the femoral nerve (lines), the lateral femoral
cutaneous nerve (broken line) and the inguinal ligament
(dotted lines). Superior anterior iliacal spine (1)

After a variable distance the nerve spreads into
several terminal branches: ventral and medial cu-
taneous nerve branches and motor branches for the
supplied muscles. The main direction of the course
of the femoral nerve and its branches is always paral-
lel to the underneath lying sartorial muscle. The final
branch of the femoral nerve, the saphenus nerve lies
adjacent to the superficial femoral artery and perfo-
rates the vasto-adductorial membrane in its distal
third of the thigh together with the descendent knee-
artery, a branch of the superficial femoral artery. The
saphenus nerve supplies the knee and the medial
aspect of the lower leg with sensory fibers and runs
subcutaneously to the region of the superficial pes
anserinus. The femoral nerve is best assessed with
sonography in its groin section. Here it can be found
next to the pulsating femoral artery with an oval or
triangular cross-sectional appearance.

The distal section of the femoral nerve in its pel-
vic course up to 10 cm proximal to the inguinal liga-
ment may also be visualized with sonography after
sufficient evacuation of air in the hypogastric bowel.
The proximal thigh-section of the nerve may some-
times be difficult to assess due to early branching
as well as to low contrast differences between the
nerve and surrounding soft tissues. The saphenus
nerve may only be visualized in favorable conditions
in its subcutaneous course at the medial aspect of
the knee. The deep muscle-supplying branches of
the femoral nerve cannot be visualized with present
sonographic equipment (GRUBER et al. 2002).

The biggest peripheral nerve of the human body
is the sciatic nerve (Fig. 2.21). In fact it consists of
two big nerves combined by a common perineural
sheath: the laterally positioned common fibular
nerve and the medially positioned tibial nerve. The
sciatic nerve forms out of the branches of the lum-
bar and the sacral plexus of the segments L4-S3,
whereby the common fibular nerve elements derive
from the branches of the segments L4-S2, and the
tibial nerve elements from the branches of L4-S3
after recombination of nerve fibers in the retro-
and sub-peritoneal lumbosacral plexus. The sciatic
nerve exits the sub-peritoneal space through the
major sciatic foramen, which is formed by the major
incisura of the sciatic bone and by the sacro-spinous
ligament, coursing underneath the piriform muscle
(infra-piriform compartment of the major sciatic fo-
ramen). Here it is accompanied medially by the pu-
dendal and inferior gluteal vessels and the accord-
ing nerves, altogether surrounded by a considerable
amount of loose connective tissue and fat. In the
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sub-gluteal space (only covered by the maximus glu-
teal muscle) it takes a slightly lateral convex course
crossing the underlying small deep gluteal muscles
(gemellus muscles and intern obturator muscle)
and the quadratic femoral muscle (connecting the
sciatic tuber and the inter-trochanteric crest of the
femur). It traverses laterally to the sciatic tuber and
is crossed by the gluteal vessels. In this region the

Fig. 2.21a-d. Transverse US scan (a) with the corresponding
cryosection (b) showing the sciatic nerve (arrow) interposed
between the femoral biceps (1) and the semitendinous and
semimembranous muscles (2), respectively. ¢ Longitudinal
US scan of the sciatic nerve (arrows) with the overlying semi-
tendinous and semimembranous muscles, respectively (2). d
Scheme and skin projection of the sciatic nerve (line). Infe-
rior gluteal fold (dotted line) as landmark

nerve gets covered by proximal parts of the sciatic-
crural muscles (mainly by the long head of the femo-
ral biceps muscle), while it lies on top of the min-
imus and further distally magnus adductor muscle.
In this region the sciatic nerve is accompanied by
arterial and venous branches of the profound femo-
ral artery (perforating vessels) which supply the sci-
atic-crural muscles (GRATIF et al. 1991).
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In the more distal parts of the dorsal thigh the
sciatic nerve divides into its intrinsic neural sec-
tions at a very individual height. These sections (the
lateral common fibular nerve and the medial tibial
nerve) are interposed between the two heads of the
femoral biceps muscle, whereby the common fibular
nerve follows the tendon of the femoral biceps mus-
cle medially and further down dorso-medially to the
tendon attachment at the head of the fibula.

After releasing the sensory sural nerve dorsally,
the tibial nerve in its course through the tendinous
adductorial hiatus gets accompanied medially by
the popliteal vessels. In this section the tibial nerve
as well as the common fibular gets almost subcuta-
neous only covered by the thin popliteal and crural
fascia. In the very distal part of the thigh or better
in the dorsal knee region the nerve gets interposed
between the two heads of the gastrocnemius muscle
together with the directly underlying popliteal vein
and even deeper positioned artery. The sonographic

identification of the sciatic nerve and the common
fibular and tibial nerve, is most easily achieved at
the distal third of the dorsal thigh (Fig. 2.22). After
its identification in this region the sciatic nerve may
be followed proximally with ease. In the gluteal re-
gion its presentation gets impaired because of the
thick overlying bulk of muscle.

A very small and thin but important branch of the
lumbar plexus is the pudendal nerve. It is formed out
of the ventral branches of the segment S2-S4 and sup-
plies the external genitals as well as the constrictor
muscles of the urinary and intestinal tract and several
muscles of the pelvic floor. It forms in the sub-perito-
neal space in the sacral plexus, exits the pelvic space
together with the sciatic nerve ventro-medially to it
and accompanied by the pudendal artery and vein,
bends around the sacro-spinous ligament to get to
the medial surface of the sciatic tuber directly inferior
to the anal levator muscle running within a fibro-os-
seous channel: the pudendal channel or channel of Al-

Fig. 2.22a-c. Transverse US scan (a) with the corresponding
cryosection (b) showing the common fibular (arrowhead)
and the tibial nerve (arrow) next to the distal parts of the
femoral biceps (1) and the semitendinous and semimembra-
nous muscles (2), respectively. ¢ Scheme and skin projection
of the sciatic nerve (line) and its division into the common
fibular (dotted line) and the tibial nerve (broken line) with
the tendons of the semimembranous and semitendinous
muscle (I) and femoral biceps muscle (2) as landmarks
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cock (GRUBER et al. 2001; Kovacs et al. 2001). A clear
visualization of the complete course of the pudendal
nerve with sonography is not feasible. However iden-
tification of the nerve succeeds in about 50% of sub-
jects in the deep gluteal region. Reliable topographic
relationships to the pudendal artery and bony and
ligamentous landmarks however may be identified
with sonography, which is important for guidance of
a pudendal block (GRUBER et al. 2001; Kovacs et al.
2001). The latter will be discussed in more detail in
Chapter 7.

2.3.2
Nerves of the Lower Leg

Three nerves are responsible for the sensory and
motor supply of the lower leg; these are the mere
sensory saphenus nerve (terminal branch of the
femoral nerve) for the medial aspect, the motor
and sensory tibial nerve for the dorsal aspect and
the motor and sensory common fibular nerve
with its both terminal branches (superficial and
profound fibular nerve) for the ventro-lateral as-
pect.

The saphenus nerve runs subcutaneously down-
ward to the inner ankle usually accompanied dor-
so-medially by the saphena magna vein. It is only
invariably visualized with sonography because of its
small size and insufficient contrast against its sur-
roundings.

The fibular nerve positioned medially and further
distal dorso-medially to the tendon of the femoral
biceps muscle bends around the dorsal and dorso-
lateral neck of the fibula to enter the fibular muscles
(Fig. 2.23).

In this bend it divides into its terminal branches:
the profound and the superficial fibular nerve. The
more dorsal and caudal positioned profound fibu-
lar nerve enters the space between the dorsal lying
long and the ventral lying short fibular muscle ac-
companied by the anterior tibial vessels medially.
It supplies the two muscles and the overlying skin.
The more ventral, cranial and medial positioned
superficial fibular nerve enters the space between
the short fibular muscle and the fibular bone to run
to the ventral side of the shank between the fibular
muscles and long digital extensor muscle or their
tendons. Crossing the tendons of the ventral exten-
sor musculature the superficial fibular nerve gets
subcutaneous and splits up into its terminal sensory
skin-branches. The common fibular nerve is easily

visualized in the popliteal region and in its course
around the fibular neck before it enters the fibular
muscles.

The sonographic visualization of the course of
both terminal branches within the fibular muscles
is only possible with transducers of at least 12 MHz.
The superficial fibular nerve in the ventral shank
however is only invariably visualized with sonogra-
phy.

The tibial nerve enters the space between the two
heads of the gastrocnemius muscle in the thigh to
run downward in the dorsal shank. In the proxi-
mal fourth of the lower leg, crossing the underlying
oblique popliteal muscle, it perforates the proxi-
mal soleus muscle to enter the space between the
superficial and profound foot flexor muscles. Usu-
ally before perforating the soleus muscle it releases
multiple muscular and cutaneous branches for the
dorsal shank. The subcutaneous main-branch of the
dorsal shank - the sural nerve - also runs further
distal, almost centrally, usually lateral to the saphe-
na parva vein and heads for the posterior region of
the outer ankle. The tibial nerve gets more and more
medially oriented in the distal fourth of its course
together with the accompanying posterior tibial
vessels and aims for the posterior medial malleolar
region (Fig. 2.24). Here the nerve is usually the most
posterior structure escorted ventrally by the ves-
sels, interposed between the loose superficial and
the tense profound stratum of the retinaculum of
the flexor muscles. The sonographic visualization of
the tibial nerve is easiest in the distal shank but with
the posterior tibial vessels as landmarks there is no
problem in identification of the nerve in any section
of its course.

2.3.3
Nerves of the Foot

The nerves of the foot are the terminal branches
of the sciatic or better the tibial and fibular nerve,
whereas the terminal endings of the saphenus nerve
as end-branch of the femoral nerve reach the meta-
tarso-phalangeal joint of the hallux at the medial
foot-border.

The terminal branches of the superficial fibular
nerve reach the dorsum of the foot subcutaneously,
usually accompanying the tendons of the long dig-
ital extensors of the second and third toe. These
very tiny nerves may only seldom be identified with
sonography.
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Fig. 2.23. a,b Transverse US scan with the corresponding
cryosection showing the proximal part of the common fibu-
lar nerve (arrow) in the lower leg in its course around the
neck of the fibula (I) (tibia 2). ¢ Longitudinal US scan ac-
cording to the course of the common fibular nerve (arrows)
at the neck of the fibula (I). d Scheme with skin projection

of the course of the common fibular nerve (thick dotted line) in the lateral lower leg. Tendon of the femoral biceps muscle
(thin dotted line), sciatic or tibial nerve, respectively, (line), fibular head (1) as landmarks

The main nerve supplying the foot with sensory
and motor qualities is the tibial nerve with its both
terminal branches: the medial and the lateral plantar
nerve. These two branches usually form in the region
of the medial malleolus. The medial plantar nerve
runs planto-medially directly on the tendons and
sheaths of the long flexor of the toes accompanied
medially by the medial plantar vessels. The nerve
divides into common and proper plantar toe nerves
supplying the skin of the first to the medial surface
of the fourth toe sensorial. The medial as well as the
lateral plantar nerve are covered by the tight plantar
fascia until it is penetrated by the common plantar
finger nerves in its distal third. The subcutis of the
planta is a very structured space with lobulated fatty
tissue and tense connective tissue fibers, connecting

the plantar fascia to the plantar skin. That is why the
sonographic visualization of the terminal branches
of the plantar toe-nerves is very difficult and not al-
ways achieved with sufficient clarity.

The lateral plantar nerve usually continues the
course of the tibial nerve together with the now more
lateral positioned main plantar vessels. It usually
splits into three terminal branches for the supply of
the lateral and inter-tarsal plantar intrinsic muscles,
with the supply of the skin of the fibular aspect of
the fourth and plantar aspect of the fifth toe, after
branching into common and proper plantar toe
nerves (Fig. 2.25). What has been said above for the
branches of the medial plantar nerve equally applies
for the sonographic visualization of these subcuta-
neous branches.
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Fig. 2.24a-d. Transverse US scan and color US scan (a) with
the corresponding cryosection (b) showing the distal tibial
nerve (arrow) accompanied by the posterior tibial vascular
bundle (*). cLongitudinal US scan. d Scheme and skin projec-
tions of the distal tibial nerve (line) and its terminal plantar
medial (thick broken line) and lateral (line) branches: medial
and lateral plantar nerve. Edge of the tibia (thin broken line),
medial malleolus (dotted line, 1) as landmarks

Nerves of the Trunk

Inthe trunk the primordial metamer organization of
the human body stays unaltered as far as peripheral
nerves are concerned. The primary segmentation
of the body finding its expression in the segmental
organization of the vertebral column and the mus-
culature therefore applies logically to the peripheral
nerves. The usual spinal nerve exiting the interver-
tebral foramen splits into two main branches: the
ventral root and the dorsal root. The ventral roots
are mainly responsible for any motor and sensory

supply of structures ventral and the dorsal roots
dorsal to the respective intervertebral foramen.
The thoracic nerves may be subdivided in a supe-
rior “intercostal” group (segments Th 1-Th 6) and
a inferior “subcostal” group (segments Th 7-Th 12).
These nerves are functionally mixed nerves (motor
and sensory elements) and supply more or less the
according metamer rump-wall segments (muscles
as well as the overlying skin) with anterior and lat-
eral cutaneous branches. The thoracic nerves of the
superior group - the intercostal nerves - are posi-
tioned underneath the according rib together with
the cranial lying segmental intercostal vessels in a
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space defined by the extern and intern intercostal
muscles. The thoracic nerves of the inferior group
show the same segmental pattern like the intercostal
nerves innervating the less segmented lateral and
ventral abdominal musculature and the according
overlying skin, also accompanied by according seg-
mental vessels. The most inferior of these nerves is
“the” subcostal nerve (Th 12) ending in the region of
the iliac crest. The nerves supplying the inguinal re-
gion of the trunk (iliohypogastric, ilioinguinal and
genitofemoral nerve) show an almost “segmental”
course in the rump-wall, but are the most cranial
branches of the lumbar plexus and are not accom-
panied by segmental vessels.

The most cranial nerves of the superior group
(intercostal nerves 1-3) are somehow incompletely

integrated in the formation of the brachial plexus so
that they release accessory sensory branches for the
supply of the inner proximal upper extremity (inter-
costobrachial nerves).

The sonographic visualization of these segmen-
tal nerves can be performed easily for the intercostal
nerves despite their smallness as they are accompa-
nied by clearly identifiable vessels (Fig. 2.26).

The thoracic nerves of the inferior group and the
“inguinal-region-trunk-nerves” of the lumbar plex-
us (iliohypogastric, ilioinguinal and genitofemoral
nerve) are usually only visible in pathologic condi-
tions with enlargement of the nerve, such as neu-
roma formation for example - the normal nerves
are generally too small to be reliably assessed with
sonography.

Fig. 2.25a-d. Transverse US scan (a) with corresponding scheme (b) and longitudinal US scan (c) with corresponding
scheme (d) showing a common digital nerve of the toes (arrow) in between two heads of metatarsal bones (1)
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The dorsal root usually ends in a mixed segmen-
tal peripheral nerve releasing the posterior cutane-
ous branches - in the inferior dorsal region forming
the superior and medial clunium nerves - and sup-
plying the autochthon musculature with very fine
terminal branches. The sonographic visualization
of these nerves is also only achieved in the case of
pathologic alterations.

Fig.2.26a,b. US scan (a) of the chest wall perpendicular to
the echogenic rib bones (1) with acoustical shadows covering
the also echogenic lung (2) and the cross section of an inter-
costal nerve (arrow) inferior to its according rib. Intercostal
muscles (3) and latissimus dorsi muscle (4). b Correspond-
ing scheme
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The Clinical Presentation of Nerve Lesions

Diagnostic work-up of patients with peripheral nerve
lesions includes a detailed evaluation of the clinical
history, a thorough search for predisposing factors
and trigger events, palpation at the suspected lesion
site, specific provocation maneuvers and assessment
of motor deficits (distribution, muscle power and
atrophy), sensory disturbances (distribution and
quality) and autonomic impairment (sudomotor
activity) - all embedded in a careful standard neu-
rological examination. Motor deficits are best evalu-
ated by a combination of manual muscle testing and
functional evaluation of all individual muscles (with
the hand and arm put into a normal position be-
cause wrist drop and other positioning abnormali-
ties might pretend muscle weakness) (LABosky and
WaGGy 1986). Quantitative assessment of muscle
strength, implicit to a proper monitoring of nerve
recovery and re-innervation, may make use of a dy-
namometer or of the modified “Medical Research
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Council (MRC) grading scale for muscle power”
(MepicAL RESEARCH COUNCIL OF THE UNITED
Kingpowm 1978) (Table 3.1). Neurogenic atrophy has
to be differentiated from atrophy after immobiliza-
tion. In the latter case the contour of the muscle is
well preserved and EDX testing unremarkable.
Sensory manifestations are roughly divided into
positive ones (paresthesia, pins and needle sensation,
hyperpathia defined as a painful response to non-pain-
ful stimuli and neuropathic pain) and negative ones
(numbness, loss of feeling, imbalance). Ascertainment
of sensory deficits and a correct attribution to sensory
nerve territories (Fig. 3.1) or human dermatomal maps
(FOERSTER 1933) guides to the correct diagnosis.
Autonomic function tests like the sweat test
and assessment of sympathetic skin responses, in
turn, may assist in differentiating radiculopathies
from plexopathies and more distal nerve lesions
(MUMENTHALER etal. 1998). Sudomotor sympathetic
nerve fibers originate from the lateral column of the
spinal cord at levels T2 to L2/3, pass the sympathetic
trunk and join the brachial and lumbosacral plexus.

f

p—

3

4 ~—

5 6

Table 3.1. Modified Medical Research Council (MRC) grad-
ing of muscle power

0  No contraction or movement

1 Trace of contraction

2 Active movement with gravity eliminated

3 Active movement against gravity but no resistance

3+ Active movement against gravity with transient
resistance and collapse

4-  Severe weakness (examiner overcomes the muscle
with minimal effort)

4 Moderate weakness (examiner overcomes the mus-
cle with moderate effort)

4+ Slight weakness (examiner overcomes the muscle
with considerable effort)

5-  Barely detectable weakness (examiner is not truly
certain of weakness)

5  Normal power

314
Ulnar Nerve Compression at the Elbow -
the Cubital Tunnel Syndrome

3.1.14
Epidemiology and Clinical Presentation

Ulnar nerve compression at the elbow is the sec-
ond most common mononeuropathy of the upper
extremities. As the initial clinical feature patients
typically note numbness in the fifth and medial
half of the fourth fingers sometimes spreading to
the medial hand (Fig. 3.2). Typically sensory dis-

Fig. 3.1. Sensory distribution of the axillary nerve (1), lateral
antebrachial cutaneous nerve (originating from the muscu-
locutaneous nerve) (2), ulnar nerve (3), superficial radial
nerve (4), median nerve (5), lateral femoral cutaneous nerve
(6), superficial peroneal nerve (7), deep peroneal nerve (8),
saphenus nerve (originating from the femoral nerve) (9), su-
ral (10) and tibial nerve (11)
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turbances do not extend much beyond the wrist.
Pain and tenderness occur at the medial epicondyle
and radiate along the ulnar forearm to the hand.
Complaints may be provoked or enhanced by trig-
ger situations such as resting of the elbow on a hard
surface, applying external pressure to the groove,
maximal flexion of the elbow or repetitive flexion
and extension movements.

In the common case of progressive nerve damage,
weakness of ulnar innervated hand muscles mani-
fests and causes an abnormal posture of the hand
(“ulnar clawing”) as well as significant disability in
the performance and fine control of finger move-
ments. Abduction of the little finger due to paresis
of the fourth interosseous muscle is recognized as
the Wartenberg’s sign (MUMENTHALER et al. 1998).
Forearm flexors (flexor carpi ulnaris and digitorum
profundus muscles) are less prominently involved
or even spared. Muscle wasting is best visible at the
first interosseous space and hypothenar eminence.
In some patients motor deficits develop insidiously
without sensory symptoms.

3.1.1.2
Etiology

On passing through the ulnar groove at the elbow the
nerve is susceptible to compression injury (MILLER
1991). The precise mechanisms of nerve damage and
the nature of the compressive pathology are highly
heterogeneous. (1) External compression is the most
common cause and derives from repeated or sustained
leaning on the elbow. It may cause substantial (cumu-
lative) nerve injury particularly in the cases of a pre-
disposing shallow condylar groove, subluxated nerve
or sustained pressure in coma or anaesthetized pa-
tients (MILLER and CaMP 1979). (2) Real entrapment
occurs in the ulnar sulcus if the nerve is constricted by
scare tissue, in the cubital tunnel (“cubital tunnel syn-
drome”) (CAMPBELL et al. 1991; MILLER and HUMMEL
1980) where the ulnar nerve passes under the aponeu-
rotic origin of the flexor carpi ulnaris muscle (1-3 cm
distal to the epicondyle) or in the flexor pronator apo-
neurosis (more than 4 cm distal to the epicondyle). (3)
Tardy ulnar nerve palsy typically develops years after
fracture or dislocation of the elbow based on bony
exostosis or cubita vara or valga abnormalities. Other
causative bone abnormalities are advanced arthrosis,
osteoarthritis or hyperostosis in Paget’s disease, to
name just a few. (4) Recurrent prominent dislocation
of the ulnar nerve over the medial condyle can di-
rectly damage the nerve or predispose it to repetitive

Fig.3.2. Anatomy of the ulnar
nerve (red = motor innervation,
blue = sensory innervation)

trauma. (5) Soft tissue masses in the condylar groove
or cubital tunnel such as organized hematoma, scar-
ring, accessory muscles (anconeus epitrochlearis) or
intraneural ganglia are further potential sources of
ulnar nerve compression.

3.1.1.3
Diagnosis

The diagnosis of ulnar neuropathy is - in most cases
- reliably established by an experienced clinician
after reviewing the patient’s history (emphasis put
on trigger situations) and performing a thorough
neurological examination. A sensitive and highly
characteristic clinical test is the Froment’s maneu-
ver (Fig. 3.3). When attempting to pinch a piece of
paper between the thumb and index finger, the pa-
tient primarily utilizes the median nerve innervated
long flexor of the thumb as a compensation for the
ulnar hand weakness, and a typical flexed thumb
posture emerges.

Other diagnoses mimicking ulnar neuropa-
thy such as lower trunk or medial cord brachial
plexus palsy, combined C8 and Thl radiculopathy
or distal ulnar nerve entrapment can be differen-
tiated based on the pattern of sensory and motor
deficits. Diagnostic work-up of patients with ulnar
compression at or adjacent to the elbow should in-
clude a palpation of the ulnar nerve at the ulnar
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Fig.3.3a,b. The Froment’s maneuver. a In case of ulnar
nerve palsy a typical flexed thumb posture emerges when
the patient attempts to pinch a piece of paper between the
thumb and index finger. b Maneuver in a normal subject

groove, searching for abnormal thickening, ten-
derness, decreased mobility or luxability. Further
on, provocation tests (maximal elbow flexion for
the cubital tunnel syndrome and assessment of the

Tinel’s sign), X-ray of the elbow and high resolution
sonography of the nerve and neighboring tissues
have to be performed.

Electrodiagnostic studies play a central role in
evaluating suspected ulnar nerve lesions. Standard
nerve conduction studies performedinaflexed elbow
position are sometimes sufficient for demonstrating
segmental slowing of sensory and motor fibers (focal
demyelination) across the elbow (<45 m/s or > 11 m/
s difference compared to forearm nerve conduction
or >20% drop in the amplitude across the elbow)
(L1vesoN and MA 1992; SToEHR and BLUTHARDT
1993) (Fig. 3.4). Short segment stimulation (stimu-
lation of the nerve in successive 1-cm increments)
and electromyography assist in exactly localizing
the lesion (MiLLER and CaMP 1979; CAMPBELL et
al. 1992) and estimating extent and acuity of nerve
damage, which is relevant to therapeutic decisions
and planning of the surgical approach (Fig. 3.27).
In addition, the experienced electrophysiologist is
capable of detecting innervation anomalies like the
forearm Martin-Gruber (Fig.3.28) or the palmar
Riche-Cannieu anastomosis between the ulnar and

median nerves, and to define the origin of innerva-
tion in the various hand muscles.

SNC

Fig.3.4. Ulnar nerve: motor nerve
conduction (MNC) and antidromic

sensory nerve conduction (SNC) stud-
ies. Routinely, stimulations are per-
formed at the wrist (S1), below (S2) and
above the elbow (S3). Motor potentials
are recorded from the abductor digiti
minimi muscle (disk electrodes) and
sensory potentials from the fifth fin-
ger (ring electrodes). The recordings
presented are from a normal subject
(full line) and a patient with ulnar
neuropathy at the elbow (dotted line)
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3.1.1.4
Therapy

Careful exploration for relevant trigger events and
behavior related external nerve compression are
crucial to a successful therapy. In such cases strict
avoidance strategies are often sufficient for a rever-
sal of symptoms and prevention of progressive nerve
damage (DELLON et al. 1993). In the absence of exter-
nal traumata, conservative therapy for ulnar nerve
compression is limited. Steroid injection and oral
anti-inflammatory drugs are not useful. A surgical
procedure (release of the nerve at the ulnar groove or
cubital tunnel or submuscular transposition of the
nerve) (CAMPBELL et al. 1988) is reserved for patients
with significant sensory-motor deficits or a severe
pain syndrome. Results are generally satisfactory
unless substantial damage has already manifested
prior to intervention.

3.1.2
Ulnar Nerve Compression at the Wrist -
the Guyon’s Canal Syndrome

3.1.2.1
Etiology and Clinical Presentation

The ulnar nerve enters Guyon’s canal at the level of
the distal wrist crease. The canal is bordered by the
pisiform bone and the hook of the hamate and the
floor is formed by the transverse carpal ligament and
the hamate and triquetrum bones. The roof of the
canal involves the pisohamate ligament spanning the
space between the pisiform bone and the hook of the
hamate (Fig. 3.5). On its course through the tunnel
the ulnar nerve is accompanied by the ulnar artery
and vein. It divides into the superficial (predomi-
nantly) sensory branch and the deep motor branch.
At the level of the pisohamate hiatus motor fibers to
the hypothenar muscles leave the main trunk and
supply the abductor, flexor and opponens digiti min-
imi muscles. Compression of the ulnar nerve in the
Guyon’s canal may be caused by mass lesions within
the canal like ganglia, callus, lipoma or pseudoan-
eurysms, fractures of the hook of the hamate and
external pressure related to certain occupations and
sports activities (e.g. mountain biking or work with
have hand tools) (BAKKE and WOLFF 1948; OLNEY
and HANsSON 1988; MUMENTHALER et al. 1998). De-
pending on the exact localization of the lesion and
on the type of fibers affected, distal ulnar neuropa-

Hook of the
hamate

Fig. 3.5. Guyon’s canal: Depending on the precise localiza-
tion of the lesion four different clinical types of distal ulnar
neuropathy can be differentiated: lesions distal (I) or adja-
cent to the pisohamate ligament (2), proximal lesions (3) and
lesions restricted to the ulnar cutaneous branch (4).

thy may have various distinct clinical faces (OLNEY
and HansoN 1988). Lesions distal to the pisoham-
ate ligament and in the mid-palm cause a paresis
and wasting of the interossei and ulnar-innervated
thenar muscles with a sparing of the sensory branch
and hypothenar (Fig. 3.5-1). Patients typically show
claw digits, a prominent spontaneous abduction of
the fifth finger and a positive Froment’s sign. Le-
sions adjacent to the pisohamate ligament cause an
additional involvement of the muscle branch to the
hypothenar and thus weakness of all ulnar-intrin-
sic hand muscles (distal Guyon’s canal syndrome)
(Fig. 3.5-2). More proximal lesions affect both the
deep and superficial ulnar branch leading to char-
acteristic sensory deficit of the medial hand, digit
five and ulnar half of the ring finger (palmar surface
only) (Fig. 3.5-3). Occasionally, damage is restricted
to the ulnar cutaneous branch resulting in sensory
loss without motor deficits (Fig. 3.5-4).
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3.1.2.2
Diagnosis and Therapy

Differential diagnoses include proximal ulnar neu-
ropathies, C8 and T1 radiculopathies, lower trunk
and medial cord brachial plexopathies and incipient
motor neuron disease. In most instances, a careful
clinical exploration allows one to establish accurately
the correct diagnosis. Imaging studies (nerve ultraso-
nography and magnetic resonance imaging) and EDX
studies are suitable for further elaborating the lesion
site and the severity of nerve injury. Motor studies re-
cording the first digital interosseous muscle are most
sensitive and consistently yield abnormalities in all
types of distal ulnar neuropathy (distal motor latency
>4.9 and 5.3 ms with needle and surface electrode re-
cording or prolongation of the motor latency relative
to the asymptomatic contralateral side or the latency
to the hypothenar) (LivesoN and Ma 1992; STOEHR
and BLUTHARDT 1993; KoTHARTI et al. 1996; OH 2003).
Inching techniques (short segment stimulation) may
be helpful as well. In patients with occupational risks
a conservative management with consequent curtail-
ing of the offending activity is commonly sufficient
to restore nerve function. Surgery is indicated in pa-
tients with progressive deficits, mass lesions in the
Guyon’s canal and severe axonal damage without
early signs of reinervation.

3.1.3
Radial Nerve Compression Syndromes

3.1.31
Epidemiology and Clinical Presentation

Entrapment of the radial nerve may occur at various
sitesalongits courseincludingtheupperarmand pas-
sage through the supinator muscle (MUMENTHALER
et al. 1998). The radial nerve receives innervation
from C5 to T1 nerve roots and gives off sensory
branches (posterior cutaneous nerves of arm and
forearm) and muscle branches to the triceps brachii
muscle before it winds around the humerus in the
spiral groove. After supplying the brachio-radialis,
extensor carpi radialis (long head) and supinator
muscles the nerve bifurcates into the superficial
(sensory) branch and the predominantly motor pos-
terior interosseous nerve which enters the supinator
muscle under the arcade of Frohse and further de-
scends to hand and finger extensors (Fig. 3.6).

Spiral
groove

Superficial
branch

Fig. 3.6. Anatomy of the radial
nerve (red = motor innervation,
blue = sensory innervation)

The most common type of radial neuropathy is
caused by lesions at the spiral groove where the nerve
is adjacent to bone and susceptible to compression
(SUNDERLAND 1945; BRowN and WATsSON 1993).
Clinically, patients are characterized by a marked
wrist and finger drop and - depending on the severity
of compressive nerve injury - also deficits of sensa-
tion in the distribution of the superficial radial nerve
(lateral dorsal hand and dorsal aspects of the first to
third and radial half of the fourth finger). Entrapment
atthelevel of the supinator muscle called posterior in-
terosseous neuropathy differs in its clinical presenta-
tion by the lack of sensory deficits, a partly preserved
wrist extension (weak extension with radial devia-
tion due to intact innervation of the long head of the
extensor carpi radialis muscle) and the typical pain
and tenderness in the region of the supinator muscle
(Fig. 3.7). Pain aggravates during certain maneuvers,
such as sustained extension of the middle finger or
forced supination of the stretched arm.
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Fig. 3.7. Patient with posterior interosseous neuropathy at
the left hand side showing motor deficits of finger and ulnar
wrist extensors

3.1.3.2
Etiology

The most common causes for a radial neuropathy
at the spiral groove are external compression (e.g.
“honeymoon palsy”) and fractures of the humerus
with or without hematoma formation (SUNDERLAND
1945; BRowN and WATSON 1993; STURZENEGGER
and Rutz 1991). The posterior interosseous nerve
may become entrapped under the tendinous arcade
of Frohse of the supinator muscle (radial tunnel)
or is affected by mass lesions like ganglion cysts,
lipoma or muscle hematoma (MUMENTHALER et al.
1998).

3.1.3.3
Diagnosis

The correct diagnosis is usually established based
on a careful neurological examination and review
of the patient’s history (exposure to external pres-
sure). Differential diagnoses potentially mimicking
radial neuropathy and its cardinal symptom - the
wrist drop - include ischemic stroke (“central wrist
drop”) and C7 radiculopathy with predominantly
C7 innervation of extensor muscles. EDX testing
allows one to determine whether entrapment/com-
pression has resulted in demyelination (conduction
block) or severe axon loss. Nerve ultrasonography
adds significantly by visualizing the causes of nerve
injury other than external pressure.

3.1.34
Therapy

The management of radial neuropathy from external
compression is primarily conservative with a strict
avoidance of the offending compression. In most pa-

tients prognosis is favorable. The need for surgical in-
tervention depends on the severity of nerve damage,
clinical course and underlying cause. Whereas the
decision for a surgical procedure may be straightfor-
ward in the case of compressive hematomas, disloca-
tion of the radial nerve into the fracture gap, mass
lesions in the radial tunnel and patients resistant to
conservative treatment, it is much more challenging
in posterior interosseous neuropathies with forearm
pain but without motor deficits (KAPLAN 1984).

3.1.4
Median Nerve Compression at the Wrist -
the Carpal Tunnel Syndrome

3.1.4.1
Epidemiology and Clinical Presentation

The CTS is the most common entrapment syndrome
of the upper extremities with an estimated incidence
in the general community of 125 per 100,000 per
year (STEVENS et al. 1988). Typically, the dominant
hand is affected first. The clinical hallmark and usu-
ally presenting feature of CTS is a pain syndrome
called Brachialgia paraesthetica nocturna (MUMEN-
THALER et al. 1998). Patients are awakened from
sleep in the early morning hours, with pain radiat-
ing from the wrist proximally into the forearm and
arm, and report on numbness and tingling in the
hand, stiffness of fingers, and characteristic swell-
ing sensations. All complaints rapidly resolve after
repeated hand movements like shaking. Episodes of
pain may exacerbate in the nights after prolonged
strenuous manual work. With more severe nerve
compression the patient experiences permanent
paresthesia or sensory loss over the palmar thumb
and digits innervated by the median nerve (Fig. 3.8),
and in advanced disease weakness and wasting of
part of the thenar muscles (Fig. 3.8). Significant va-
somotor disturbances are comparatively rare.

3.1.4.2
Etiology

CTS arises from compression of the median nerve in
the canal formed by the transverse carpal ligament
and carpal bones. Under pathological circumstances
tissue pressure in the carpal tunnel reaches 30 mm
Hg, i.e., four times the level of normal (Szaso and
CHIDGEY 1989). Chronic or recurrent compression
of the median nerve causes focal demyelination and
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Fig. 3.8. Anatomy of the
median nerve

(red = motor innervation,
blue = sensory innervation)

eventually axon degeneration as the pathological
counterpart to the emerging clinical deficits. Tempo-
rary ischemia due to compression of vasa nervorum
accounts for the reversible pain manifesting during
night. Factors contributing to the development of
CTS are numerous and often co-exist in individuals:

SNC

(1) congenital smallness of the tunnel or anatomi-
cal peculiarities (persistent Arteria mediana, abnor-
mal course or insertion of finger flexor and palmaris
muscles); (2) susceptibility of the nerve to pressure
(diabetic or other neuropathies, etc.); (3) systemic and
endocrine disorders (pregnancy, hypothyroidism, ac-
romegaly, amyloidosis, etc.); (4) reduced space in the
carpal tunnel due to space occupying lesions (osteo-
phytes, exostosis, ganglia, hematoma, tenosynovitis,
articular deformities in rheumatoid arthritis, etc.)
(RoseNBAUM and OcHOA 1993; STEVENS et al. 1992).
In particular, the application of high-resolution ultra-
sound has expanded our knowledge on the diversity
of pathological conditions underlying CTS.

3.1.4.3
Diagnosis

In most instances the diagnosis of CTS is reliably
settled by an experienced clinician based on a re-
view of the patient’s history and complaints and a
careful neurological examination. Clinical assess-
ment should include the Phalen’s maneuver (emer-
gence of paresthesia in the median territory elicited
by maximal passive wrist flexion for one minute
(KuscHNER et al. 1992; PHALEN 1966) and testing
for the Tinel’s sign (paresthesia provoked by tapping
with the finger over the carpal tunnel).
Electrodiagnostic testing is recommended when
median nerve compression causes significant dis-
comfort or sustained sensory-motor deficits. Stan-
dard nerve conduction studies usually allow to
detect distal conduction abnormalities [prolonged
distal motor latency (>4.0 to 4.8 ms) and reduced
distal sensory nerve conduction (<45 to 55 m/s)]
as indicators of nerve entrapment (STEVENS 1987;
LivesoN and Ma 1992) (Fig. 3.9). Sensitivity of the

Fig. 3.9. Median nerve: motor nerve
conduction (MNC) and antidromic
sensory nerve conduction (SNC)
studies. Routinely, stimulations are
performed at the wrist (SI) and el-
bow (S2), and over the ulnar nerve at
the wrist (SU). Motor potentials are

recorded from the abductor pollicis
brevis muscle (disk electrodes) and
sensory potentials from the index fin-
ger (ring electrodes). The recordings

presented are from a normal subject
(full line) and a patient with carpal
tunnel syndrome (dotted line)
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evaluation can be improved to near 100% by more
sophisticated techniques such as short-segment
studies (KimuraA 1979) (Fig. 3.10), palmar stimula-
tions (STEVENS 1987) and co-stimulation of the ul-
nar nerve for a comparison of median versus ulnar
distal motor latencies (FELSENTHAL 1977). The lat-
ter technique creates an ideal internal control for
methodological problems.

An electrophysiological work-up is particularly
useful to asses the damage of the median nerve (de-
myelination vs axon loss) relevant to therapeutic
decisions, to rule out differential diagnoses or coex-
istent disease, and to confirm the presence of CTS in
the event of atypical complaints, pure motor deficits
and prominent neuropathy.

3.1.4.4
Therapy

The mainstays of treatment are the avoidance of
wrist overuse, withdrawal of provoking factors,
placement of neutral wrist splints during sleep, lo-
cal corticosteroid injections adjacent to the carpal
tunnel (GREEN 1984), and - if non-surgical interven-
tions fail or neurological deficits emerge - surgical
sectioning of the volar carpal ligament. Pain and
paresthesia bring most patients to medical atten-
tion before irreversible axonal loss has developed.
Accordingly, overall prognosis of CTS is good to ex-

Fig. 3.10. Carpal tunnel studies: short segment stimulation

cellent in up to 80%-90% of patients given adequate
management (CAMPBELL 1998).

3.1.5
Proximal Median Nerve Compression
Syndromes

3.1.5.1
Clinical Presentation, Etiology and Management

The median nerve descends medial to the humerus
and anterior to the medial epicondyle to the ante-
cubital fossa where it travels adjacent to the bra-
chial artery towards the heads of the pronator teres
muscle. After providing innervation to and passing
through this muscle it gives off the anterior interos-
seous nerve and proceeds to the wrist. Proximal en-
trapment syndromes of the nerve occur at the level
of medial epicondyle and the pronator teres muscle
or exclusively affect the anterior interosseous nerve
(Morris and PETER 1976; SURANYI 1983). The syn-
drome mentioned first is caused by the ligament of
Struthers stretching between a bony spur and the
medial epicondyle (Fig. 3.11) (SuUrRaNYI 1983). Clini-
cally, patients may show variable weakness of pro-
nator teres, thenar and median-innervated forearm
flexor muscles and usually mild sensory deficits in
a median distribution. Intense pain radiating into

Brachial artery

Median nerv

Supracondylar
processus

Ligament of
struthers

Fig. 3.11. Entrapment of the median nerve under a ligament
of Struthers stretching between a bony spur and the medial
epicondyle
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the volar forearm is aggravated by extension and
supination of elbow and forearm.

The pronator teres syndrome is characterized by
similar complaints except for the sparing the prona-
tor teres muscle and distinct provocation maneuvers
(forced pronation and elbow extension). Compres-
sion may occur in the substance of the pronator teres
itself or occasionally beneath at the lacertus fibrosus
or sublimis bridge. The anterior interosseous syn-
drome in turn is hallmarked by the inability to flex
the distal phalanx of the thumb and index finger and
a lack of sensory disturbances (MUMENTHALER et
al. 1998). Compression may arise from fracture of
the radius mid-shaft or anomalous fibrous bands
crossing the nerve, while involvement in neuralgic
amyotrophy and ischemic nerve injury represent the
most common non-compressive etiologies (WoNG
and DELLON 1997). Overall, proximal median neu-
ropathy is rare and diagnostically challenging be-
cause of the commonly mild and variable sensory-
motor deficits. Work-up of these patients should
include EDX studies, plain X-ray of the elbow and
distal arm, palpation for a bony spur at the distal
humerus, provocation maneuvers as outlined above
and high-resolution ultrasonography of the nerve.
In the case of proximal median neuropathy evoked
by external compression or repetitive pronation and
supination movements a conservative treatment
regime (rest and prevention of sustained compres-
sion) is preferable. Patients with other causes and
deteriorating symptoms, however, may benefit from
surgical exploration and decompression. In patients
with anterior interosseous neuropathy surgery is
confined to cases with a well-documented compres-
sive etiology (MUMENTHALER et al. 1998).

3.1.6
Peroneal Nerve Compression at the Fibular
Neck - the Peroneal Tunnel Syndrome

3.1.6.1
Epidemiology and Clinical Presentation

From a clinical viewpoint, lower-extremity mono-
neuropathies represent an important differential
diagnosis to lumbosacral radiculopathies. This is
especially true for the most frequent type of pero-
neal nerve lesion - the compression syndrome at
the level of the fibular neck sometimes referred to
as the “peroneal tunnel syndrome” (MUMENTHALER
et al. 1998).

Clinically, peroneal nerve lesions result in com-
plete or incomplete foot drop with a weakness in
foot dorsiflection and toe extension (deep peroneal
branch), and ankle eversion (superficial peroneal
branch). Sensory manifestations are restricted to
the first web space between great and second toe
(deep branch) or extend to the lateral aspect of
the leg (lower two-thirds) and dorsum of the foot
(superficial branch). Although peroneal nerve palsy
is usually painless, some patients may complain
of burning sensations in the skin area supplied by
the nerve. Intense pain occurs in case of the rare,
true entrapment syndrome in the peroneal tunnel
(MAUDSLEY 1967), compression of the terminal
branch of deep peroneal nerve (ligamentum crucia-
tum at the dorsum of the foot) (GEsSINI et al. 1984)
and represents the presenting clinical feature of the
anterior compartmental syndrome of the leg caused
by trauma, spontaneous bleeding into the compart-
ment or strenuous exercise with consecutive com-
pressive or ischemic damage to the deep peroneal
nerve.

3.1.6.2
Etiology

The common peroneal and tibial nerve separate
on their course through the dorsal thigh or in the
popliteal fossa. The common peroneal nerve winds
around the fibular neck and passes the peroneal
tunnel formed by the tendinous edge of the per-
oneus longus muscle and the bony surface of the
fibula. Near this point the nerve divides into the
superficial and deep branch. Peroneal nerve mono-
neuropathies at the fibular neck usually originate
from external compression caused by sitting with
crossed legs, prolonged bed rest, tight below knee
casts, compression stockings, misaligned fibular
head fracture or ganglia of the proximal tibiofibular
joint (MUMENTHALER et al. 1998; WILBOURN 1986;
CAMPELLONE 1999). In a majority of patients the
deep branch is more severely affected because of the
topographic arrangement of these fascicles in direct
contact to the fibular bone. Other rare causes of
peroneal mononeuropathy are intraneural ganglion
cysts and the true entrapment syndrome of the pe-
roneal nerve. The latter typically arises from a tight
peroneal tunnel and is triggered by activities like
repetitive inversion and pronation movements (e.g.,
long distance running) or long-term squatting for
example during crop harvesting (MUMENTHALER et
al. 1998; KoLLER and BLANK 1980; KuMIAI 1987).
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3.1.6.3
Diagnosis

Peroneal nerve lesions can usually be diagnosed on
clinical grounds and by the thorough assessment of
typical trigger events. Mimics like L5 radiculopa-
thy can be differentiated by the presence of lumbar
pain and the typical distribution of sensory and
motor deficits. While both entities cause dorsiflex-
ion and toe extension weakness, L5 radiculopathy
additionally affects ankle inversion (tibialis pos-
terior muscle) and hip abduction (gluteus medius
muscle).

Provocation maneuvers are less helpful than in
many other peripheral nerve lesions; however, pres-
sure over the peroneal tunnel may cause local pain
and the Tinel’s sign may be positive as well. Stan-
dard EDX evaluation consists of motor (CAMP re-
corded from the extensor digitorum brevis muscle)
and sensory (superficial peroneal SNAP) nerve con-
duction studies and electromyographic exploration
of tibialis anterior and peroneal muscles as well as
of L5 muscles not innervated by the peroneal nerve
(e.g., tibialis posterior and gluteus medius muscles).
Findings suggestive of peroneal nerve lesion at the
fibular neck are a focal slowing of nerve conduc-
tion (<41 m/s) and/or conduction block (Fig. 3.12),
as well as a reduced superficial peroneal SNAP in
case of sensory involvement (L1vEsoN and Ma 1992;
STOEHR and BLUTHARDT 1993; Ou 2003). Nerve ul-
trasound is particularly helpful for the detection of
anatomical abnormalities and intraneural ganglion
cysts.

3.1.6.4
Therapy

The prognosis of a pressure palsy of the perone-
al nerve at the level of the fibular neck is usually
favorable with a recovery within several weeks as
long as further compression is prevented. In case of
significant axon loss demonstrated on EDX testing,
however, the outcome is less promising. While sur-
gery may significantly contribute to a good recovery
in case of intraneural ganglion cysts, compressive
scar tissue and the true peroneal tunnel syndrome,
outcome after stretch and severe traumatic nerve
injury remains grave (MUMENTHALER et al. 1998).
In cases of severe and irreversible nerve damage,
posterior tibialis muscle transfer and other tech-
niques of reconstructive surgery frequently produce
satisfactory results.

Fig.3.12. Peroneal nerve:
motor nerve conduction
(MNC) studies. Routinely,
stimulation is performed
above (SI) and below the
fibular neck (S§2) and at the
dorsum of the foot (S3).
Motor potentials (CMAPs)
are recorded from the
extensor digitorum brevis
muscle (disk electrodes)

S2

3.1.7
Tibial Nerve Compression -
the Tarsal Tunnel Syndrome

3.1.71
Epidemiology and Clinical Presentation

The tarsal tunnel syndrome (TTS) (Keck 1962;
MUMENTHALER et al. 1998) is less frequent than pe-
roneal nerve compression and entrapment syndromes
of upper extremities. The disorder is insidious in onset
and mostly unilateral. Patients complain of burning
pain at the plantar side of the foot which sometimes
radiate to the calfand typically increase while walking
(DEL1sA and SAEED 1983). Pain is often accompanied
by paresthesia and foot numbness in the distribution
of one or all of the terminal sensory branches. Sensory
manifestations may worsen by foot eversion. Paresis of
small foot muscles with development of “claw digits”
and abnormal posture of the foot is rare.
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3.1.7.2 Fig. 3.13. Tibial nerve: mo-
Etiology tor nerve conduction (MNC)

The tibial nerve descends behind the medial malleolus
and passes under the flexor retinaculum (“laciniate
ligament”) to the plantar side of the foot, where it
divides into the calcaneal, medial and lateral plantar
branches. In the tarsal tunnel, roofed by the flexor
retinaculum, the nerve is prone to compression injury
(GoopaGoLp et al 1965; On and MEYER 1999). In a
majority of patients tarsal tunnel syndrome is idio-
pathic with no clear precipitating factors detectable.
The second most common cause is entrapment due to
scare tissue or articular deformities originating from
previous trauma (distortion or fracture of the ankle).
Further sources of compression are an accessory flex-
or digitorum longus muscle and space occupying le-
sions within the tunnel such as lipoma, varicose veins,
ganglia, non-traumatic exostosis or neoplasm.

3.1.7.3
Diagnosis

If fully expressed (characteristic sensory and motor
deficits), the TTS can easily be diagnosed on clinical
grounds only. In case of a pure pain syndrome, how-
ever, a correct diagnosis may be much more demand-
ingand sometimes requires ancillary, e.g., radiological
testing. In such patients a positive compression test
(provocation of typical complaints by manual pressure
applied on the tarsal tunnel for 30s) may be help-
ful. Standard electrodiagnostic testing consists of the
measurement of distal motor latencies to abductor hal-
lucis and/or abductor digiti minimi muscles and elec-
tromyographic exploration of the muscles of the sole.
Unilateral prolongation of the motor latency (>7 ms to
the abductor digiti minimi muscle) and/or emergence
of severe chronic or acute damage on electromyog-
raphy strongly supports the diagnosis (GooDGOLD et
al. 1965) (Fig. 3.13). However, normal results are not
contradictive to the presence of TTS (sensitivity 50%-
80%) (L1vEsoN and Ma 1992). Interpretability of elec-
trodiagnostic testing may be difficult in the events of
coexisting neuropathy or severe damage of the nerve
root S1. The procedure with the highest diagnostic
sensitivity is an anesthetic nerve block.

Finally, an orthopedic examination is mandatory to
distinguish TTS from numerous differential diagnoses
such as stress fractures, bursitis, inflammatory arthri-
tis or plantar fasciitis. It has to be considered that some
of these conditions may affect tibial nerve function in
terms of a (non-compressive) local irritation.

and antidromic sensory nerve
conduction (SNC) studies. Rou-
tinely, stimulation is performed
at the ankle (S1) and in the pop-
liteal fossa (S2). Motor potentials
(CMAPs) are recorded from the
abductor hallucis muscle (disk
electrodes) and sensory poten-
tials (SNAPs) from the big toe
(ring electrodes)

Ground

3.1.7.4
Therapy

Potential sources of external compression like badly
fitting shoes should be eliminated. Local cortico-
steroid injections are sometimes helpful. If TTS
produces substantial discomfort or sensory-motor
deficits and conservative treatment options fail,
operative release of the flexor retinaculum is the
therapy of choice. Outcome after surgery is favor-
able in about three quarters of patients (MONDELLI
et al. 1998). A minority of patients develop chronic
pain syndromes with features of reflex sympathetic
dystrophy.
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An Introduction to Electrodiagnosis

3.2.1
Basic Principles

Standard electrodiagnostic (EDX) examination con-
sists of nerve conduction studies, recording oflate re-
sponses and needle electromyography (GUIDELINES
IN ELECTRODIAGNOSTIC MEDICINE 1999). On per-
forming EDX testing a few contraindications have
to be considered (Table 3.2).

3.2.1.1
Nerve Conduction Studies

The study of nerve conduction entails depolariz-
ing the nerve fibers with an electric stimulus and
subsequent recording of evoked motor or sensory
responses by means of various types of surface elec-
trodes (Fig. 3.14). In particular, if responses are very
small and the initial deflection cannot be reliably
assessed, recording with needle electrodes from
atrophic muscles or sensory nerves may be more ap-
propriate. The stimulus is applied at the skin surface
with the cathode held distally and the ground is best
placed between the stimulation and recording site.

Fig. 3.14. a Ring electrodes for antidromic sensory nerve
conduction studies. b Disk electrodes for motor and ortho-
dromic sensory nerve conduction studies and F-wave
recording. ¢ Stimulator and d concentric needle electrode
respectively, for standard electromyography

Motor nerve conduction studies: according to the
tendon insertion the active recording electrode is
fixed on the centre of the muscle belly usually resem-
bling the end plate region and the reference electrode
placed over the insertion of the tendon (Fig. 3.15).

Table 3.2. Contraindications to electrodiagnostic (EDX) testing

Electromyography

Any kind of coagulation disorder rendering patients

at risk of muscle hemorrhage such as hemophilia, oral
anticoagulation (INR > 1.7) or dose-adjusted intravenous
heparin therapy

Wounds or infected skin covering the muscles of interest

Nerve conduction studies

Pacemakers: proximal stimulation at Erb’s point (bra-
chial plexus) or axilla ipsilateral to a pacemaker may
cause dysfunction of the technical device

Fig. 3.15. Belly-tendon method of electrode placing in femo-
ral nerve studies. The active recording electrode (Ra) is fixed
on the centre of the muscle belly resembling the end plate
region and the reference electrode (Rr) is placed over the
insertion of the tendon
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If properly performed, this technique produces a
biphasic motor potential with an initial negativity
and steep upward deflection from baseline. The M-
response results from summation of the muscle fiber
action potentials and is termed compound muscle
action potential (CMAP) if virtually all nerve and
muscle fibers depolarize (Fig. 3.16). To ensure suffi-
cient stimulation of the nerve, the current applied is
slowly increased until the generated motor response
does no longer grow in size, and a final recording is
performed with an electric stimulus 20% above this
level (= supramaximal stimulation). Standard ma-
chine settings are a gain of 5 mV/division (y-axis of
the screen - amplitude), sweep duration of 2-5 ms/
division (x-axis of the screen) and a duration of the
electrical impulse of 200 ms. Routinely, the follow-
ing parameters of the M-response are assessed.

Latency: the latency is the time elapsing between
onset of the stimulus and the initial negative deflec-
tion from baseline (in milliseconds = onset latency)
(Fig. 3.16a). It includes the time required for initia-
tion of the action potential (ca. 0.1 ms), orthodromic
propagation of the action potential to the motor end
plate, time delay across the neuromuscular junction
and the slow depolarization of given muscle fibers
(3-5m/s). Reporting of the distal motor latency is
very convenient, whereas latencies from proximal
stimulation are incorporated in the calculation of
conduction velocities (CVs).

Conduction velocities: motor CVs (in m/s) are
simply computed by dividing the distance between
two stimulation points (tape measurement of sur-
face distance in a standardized limb position - in
mm) by the nerve conduction time (proximal mi-
nus distal motor latency - in ms). CVs assessed in
this way reflects the fastest conducting axons, which
determine the initial deflection of the CMAPs. Fo-
cal slowing of CVs commonly occurs in entrapment
syndromes, whereas diffuse slowing is typical of
generalized disorders of the peripheral nervous sys-
tem. Accordingly, nerve conduction studies find ap-
plication for pinpointing focal (compressive) nerve
lesions and for classifying polyneuropathies as pri-
marily axonal or demyelinating. It has to be consid-
ered that mild slowing is not specific for demyelin-
ation but may also arise from selective loss of large,
fast conducting fibers prone to pressure damage.

Amplitude: CMAP amplitudes are measured as
base-to-peak amplitudes (initial negative compo-
nent of the potential) (Fig. 3.16a) or, less commonly,
as peak-to-peak amplitudes. Amplitudes mirror
the number and synchrony of depolarizing muscle

fibers. Low CMAP amplitudes upon distal stimula-
tion are either a consequence of motor axon loss or
distally located conduction blocks.

Duration: CMAP duration is measured from the
initial deflection from baseline to the first base-
line crossing and serves as a measure of synchrony
(Fig. 3.16a).

Sensory nerve conduction studies: these are tech-
nically more demanding because sensory nerve ac-
tion potentials (SNAPs) are small - in the range of
1-50 pV (Fig. 3.16b). The SNAP is a compound po-
tential representing the summation of the individual
nerve action potentials of all sensory axons. It is re-
corded directly from the nerve with two ring or disk
electrodes placed in a line over the nerve (interelec-
trode distance 3-4 cm) and the gain set to 5-20 pV/
division. Signal averaging is often necessary to sup-
press background noise and other artifacts. Other
technical requirements resemble those described for

CMAP
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Fig. 3.16. a Compound muscle action potential (CMAP). It
represents the summation of all the underlying muscle fiber
action potentials and is biphasic with an initial negative de-
flection. The latency, amplitude and potential duration are
routinely assessed. b Sensory nerve action potential (SNAP).
It represents the summation of all the underlying sensory fi-
ber action potentials and is bi- or triphasic. The onset latency
and amplitude are routinely assessed
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motor nerve conduction studies except for a usually
much lower stimulation threshold.

SNAPs are bi- or triphasic and characterized by
the following parameters.

SNAP amplitude: in most laboratories peak-
to-peak amplitudes (Fig.3.16b) are assessed. Low
SNAP amplitudes may result from technical fac-
tors (edema, incorrect placement, etc.), axon loss or
asynchrony of conduction velocities in demyelinat-
ing disorders. Due to the phenomena of temporal
dispersion and phase cancellation SNAPs elicited by
proximal stimulation are much lower in amplitude
while the duration of the potential (distance between
onset and first baseline crossing) is increased.

SNAP latency: so-called onset latencies are rou-
tinely used and represent the time interval from
stimulus to the initial negative deflection of biphasic
potentials or the initial positive peak of triphasic po-
tentials (Fig. 3.16b). Unlike motor conduction stud-
ies, distal conduction velocities can be calculated
with only one stimulation by dividing the distance
between the active recording electrode and stimula-
tion point by the onset latency. Assessment of proxi-
mal conduction velocities matches the procedure
described for motor nerves. As a rule, sensory nerve
conduction studies are more sensitive than motor
studies in detecting focal and generalized neuropa-
thies.

Stimulation and recording procedures: both an-
tidromic (stimulation towards the sensory recep-
tors) and orthodromic (stimulation away from the
sensory receptors) sensory studies are available
(Fig. 3.17). Whereas conduction velocities are the
same with either method, amplitudes are generally
higher in the antidromic potentials because record-
ing electrodes are closer to the nerve. Because of this
advantage and the ease of application, preference is

Fig.3.17. a Antidromic (stimulation towards
the sensory receptors) sensory studies. b Or-
thodromic (stimulation away from the sen-
sory receptors) sensory studies. Amplitudes of
SNAPs are generally higher in the antidromic
potentials (SI site of stimulation, R site of po-
tential recording)

usually given to the antidromic technique unless
SNAPs are superimposed by a volume-conducted
motor potential and the onset of the potential can-
not be identified.

Reliability and external influences: fast saltatory
conduction of peripheral nerves depends onamature
nerve architecture. Accordingly, motor and sensory
conduction velocities markedly increase in the first
years of life parallel to advancing myelination, and
decrease after age 60 due to slow axon and myelin
degeneration in higher ages. Apart from age, nerve
conduction is influenced by the skin temperature
(0.7-2.4 m/s for each degree centigrade) (LIVESON
and Ma 1992). In many laboratories temperature
is measured and, if necessary, corrected by heat-
ing or computational adjustment. Reproducibility
studies yielded measurement errors ranging from
some 5% (~3 m/s) (intra-observer reliability) up to
10% (~ 6 m/s) if weeks are allowed to elapse between
examinations and the examiner changes (long-term
inter-observer reliability) (GASSEL 1964; HONET et
al. 1968). This inaccuracy is inherently related to the
complex methodological requirements of EDX stud-
ies and should find consideration when interpreting
alterations of nerve conduction over time.

3.2.1.2
Late Responses - the F-wave

Nerve conduction studies are appropriate for as-
sessing peripheral nerves up to Erb’s point (upper
extremities) and the gluteal fold/inguinal ligament
(lower extremities) but are not applicable to the very
proximal nerve segments (plexus) and nerve roots.
Recording of late responses especially the F-wave
permits one to close this gap (EISEN et al. 1977).
After routine (supramaximal) motor nerve stimu-
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lation the action potential conducts distally to the
neuromuscular junction eliciting the CMAP or M-
response and proximally towards to anterior horn
cells (via the motor nerve roots) where it triggers a
backfiring of a small and variable subpopulation of
these cells (Fig. 3.18). This action potential again
spreads distally and causes a second low-amplitude
response (1%-5% of the CMAP). Strictly speaking,
the F-wave is no reflex, since both the efferent and
afferent loops are purely motor without an interven-
ing synapse (Fig. 3.18).

The technical equipment and recording set-up is
thesameasin standard motor nerve conduction stud-
ies except for an increase in gain (100-200 uV) and
sweep speed (5-10 ms). In clinical routine 10-20 re-
sponses are recorded, which typically vary in latency
and amplitude owing to the continuously changing
population of anterior horn cells involved in the gen-
eration of this potential (Fig. 3.19). The minimal F-
wave latency reflecting conduction of the fastest mo-
tor fibers (normative values depend on body height)
and the F-wave persistence (normal, 80%-100%) are
the best standardized and most reliable measures
obtainable from F-wave studies (Fig. 3.19).

F-Wave latency

Persistence
7/10 (70%)

XMA

F-Wave l200 "\
5ms

seshrasduse covaverss voom

) .

S

M-Response

Fig.3.19. F-wave measurements: the minimal F-wave la-
tency is the shortest of the 10 responses, representing the
largest, fastest conducting fibers. The F-wave persistence is
the number of responses obtained per number of stimula-
tions (70% in this case)

Fig. 3.18. F-response circuitry: the di-
rect muscle response (M) occurs from
orthodromic travel. The F-wave (F) is
derived by antidromic travel to the an-
terior horn cells, back firing of some
anterior horn cells, and orthodromic
travel down to the muscle. With proxi-
mal stimulation (S2) the latency of the
M-response increases but the F-wave
latency decreases
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If nerve conduction velocities are unremarkable,
a prolonged F-wave latency and/or inconsistent re-
sponse are strongly suggestive of proximal nerve le-
sion, e.g., plexus palsy. Otherwise, F-waves can be
adjusted for distal conduction abnormalities by cal-
culation of corrected F-waves. On interpreting F-wave
parameters several limitations have to be considered.
F-wave responses are often not recordable from nerves
with severe axonal damage and difficult to obtain
from muscles supplied by the nerve roots L2-L4 and
C5-C7. In addition, sensitivity of the test for assessing
abnormalities confined to a single nerve root is low.

3.2.1.3
Needle Electromyography

As with the nerve conduction studies, needle elec-
tromyography has to be individualized for each pa-
tient based on the clinical problem and results of the
ongoing evaluation. Conduction of EMG, especially
the correct placing of the needle and sampling of
muscles (Fig. 3.20), and interpretation of the record-
ings obtained, are a challenging part of the EDX
examination.

Usually, concentric bipolar needle electrodes are
used containing both the active (wire in the centre of
the needle) and reference electrode (shaft) (Fig. 3.14).
The ground electrode is placed to the limb being in-
vestigated to suppress background noise. Insertion
of the needle into the muscle may produce some
discomfort. If performed skillfully, however, the
examination is usually well tolerated even when nu-
merous muscles are sampled.

The EMG examination is routinely composed of
three stages — recording of rest activity, analysis of
voluntary MUAPs and registration of the interfer-
ence pattern during maximal muscle contraction.
Electrical signals from the muscle are displayed on
the screen and simultaneously presented acousti-
cally over a loudspeaker.

Rest activity: normal muscle does not show any
activity at rest (= spontaneous activity) expect for
the end plate region where end plate noise (irregu-
lar monophasic negative potentials) and end plate
spikes (irregular biphasic potentials with an initial
negative deflection) occur (Fig. 3.21a). Pathological
spontaneous activity in terms of fibrillation poten-
tials and positive waves manifest in denervated mus-
cle at the second to third week. Both signals have the
same significance but differ in configuration. Fibril-
lations (fib.) are brief triphasic spikes with an ini-
tial positive deflection (duration 1-5 ms, amplitude

o SKIN
@ Muscle
B Tendon
@ Bone

Fig. 3.20. Needle EMG: correct placement of the needle is
mandatory for a reliable examination as exemplified for the
lower calf

10-20 pV) and a regular firing pattern, whereas pos-
itive waves (pw.) have a brief initial positive signal
followed by a long negative phase (Fig. 3.21a). There
are two common ways of quantifying the density of
pathological spontaneous activity also inferred to as
denervation activity. Either it is graded on a scale
ranging from 0 to 3 (0 no fib./pw., + persistent single
fib./pw., ++ moderate numbers of fib./pw. in two
areas, +++ many fib./pw. in all areas tested) or de-
picted as the number of recording sites in a muscle
where fib./pw. emerge relative to the number of areas
examined (e.g. 7 of 10 or “7/10”).

Analysis of voluntary MUAPs: a motor unit con-
sists of all muscle fibers (usually five to several hun-
dreds) supplied by a single motor neuron. Physio-
logically, the territories of motor units show a broad
overlap and cover an area of 5-10 mm (Fig. 3.22a).

MUAPs recorded during needle EMG represent
the compound action potential of all muscle fibers
of a single motor unit, weighted towards the fibers
nearest to the needle (Fig. 3.23). The morphology of
MUAPs (duration, amplitude and phases) reflects the
architecture of given motor units and thus permits a
reliable differentiation of myopathic and neuropath-
ic processes (Figs. 3.21b and 3.22d,e). By definition,
the MUAP duration is measured from the initial
deflection of the potential towards the final return
to baseline (in ms). The MUAP amplitude denotes
the distance between the maximum positive and
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Fig. 3.21a-d. Needle electromyography. a Physiological and pathological spontaneous activity (recording of rest activity).
b Normal, neuropathic and myopathic MUAPs. ¢ Early, advanced and chronic reinervation potentials. d Incomplete and

complete interference during maximal muscle contraction

negative peaks (in mV) and MUAP phases are calcu-
lated by counting the number of baseline crossings
(Fig. 3.23). As a standard, 10-20 distinct MUAPs are
recorded from each muscle with the needle placed
within or close to the motor unit (rise time < 0.5 ms),
and analyzed on a quantitative or qualitative basis.
Because MUAP configuration varies substantially
in various muscles and changes with advancing age,
examinations will yield valid interpretations only if
performed by an experienced electromyographer.
Long-duration high-amplitude MUAPs result
from prominent enlargement of motor units, which
is usually the consequence of axon loss and collat-
eral sprouting of the remaining intact nerve fibers,
and therefore characteristic of chronic neuropathic
disorders (Figs.3.21b and 3.22e). Short-duration
low-amplitude MUAPs are the hallmark of myo-
pathic disorders and originate from a loss or atro-
phy of muscle fibers and / or blockage of end plates

(Figs. 3.21b and 3.22d). Polyphasia in turn (number
of baseline crossings of a MUAP > 5) is a non-specific
abnormality occurring both in neurogenic diseases
and myopathies (Fig. 3.23). It depends primarily on
the synchrony of muscle fiber firing and to a second
instance on the architecture of the motor unit.

In early reinervation processes thinly myelinated
axonal sprouts form new neuromuscular junctions
to denervated muscle fibers, which corresponds with
the emergence of low-amplitude desynchronized
MUAPs on EMG (“early reinervation potentials”)
(Figs. 3.21c and 3.22b). Over time, MUAPs continu-
ously grow in size, number of phases and duration
(“advanced reinervation potentials”), the myelin of
sprouts mature and depolarization of muscle fibers
synchronizes, thereby producing an increase in the
amplitude along with a decrease in the number of
phases and potential duration (“chronic reinerva-
tion potential”) (Figs. 3.21c and 3.22¢,e).
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Muscle

Rest
Activity

Voluntary
Activity

Muap -
Motor Unit

Fig. 3.22a-e. Architecture of motor units and corresponding electromyography findings. a Normal muscle. The territories
of three motor units (black, gray and white) show a broad overlap. Morphology of the corresponding three MUAPs is unre-
markable. b Axonotmesis of two of the three motor axons. Muscle fibers supplied by these axons are denervated (spontane-
ous activity). The intact third (gray) axon shows collateral sprouting - one of two main mechanisms of regeneration - and
has formed new end plates to three additional muscle fibers (gray-white). Accordingly the MUAP shows a late component.
¢ Advanced stage of reinervation. Meanwhile the gray motor axon has formed end plates to most denervated muscle fibers
(gray-white). As a consequence the size of the motor unit has substantially increased and a typical long-duration high-ampli-
tude MUAP is recordable on electromyography (neuropathic potential). In addition the black motor axon has again reached
the muscle by true axonal sprouting from the lesion site, and formed first endplates to a few muscle fiber (early reinervation
potential). d Myopathy. Short-duration low-amplitude MUAPs are the typical electromyography finding and originate from
a loss or atrophy of muscle fibers. e Severe chronic neurogenic damage with a grouped atrophy of muscle fibers and giant
potentials on electromyography. Such findings are typical of motor neuron diseases and chronic reinervation processes

4 MUAP Interference pattern: during maximal contrac-

tion MUAPs normally overlap creating a “dense”
or “complete” interference pattern with no single
MUAPs being distinguishable given an appropri-
ate sweep speed of 50-100 ms (Fig. 3.21d). An in-
2 complete interference pattern is either due to poor
( N\ central motor activation (central nervous system
bl disorders) or, more frequently, due to reduced re-
cruitment of MUAPs in the case of severe axon loss
(neurogenic disorder) or manifestation of conduc-
tion blocks (Fig. 3.21d). A mild fall in the number of
elicitable motor units is compensated for by a higher
firing frequency of the remaining intact units. In
myopathy an early (increased) recruitment of many
motor units is seen already if the muscle is activated
Duration with small force.

e, .
< -

Amplitude”

Fig.3.23. Motor unit action potential (MUAP) measure-
ments - amplitude, duration and phases
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3.2.2
Significance of Electrodiagnostic Testing in the
Management of Peripheral Nerve Lesions

In peripheral nerve lesions electrodiagnostic (EDX)
studies are used for several purposes, such as con-
firmation of the diagnosis, classification of nerve
injury, localization of the lesion site, assessment
of the underlying pathology, detection of nerve
anastomosis and monitoring of regenerative pro-
cesses (GUTIERREZ and ENGLAND 2002). Relevancy,
strengths and limitations of EDX testing, its poten-
tialimpacts on case management and its significance
in relation to other diagnostic procedures especially
the clinical evaluation (Table 3.3) are discussed in
the following chapters. Commonly used terms in
electrophysiology are summarized in Table 3.4.

Table 3.3. Significance of the clinical examination and of
electrodiagnostic studies in the evaluation and management
of peripheral nerve lesions

Clinical NCS/EMG
assessment
Establishment of the +++ +
diagnosis
Assessment of the severity T HF
of nerve damage
Localization of nerve damage ++ AFaF
Follow-up and prognosis A HHF
Etiologic classification + (+)
Detection of innervation (+) +++
anomalies

+++ method of choice, ++ substantial contribution, + sub-
stantial contribution in selected patients, (+) usually not help-
ful; NCS, nerve conduction studies; EMG, electromyography

Table 3.4. Commonly used terms in electrodiagnostic (EDX) testing

Least severe type of nerve lesion with the continuity of axons preserved and clinical deficits

Neurapraxia
being attributable to local demyelination and manifestation of (reversible) conduction ab-
normalities (Fig. 3.25). Electrophysiological characteristics: slowing of nerve conduction and
emergence of conduction blocks

Axonotmesis More severe type of nerve lesion with disruption of axons and surrounding endoneurinal
sheets but maintenance of per- and epineurium (Fig. 3.25). Electrophysiological characteris-
tics: denervation activity and axonal damage on electromyography

Neurotmesis

muscle activity

Wallerian degeneration

Denervation activity

Distal motor latency

depolarization of muscle fibers

Most severe type of nerve lesion with complete disruption of axon, endo-, peri- and epineu-
rium. Electrophysiological characteristics: extensive denervation activity and no voluntary

Nerve entrapment Nerve compression at sites where it passes through a narrow space often termed “tunnel”

Arises from severe nerve injury (axonotmesis or neurotmesis) and is characterized by axonal
enlargement and breakdown (fragmentation of axon and myelin) with subsequent phagocy-
tosis of the entire axonal material distally to the site of injury (Fig. 3.26). This degenerative
process takes up to 4 (7) days and is immediately followed by slow axonal regeneration

Consists of fibrillation potentials and positive waves — occurs on needle EMG after acute axo-
nal nerve damage and represents a spontaneous depolarization of denervated muscle fibers.
Fibrillations are brief spikes (duration 1-5 ms) and positive waves brief spikes followed by a
slow negative phase. Both potentials manifest at rest (Fig. 3.21a)

Late motor response triggered by an antidromic motor nerve action potential which results in
a backfiring of a small sub-population of anterior horn cells (Fig. 3.18 and 3.19)

Time interval (in ms) between electric stimulation and initial deflection of the compound
muscle action potential from baseline (Fig. 3.16a). It is composed of the nerve conduction to the
neuromuscular junction, time delay across the neuromuscular junction and the synchronized

= “Compound muscle action potential” - summation of the action potentials of all muscle fibers.
CMAPs are recorded in motor nerve conduction studies (Fig. 3.16a). With the tendon-belly meth-
od of electrode placing the CMAP is biphasic with an initial steep negative deflection

= “Motor unit action potential” - is recorded while the patient is asked to slightly contract the
sampled muscle (needle EMG). MUAPs represent the electrical signal generated by all muscle
fibers supplied by a single axon (motor unit) and are assessed for duration, amplitude, phases
and recruitment pattern (Fig. 3.23). Analysis of MUAP morphology allows a classification as
normal, neuropathic or myopathic
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3.2.2.1
Diagnosis of Peripheral Nerve Lesions

In most instances the correct diagnosis can be estab-
lished based on the clinical pattern of motor and sen-
sory deficits, localization and radiation of pain and
eventually vegetative disturbances. A thorough re-
view of the patient’s medical history with emphasize
on potential trigger events, demonstration of a Tinel’s
sign (TINEL 1915) at the site of suspected entrapment
and results of provocation tests may serve to further
substantiate the diagnosis. In some patients, however,
diagnostic inaccuracies remain and EDX testing can
substantially contribute to the classification of peri-
pheral nerve lesions. Such pitfalls are often related to
one of the following differential diagnoses:
® Plexus palsy vs polysegmental radiculopathies:
differentiation can easily be achieved by the sim-
ple principle that SNAPs are diminished or absent
in post-ganglionic damage (plexus) (LEVIN 2002;
Ma et al. 1984) but normally preserved in pre-
ganglionic i.e. root lesion (Fig. 3.24). Sometimes
electromyography of paravertebral muscles is re-
quired as a supplementary test.
® Peripheral vs central paresis: radial, ulnar and
peroneal nerve palsy is sometimes mimicked by
small cortical or subcortical brain lesions along
the pyramidal tract. In case of a peripheral origin
documentation of conduction abnormalities or
axonal damage allows an accurate classification.
® Pure pain syndromes (e.g. non-paretic compres-

Fig. 3.24a,b. Sensory
nerve conduction stud-
ies in nerve root (a)

and peripheral nerve
lesions (b). The dorsal
root ganglia are bipolar
cells whose central pro-
cesses form the sensory
roots, and the distal
processes continue as
the peripheral sensory
nerve fibers. In the case
of a root lesions (a) the
distal sensory nerve
does not degenerate and
normal SNAPs are elic-
ited because the lesion is
proximal to the ganglia

sion of the radial nerve under the arcade of Frohse
(RoSENBAUM 1999) or TTS without sensory-mo-
tor deficits): EDX testing may yield evidence of
sub-clinical nerve damage and thus guide to the
correct diagnosis.

3.2.2.2
Severity of Peripheral Nerve Lesions

The clinical impression alone is often insufficient for
an early and adequate estimation of the severity of
nerve damage - especially in the clinically relevant
case of severe motor deficits. A reliable differentiation
between neurapraxia and partial or total axonotme-
sis (GUITIERREZ and ENGLAND 2002; SEDDON 1943)
is a domain of electrophysiology and crucial to all
therapeutic decisions (Fig. 3.25). Both conditions may
produce an identical amount of clinical weakness
when the same number of motor fibers are involved.
Whereas in neurapraxia impulses cannot pass across
the lesion site due to a myelin disorder, in axonot-
mesis the nerve stump distal to the lesion undergoes
degeneration and phagocytosis (Wallerian degen-
eration) (LUBINSKA 1977; GUTIERREZ and ENGLAND
2002; MUMENTHALER et al. 1998) (Fig. 3.26).

The electrophysiological hallmarks of neuraprax-
ia are a synchronized or desynchronized slowing of
nerve conduction (Fig. 3.25). In addition, conduc-
tion studies may identify typical conduction blocks
or yield evidence of severe proximal conduction ab-
normalities. The latter phenomenon is characterized

SNAP

& SNAP
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Fig. 3.25. Typical abnormalities of nerve conduction studies in neurapraxia (chronic demyelination and conduction blocks),
partial and complete axonotmesis and reinervation after axonotmesis

by a (near) normal motor response to electric nerve
stimulation despite high-grade paresis, and absent
orinconsistent F-wave responses. Conduction blocks
are variably defined by a >30%-50% loss in the am-
plitude of the CMAP without substantial increase in
the potential duration (<20%) on sequential nerve
stimulation (OH et al. 1994) (Fig. 3.25). Acute axonal
nerve damage (axonotmesis), in contrast, results in
low-amplitude CMAPs regardless of whether the af-
fected nerve is stimulated above or below the level of
lesion (Fig. 3.25). On needle electromyography de-
nervation activity emerges along with a drop-out of
MUAPs on maximal effort (Figs. 3.21a and 3.22b).

Prognosis of neurapraxia is generally favorable
(Table 3.5), whereas in axonotmesis functional out-
come relies on the efficacy of distal collateral sprout-
ing of nerve fibers preserved and/or on adequate ax-
onal sprouting from the lesion site (Fig. 3.22), both
of which are influenced by factors such as the regen-
eration distance, intactness of the epi-/perineurium,
mechanism of nerve damage, evidence of compres-
sive disorders, scarring and presence or absence of
polyneuropathy.

As an important limitation, there is no way to
distinguish between complete axonotmesis and
neurotmesis by electrophysiological means. High

resolution nerve ultrasound or MRI usually qualify
for accurately assessing discontinuity of the dam-
aged nerve.

An illustrative example showing, how EDX stud-
ies assist in the therapeutic management is given
below.

3.2.2.2.1
Illlustrative Case Report

A 60-year-old women noticed leg weakness immedi-
ately after abdominal hysterectomy. Clinical exami-
nation revealed severe weakness of knee extension
and hip flexion (1/5 on the Medical Research Council
Scale), hypoesthesia at the anteromedial thigh and
absence of the patellar tendon reflex allowing to es-
tablish the diagnosis of a femoral nerve lesion. The
woman was unable to walk without aid. Computed
tomography of the pelvis was performed to rule out
compression by a retroperitoneal hematoma.

Comment: Jatrogenic injury of the femoral nerve
during pelvic surgery most commonly arises from
compression with the lateral retractor blade.

Three weeks after surgical intervention first EDX
testing was performed. Remarkably, inguinal stim-
ulation of the diseased femoral nerve elicited a near
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normal motor response in spite of high-grade pare-
sis [CMAP recorded from the vastus medialis head
of the quadriceps muscle (Fig. 3.15) 8 mV vs 10.5 mV
at the normal side], and electromyography disclosed
low-density denervation activity restricted to parts
of the vastus lateralis muscle (fibrillation potentials
2/10).

Comment: this finding clearly indicates presence
of a proximal conduction block as the main mecha-
nism of muscle weakness - and an overall good prog-
nosis. Because conduction blocks frequently restore
spontaneously over a period of up to 3-6 weeks early
explorative surgery is usually not performed.

In this patient, however, the further clinical
course was unfavorable without any improvement
in muscle strength over the following three months.
Results of control EDX studies remained virtually
unchanged except for a disappearance of pathologi-
cal spontaneous activity and beginning reinervation
in the vastus lateralis muscle. Magnetic resonance
imaging of the pelvis did not reveal any pathologi-
cal finding. Ultrasonography, however, showed seg-
mental thickening of the nerve 8 cm rostral to the
inguinal ligament as indirect evidence of nerve
compression.

Comment: if blockage of nerve conduction is
maintained over several months the conditions is
termed “persistent conduction block”. Such abnor-
malities are either of immunological origin, which
can be ruled out in our patient, or are caused by
constrictive scare tissue. Operative exploration was
performed. The nerve was found constricted in scar
tissue at the location identified by ultrasonography,
and carefully released. Two days after successful
neurolysis the conduction block has partly resolved
and the woman was able to walk again. At a follow-
up 3 months later muscle strength and knee jerk
have normalized.

Comment: it is a frequent experience that conduc-
tion blocks promptly disappear after elimination of
the causative compressive pathology.

3.2.2.3
Localisation of Peripheral Nerve Lesions

A thorough clinical examination usually permits a
crude localization of nerve lesions. The precision for
localization is high in classic entrapment syndromes
(e.g., CTS or TTS) and in segments of peripheral
nerves at which numerous branches divide from the
main trunk in a consistent order, but comparatively
low in most other instances.

EDX testing is particularly useful in assessing
the exact site of a nerve lesion. Both a focal slowing
of nerve conduction and emergence of conduction
blocks have a high significance towards localization.
In superficially located nerves suitable for short-seg-
ment stimulation such phenomena can be assessed
with a precision of 5-10 mm (Figs. 3.10 and 3.27).
This applies to most nerves of the upper extremities,
the distal sensory branches of the sciatic nerve as
well as the peroneal and tibial nerves at their course
through the popliteal fossa or behind the fibular
neck, respectively. In other nerves precision towards
localization is much lower and only in the range of
several centimeters.

In analogy to EDX studies, nerve ultrasound is
capable of assessing the site of peripheral nerve le-
sions in a majority of patients. Both diagnostic mo-
dalities are complementary in that conduction stud-
ies may reveal abnormalities in nerve segments with
a normal sonographic appearance and, vice versa
ultrasound may document substantial pathologies
in the absence of electrophysiological peculiarities.
In this context it is worth mentioning that the nerve
conduction velocity assessed by standard surface re-
cording always reflects the speed of the fastest con-
ducting axons. In compression syndromes propaga-
tion of the pressure within the nerve cross-section
is often inhomogeneous and some fascicles may be
even spared.

A special challenge is the differentiation between
traumatic brachial plexus palsy and avulsion injury
of nerve roots. In the latter disorder complex reflex
studies utilizing cutaneous silent periods permit a
reliable classification provided that there is at least
minimal residual motor function in the affected
arm and the patient is able to cooperate. In the more
common case of a combination of both conditions,
however, EDX testing mostly fails to give a clear di-
agnosis and CT-myelography or magnetic resonance
imaging are the diagnostic golden standard in this
situation (LEVIN 2002).

3.2.2.4
Etiology of Peripheral Nerve Lesions

Nerve ultrasound and other radiological techniques
are the method of choice for assessing the nature of
compressive and intraneural pathologies (scare tis-
sue, ganglia, anatomical variants, neoplasm, etc.). In
case of external compression (e.g., classic pressure
palsy) essential information on the eliciting event
has to be drawn from a thorough exploration of the
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patient’s medical history and clinical inspection of
the lesion site.

Contribution of EDX testing to this particular is-
sue is restricted to the exclusion of non-compressive
mononeuropathies such as focal manifestations of
systemic nerve disorders (e.g., multiplex and other
asymmetric neuropathies, motor neuron disease,
multiple neurofibroma in neurofibromatosis, etc.)
and immunological diseases of the peripheral nerve
(motor neuropathy with conduction blocks). Some-
times entrapment syndromes emerge on the basis of
predisposing polyneuropathies which can reliably
be assessed by clinical and electrophysiological ex-
aminations.

3.2.2.5
Detection of Innervation Anomalies

Inconsistent anastomoses between nerves and true in-
nervation anomalies are important sources of clinical
misinterpretation and thus merit short consideration.

The most frequent anomaly is the Martin-Gruber
anastomosis (Fig. 3.28) occurring in up to 30% of
healthy subjects (KIMURA et al. 1976; WILBOURN
and LAMBERT 1976). It entails a forearm crossover of
nerve fibers from the median to the ulnar nerve. The
exchanged fibers usually supply hypothenar and/or
thenar muscles. A further accessory communica-
tion between both nerves may exist in the palm of
the hand known as the Riche-Cannieu anastomosis
(RICHE 1897). From a clinical perspective, presence
of a nerve anastomosis may cause marked deviations
of the innervation pattern from normal and accord-
ingly obscure the clinical presentation of entrapment
syndromes. For example, severe carpal and cubital

Table 3.5. Prognosis of peripheral nerve lesion

tunnel syndrome with advanced axon loss may exist
in the absence of motor deficits. In general, innerva-
tion of intrinsic hand muscles is much less consistent
than commonly assumed - ranging from an all-ul-
nar to all-median hand (ROWNTREE 1949).
Electronically, the presence of a Martin-Gruber
anastomosis is indicated by a lower amplitude of
the CMAP on distal than on proximal stimulation
and by changes in the configuration of the motor
response. Special focus should be on the initial de-
flection of the motor response from baseline and a
composition of the potential of two components. If
recognized, complex stimulation studies can deter-
mine the exact course of the anastomosis and the
(motor) innervation afforded by the shunting fibers.
Detection of innervation anomalies is equally im-
portant for diagnostic and therapeutic purposes.

3.2.2.6
Follow-up of Peripheral Nerve Lesions

Patients with axonal nerve damage may or may not
be subject to immediate surgery (Table 3.5). In the
latter, more common case, short-term follow-ups
aim at estimating the extent of expectable spon-
taneous recovery as a basis for the decision on a
potential, later surgical intervention. The longer the
elapsed time interval since nerve injury, the more ac-
curate is such a prognostic assessment. On the other
hand, if surgery is delayed by more than 3-6 months
endoneural tubes undergo shrinkage and oblitera-
tion and the probability of satisfactory remission
gradually declines. Given these opposite require-
ments optimal timing of follow-up examinations is
a challenging task in each individual patient.

Prognosis is usually favorable with spontaneous recovery being expectable within 3-6 weeks after
onset - or earlier if nerve compression is transient and mild. In a minority of patients, however, con-
duction abnormalities (especially conduction blocks) do not resolve or even worsen due to shrinking
scare tissue. In selected cases surgical intervention may become necessary

Neurapraxia

Prognosis is in part favorable but regeneration may take months or even years. An individual prog-
nostic evaluation based on the extent of damage, regeneration distance and various other factors
influencing the capacity of nerve regeneration (see Sect. 3.2.2) is mandatory for an optimal therapeu-
tic management. In some patients early operative intervention improves the probability of regular
reinervation, other, however, have more benefit from withholding surgery. In the case of an initially
conservative therapy a rigorous clinical and electrophysiological monitoring is recommended (for
details see Sect. 3.2.2)

Axonotmesis
(partial/complete)

Because prognosis of spontaneous regeneration is definitely poor, surgical repair with adaptation of
the nerve endings (end-to-end suture) or bridging of a potential gap with autogenously sural nerve
grafts is warranted as early as practicable

Neurotmesis
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Clinical follow-up should include a detailed regis-
tration of the extent and course (onset and dynam-
ics) of motor and sensory recovery, and a testing for
the Tinel’s sign along the nerve trunk, which gives a
good impression of the velocity of axonal sprouting.
Reinervation starts in the muscles next to the nerve
lesion and progresses distally. In addition to regenera-
tion of the transacted axons, recovery may arise from
distal collateral sprouting of remaining intact axons
(GuTiERREZ and ENGLAND 2002; MUMENTHALER et
al. 1998) (Figs. 3.22, 3.25 and 3.26).

Electromyography is particularly useful in the
follow-up of patients, because disappearance of de-
nervation activity and emergence of early reinerva-
tion potentials precede clinically visible motor re-
covery by up to 4-8 weeks (Fig. 3.21c). Accordingly,
serial electromyography helps to speed up the deci-
sion process. If no clinical and/or electromyograph-

Fig. 3.26a-d. Wallerian degenera-
tion. a Axonotmesis - the site of
nerve transaction is indicated by
the arrow. b Within 4-7 days axo-
nal enlargement and breakdown
(fragmentation of axon and my-
elin) with subsequent phagocytosis
of the entire axonal material dis-
tally to the site of injury emerges.

¢ The degenerataive process is fol- & }

)
J
;'§7

lowed by slow axonal regeneration
(sprouting). d Late stage of reiner-
vation, which is favorable in this
case. (Modified reproduction with
permission from Mumenthaler M,
Schliack H. Lisionen peripherer
Nerven. Thieme Verlag, Stuttgart
New York)

ic evidence of functional reinervation becomes evi-
dent, patients are usually subject to surgery. Further
control evaluations at longer intervals are recom-
mended and may serve as a basis for rehabilitation
programs and social reintegration.

3.2.2.7
Diagnostic Work-up in Patients with
Peripheral Nerve Lesions

A thorough neurological examination by an experi-
enced clinician is the mainstay in optimal manage-
ment of peripheral nerve lesions and a necessary basis
for the interpretation of all ancillary diagnostic pro-
cedures. A decision pathway for a cost-effective ap-
plication of methodologically complex examinations
is depicted in Figure 3.29. Guidelines for an optimal
timing of EDX studies are summarized in Table 3.6.
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Table 3.6. When to time electrodiagnostic (EDX) studies

Day® 1 to

6:

Day® 7 to 14 (21)

Day® >14 (21)

Follow-up
examinations

Generally not useful

Exceptionally
indicated

Adequate time for
examination

At 3 to 6 months

Nerve conduction studies and electromyography provide no prognostic
and little diagnostic information. Examinations in this time period should
be reserved for the solving a few well-defined clinical problems (e.g. dif-
ferentiation between painful peroneal nerve lesion in vasculitis and L5
radiculopathy)

Wallerian degeneration has now finished. Amplitudes of the compound
muscle action potentials and sensory action potentials allow a crude esti-
mation of the degree of axonal damage. However, since CMAPs can only be
recorded from superficial (distal) muscles and the various fibers of a nerve
are often not uniformly affected, accuracy of the prognostic evaluation has its
limitations even in the hand of an experienced electrophysiologist. Therefore,
EDX studies should only be scheduled in this time interval, if early surgical
intervention is being considered

In case of acute axonal damage denervation activity has now developed.
Detection and quantification of fibrillation potentials and positive waves on
electromyography and supplementary NCSs permit a precise assessment and
localization of nerve damage in almost all patients. This information serves
as a basis for a reliable prognostic evaluation

Standard intervals for follow-up are 3 to 6 months. Shorter periods may be
adequate if the therapeutic decision depends on the results of serial EMG
examinations (monitoring of spontaneous regeneration) or if the lesions is
distal and the regeneration distance short. Axonal sprouting at the site of
injury (axon transaction) along intact endoneural tubes occur at an average
rate of 1-2 mm per day (Gutmann and Young 1944) provided that the growing
axons find access to the distal nerve trunk (Figs. 3.26). Expected nerve growth
rates may be utilized for an individual adjustment of examination intervals
(see Sect. 3.2.2.6). In patients with proximal nerve lesions especially plexus
palsy or severe damage of nerve roots regenerative processes may be active
for as long as 2-3 years

2Days denote days after nerve injury

s2\(

s3\(

D
it

Fig. 3.27. Ulnar neurop-
athy at the elbow: short
segment stimulation

studies

Martin-Gruber
anastomosis

Fig. 3.28. Martin-Gruber
anastomosis — a forearm
crossover of nerve fibers
from the median to ulnar
nerve. The shunted fibers
supply hypothenar or
thenar muscles
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Management of peripheral nerve lesions

Clinical examination

EDX studies and other
ancillary examinations

Conservative therapy
Clinical follow-up

h

Y

Diagnosis ?

Established

Decision about
surgical intervention
F 3

Relevant deficits
or pain ?

Yes

No improvement . Nerve ultrasound
. - 1 .
or worsening | LIRS EOIITES Consulting of the surgeon
| , X
Fig. 3.29. Management Neurapraxia O AX(IIIOtmeS.iS
of peripheral nerve lesion Neurotmesis

If surgical intervention is being considered, EDX
testing and nerve ultrasound should be performed.
Both examinations are not alternative procedures
but highly complementary regarding strengths and
limitations, and may substantially contribute to the
final therapeutic decision and - choice of the surgi-
cal approach. A high level of diagnostic and local-
ization security, as required in the pre-operative set-
ting, is met if the clinical appearance and results of
both aforementioned diagnostic modalities fit well
together.
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Introduction

The future is bright for sonography of peripheral
nerve compression. Recent soft- and hardware
development of sonographic equipment and trans-
ducers now working up to 17 MHz, has boosted the
capability of sonography to investigate common
and uncommon peripheral compression syndromes.
Sonography of the peripheral nerves is now devel-
oping into an extremely valuable tool as an adjunct
to neurological investigations. Observing the devel-
opment of the use of sonography throughout the
medical fields such as anesthetics and peripheral
neurology we feel that sonography is taking its valu-
able place in non-invasive diagnosis of peripheral
neuropathy.

Generally speaking neuropathy caused by extrin-
sic compression may occur anywherein thebodyand
affectavariety of peripheralnerves. Specialanatomic
conditions, however, may result in an increased risk
for the development of so-called entrapment neu-
ropathies at certain locations. There are several
such conditions: Nerves may travel through narrow
passageways together with tendons and vessels.
Osteofibrous tunnels in the upper or lower limb,
for example, are spaces superficially confined by
tight fibrotic retinacula and at the bottom either
by bone or musculotendinous structures. The reti-
nacula, which are anchored on bony ridges or osse-
ous prominences on either side of the tunnel, pre-
vent dislocation of the structures contained inside.
Nerves traveling inside such tunnels may be affected
by chronic external wear and tear often of uncertain
origin or by the presence of abnormal tissue inside
the tunnel such as an ulnar artery aneurysm inside
Guyon’s canal for example.

A nerve may also be compromised by an abnor-
mally tight ligament or an anatomic muscle or vessel
variant running across the nerve in an oblique
course, such as the ulnar nerve within the ulnar
sulcus or the femoral cutaneus lateral nerve when
piercing the inguinal ligament. Nerve compression
may also occur secondary to trauma or surgery at
certain sites, such as the posttraumatic tarsal tunnel
syndrome, with development of neuropathy in a pre-
viously asymptomatic individual due to narrowing
of the tarsal tunnel caused by malaligned fractures
or callus formation.

Regardless of which underlying mechanism
results in a compression syndrome, the reaction of

a nerve to external compression has some common
features. Chronic irritation of a nerve due to stretch-
ing or persistent compression is thought to inter-
fere with the local intraneural microvasculature
(STEwART 1993). Ischemia due to compression of
the vasa nervorum and venous congestion results
in epineural and endoneural edema. As the disease
progresses to a more chronic state, fibrotic reactions
in the nerve sheath result in further compromise to
the fascicles.

Sonographic findings in patients with entrap-
ment neuropathies reflect these pathophysiologi-
cal reactions. Changes in echotexture and in shape
and alignment of nerves may be detected. The nerve
commonly shows an abrupt change in diameter,
with flattening at the site of direct compression. This
sonographic sign was first described for the detec-
tion of median nerve compression in the carpal
tunnel by BUCHBERGER et al. (1991) and is now also
considered to be a reliable measure for entrapment
neuropathy in other locations (CHIOU et al. 1998;
MARTINOLI et al. 1996, 2000; SARRIA et al. 2000;
BODNER et al. 2001). Proximal to the level of nerve
entrapment localized enlargement of the nerve with
swelling of fascicles is an expression of vasoconges-
tion and edema (MARTINOLI et al. 2002; NAKAMICHI
and TACHIBANA 2007; PEER et al. 2002). An increase
in intraneural and perineural flow signals in color
Doppler or power Doppler images is commonly
seen and represents the hypervascular state seen in
nonspecific, reactive inflammation (MARTINOLI et
al. 2000; MALLOUHI et al. 2006). Changes in echotex-
ture accompany a general change in nerve diameter
with loss of fascicular discrimination at the site of
maximum compression and flattening of the nerve,
and swelling of individual fascicles or often coales-
cence of fascicles to a single large hypoechoic cord
at the level of edema and vasocongestion. The longer
the nerve compression persists, the more severe the
sonographic changes appear.

However, care should be taken not to misinterpret
normal flattening of a nerve or fusiform appearance
of a peripheral nerve with a sonographic pathologi-
cal feature, since peripheral nerves at typical loca-
tions show flattening because the are branching or
they show normal fusiform thickening, such as the
ulnar nerve at the ulnar groove.

In comparison with MRI, which is the only com-
peting imaging modality for the work-up of nerve
compression syndromes, sonography is low cost
and generally available. At the same time sonogra-
phy causes no discomfort, is quickly performed and
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easily adjusted to a patient’s complaints in static
as well as dynamic examinations. The latter are an
important adjunct to the standard evaluation of
peripheral nerve diseases, and especially valuable
for the diagnosis of functional disorders such as the
snapping triceps syndrome with ulnar nerve dislo-
cation (JacoBsoN et al. 2001). This functional evalu-
ation is beyond the abilities of MRI. A huge advan-
tage of sonography in comparison with MRI is its
ability to image longer nerve segments in a single
study and its superior resolution. The development
of high frequency probes working with up to 17 MHz
allow the detection of even the smallest superficial
nerves such as the lateral femoral cutaneus nerve, or
the superficial peroneal nerve. In contrast to these
benefits, the quality of the information provided by
sonography is strongly user-dependent and the time
to achieve a sufficient level of expertise in examina-
tion technique and interpretation of results is prob-
ably longer than for MRI.

The next sections discuss the most common
typical clinical and sonographic features and rare
peripheral nerve compression syndromes in more
detail.

Generally speaking neuropathy caused by extrin-
sic compression may occur anywhere in the body
and affect a variety of peripheral nerves. Special
anatomic conditions, however, may result in an
increased risk for the development of so-called
entrapment neuropathies at certain locations. These
conditions are multiple:
® Nerves may travel through narrow passageways

together with tendons and vessels. Osteofibrous

tunnels in the upper or lower limb, for example,
are spaces superficially confined by tight fibrotic
retinacula and at the bottom either by bone or
musculotendinous structures. The retinacula,
which are anchored on bony ridges or osseous
prominences on either side of the tunnel, pre-
vent dislocation of those structures contained
inside. Nerves travelling inside such tunnels
may be affected by chronic external wear and
tear, often of uncertain origin, or by the presence
of abnormal tissue inside the tunnel such as an
ulnar artery aneurysm inside Guyon'’s canal for
example.

® A nerve may also be compromised by an abnor-
mally tight ligament or an anatomic muscle or
vessel variant, which runs across the nerve in an
oblique course.

® At the forefoot compression of the interdigital
nerve against the transverse intermetatarsal liga-

ment, favored by forefoot deformities or cloth-
ing habits, may lead to development of Morton’s
metatarsalgia.

® Nerve compression may also occur secondary
to trauma or surgery at predilected sites, such
as posttraumatic tarsal tunnel syndrome, with
development of neuropathy in a previously
asymptomatic individual due to narrowing of the
tarsal tunnel caused by malaligned fractures or
callus formation.

Accessory Nerve Syndrome

4.2.1
Introduction

Accessory nerve syndrome is a rare compression
syndrome in the neck area. The nerve can be injured
along its course from the skull base to where the
nerve enters the trapezius muscle. Injury to the
accessory nerve results in instability to the shoul-
der with winging of the scapula. Pain and reduced
mobility of shoulder and arm elevation is always
present in this type of nerve injury.

4.2.2
Anatomy

The accessory nerve is a motoric nerve formed by
fusion of a cranial and a cervical root. The nerve
trunk exits from the skull base through the jugular
foramen and divides into two branches: The inter-
nal branch fuses with the vagal nerve. The external
branch of the accessory nerve is mainly a motor
nerve containing some sensory nerve bundles,
arising from C1-C3 spinal roots. It runs between
the occipital artery and the internal jugular vein,
and passes underneath the digastricus muscle and
the sternocleidomastoideus muscle. This area is
called the lateral cervical triangle, which is bor-
dered ventrally by the sternocleidomastoideus
muscle, dorsally by the trapezius muscle and cau-
dally by the clavicle (Fig. 4.1). In the lateral cervi-
cal triangle the accessory nerve has a superficial
course directly beneath the superficial cervical
fascia, adjacent to a group of between five and
ten superficial lymph nodes. The nerve enters the
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Fig.4.1. Accessory nerve. The anatomical course of the
accessorius nerve, arising from CI-C3 spinal roots. The
nerve emerges beneath the sternocleidomastoideus muscle
(SCM) and becomes superficial at the lateral cervical trian-
gle, entering and innervating the trapeze muscle (TM)

trapezius muscle at the ventral side of the muscle
and innervates the muscle together with branches
of the cervical plexus.

4.2.3
Etiology and Clinical Signs

Iatrogenic accessory nerve lesions occur most often
after lymph node biopsy at the lateral cervical tri-
angle (Nason et al. 2000). Because of its superfi-
cial course the nerve is easily injured during this
procedure (KIERNER et al. 2000). Other accessory
nerve lesions are associated with neck dissection,
whiplash injury or direct nerve trauma (TERREL et
al. 2000; HARPF et al. 1999; WIATER and BIGLIANI
1999; Mi1vAaTA and KiTAMURA 1997; BopACK 1998).
Glass cut injury or gun shot injury have also been
reported to cause accessory nerve palsy (VANDEwW-
EYER et al. 1997).

The trapezius muscle is one of the major muscles,
which stabilizes the scapula during rotation, elevat-
ing the upper limb and retracting the scapula. Con-
sequently accessory nerve palsy causes dysfunction,
weakness and pain of the trapezius muscle. The
patient normally presents with a dropping shoul-
der, winging of the scapula and weakness at forward
elevation.

424
Diagnosis

Early diagnosis is usually delayed because of unclear
clinical signs, as atrophy of the trapezius muscle
is not easily visualized on early clinical inspec-
tion. Electrodiagnostic testing is currently the only
method to diagnose accessory nerve palsy.

4.2,5
Sonography

Sonographic diagnosis of accessory palsy is mainly
based on the evaluation of the echogenicity of the tra-
pezius muscle to assess denervation, which is easily
recognized by the hyperechoic texture and the loss of
muscle volume (Fig. 4.2). Comparison with the non-
affected contralateral side is essential. According to
our experience in nerve palsy caused by whiplash
injuries no abnormalities along the accessory nerve
can be found. In cases of direct trauma or lymph
nodes biopsy and nerve dissection nerve swelling or
scar tissue can be visualized (see also Chap. 5).

4.2.6
Therapy

Depending on the type of injury the appropriate
treatment is chosen. Treatment of nerve dissection
includes microsurgical nerve reconstruction within
12 months; otherwise the motoric end plate of the
affected muscle is permanently damaged. When pri-
mary nerve reconstruction is not accomplished due
to delayed diagnosis or in cases of normal appear-
ance of the accessory nerve, surgical procedures
have to include rearrangement of the muscle inser-
tion on the scapula.

Thoracic Outlet Syndrome

4.3.1
Introduction

Thoracic outlet syndrome (TOS) is a rare compres-
sion syndrome of the neurovascular bundle at the
thoracic outlet region (Roos 1996). Historically, a
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Fig.4.2. Accessory nerve palsy. Lon-
gitudinal 12-MHz scans shows an
atrophic, hyperechoic trapeze muscle
with hyperechoic echotexture and
loss of muscle volume at the right side
(RT), compared to the normal trapeze
muscle on the left side (LT)
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similar case description was already reported in
the second century AD by Galen describing a cervi-
cal rib, whereas in the beginning of the 19 cen-
tury Murphy (MurpPHY 1905) and Adson reported
further cases of cervical ribs and new therapeutic
approaches. In the 1940s Wright first described neu-
rovascular compression during prolonged hyperab-
duction of the arm. The term thoracic outlet was
first created by Peete et al. in 1956. It is caused by
anatomical abnormalities or acquired changes in
the soft tissues and bony structures in the scalene
region. The brachial plexus is the most frequently
affected structure, followed by the subclavian vein
and artery. Patients clinically present with pain,
numbness, paraesthesia, muscle atrophy and Rayn-
aud’s Syndrome.

4.3.2
Anatomy

The brachial plexus is formed by the nerve roots
from C4 to T1. Running distally the brachial plexus
and the subclavian vessels can be compressed
mainly in three different spaces: (1) at the anterior
scalene space, (2) at the costoclavicular space and
(3) at the pectoralis minor space.

The anterior scalene space is confined anteriorly
by the anterior scalenus muscle, the median scalene
muscle posteriorly, the first rib and sternocleido-
mastoideus muscle (Fig. 4.3). Most neurogenic com-
pression occurs in this space; compression of the
neurovascular bundle in this space is also known
as the anterior scalene syndrome. The costocla-
vicular space is confined by the clavicle, the upper
scapula, the first rib and the scalene muscles. In this
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Fig. 4.3.Brachial plexus. Anatomical dissection the left neck
area showing the black box covering the anterior scalene
space and the white box covering the costoclavicular space.
The nerve roots (arrows) are running distally, forming the
brachial plexus (BP),adjacent to the subclavian artery (SA).
SCM, sternocleidomastoideus muscle; CL, partially resected
clavicle

space vascular and neurogenic compression are fre-
quently caused by functional changes or anatomi-
cal abnormalities also known as the costoclavicular
syndrome. In the pectoralis minor space the neuro-
vascular bundle runs beneath the pectoralis minor
muscle and the coracoid process. Anterior and lat-
eral elevation of the arm may stretch the relatively
fixed neurovascular bundle, causing compression
and stretching (hyperabduction syndrome).
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4.3.3
Etiology and Clinical Signs

Although its incidence is still debated in the litera-
ture, this type of compression syndrome is relatively
frequent, affecting 3-80 cases in 1000; the gender
ratio is 3:1 in favour of females. Normally the tho-
racic outlet is a sufficiently wide space to allow the
brachial plexus, the subclavian artery and vein to
pass between the chest wall, the first rib and the
scalene muscles.

The most frequent structure affected is the bra-
chial plexus followed by vascular compression; the
lower roots are more prone to compression than the
upper roots. Clinical symptoms include weakness,
atrophy, pain, hand swelling, even headache and
chest pain. Arterial compression results in intermit-
tent ischemia and Raynaud-like symptoms. Subcla-
vian aneurysms just distal from the compression
have been observed. Venous compression may cause
thrombosis of the subclavian and axillary vein.

The anterior scalene syndrome, also called
Naffziger syndrome (NAFFZIGER and GRANT 1938),
is characterized by pain and tingling in the forearm
and hand similar to that occurring in cervical rib
syndrome. A hypertrophic anterior scalene muscle,
ascalenusminimusmuscleorfibrousbandsbetween
the muscles may cause compression of the brachial
plexus and subclavian artery against the first tho-
racic rib (UrscHEL and Kourwis 2007). Exercise-
induced compression of the brachial plexus attrib-
uted to a hypertrophic scalenus muscle has been
found in competitive athletes (BALTOPOULOS et al.
2008). Vascular symptoms are usually rare.

The costoclavicular syndrome is caused by the
presence of a cervical rib, an anomalous first rib
or by a hypertrophic transverse process, although
the presence of a cervical rib does not necessarily
confirm the diagnosis. Functional anatomy and
bad posture play a more important role as causative
elements. Clinical findings are similar to the sca-
lenus muscle regarding the neurological findings.
Vascular symptoms are predominant in this type of
compression. Arterial TOS is caused by emboli aris-
ing from subclavian artery stenosis or aneurysms.
Venous TOS presents with arm swelling, cyanosis
and pain due to subclavian vein obstruction, with
or without thrombosis (SANDERS and HAMMOND
2002).

The neurovascular bundle may be compressed
as it passes beneath the pectoralis minor tendon
during arm abduction, also known as the hyperab-

duction syndrome. Typically this is an occupational
disease affecting those who perform repetitive arm
movements. Clinical findings are vague; pain, swell-
ing and numbness are the main findings. Elevation
of the arm and increased inspiration trigger and
aggravate the clinical findings. Differential diagno-
sis of TOS includes cervical radiculopathy, brachial
neuritis (Parsonage-Turner Syndrome), intrinsic
and extrinsic tumors and others.

4.3.4
Diagnosis

Diagnosing TOS can be very challenging and time-
consuming. In most cases, the physical examina-
tion findings are normal and the sensory exami-
nation is often unreliable. Provocative tests, such
as the Adson, costoclavicular and hyperabduction
maneuvers are also unreliable. Diagnosis is usu-
ally made after evaluating a combination of clinical
tests, electroneurographic tests (ENG, EMG) and
diagnostic imaging (GILLARD et al. 2001). Diag-
nostic imaging methods include X-ray of the neck,
dynamic sonography, color Doppler sonography,
dynamic phlebography, dynamic angiography,
dynamic multislice CT angiography and dynamic
MRI angiography. Dynamic images include neu-
tral arm position and hyperabducted arm posi-
tion at 90° and 120°. The final diagnosis of TOS is
frequently deleted due to its inconsistent clinical
presentation.

4.3.5
Sonography

Plane X-ray of the neck may well show a hyperplas-
tic transverse process or a cervical rib, but obvi-
ously absence of visualization of the nerve roots
(Fig. 4.4a). Sonography enables not only an assess-
ment of the presence of a cervical rib (BLANKSTEIN
et al. 2006), but also shows the relationship between
the cervical rib and the nerve roots, as seen in one
of our patients with left-sided severe shoulder and
severe arm pain, which was exacerbated during rota-
tional head movement (Fig. 4.4a-d). However, apart
from assessing the cervical rib and the nerve roots,
sonography is currently unable to give important
information on the neurogenic TOS in the costocla-
vicular and pectoralis minor space; in particular,
possible fibrous bands or accessory scalene muscles
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cannot be clearly visualized. MRI is currently the
most appropriate imaging method for assessing the
entire thoracic outlet space.

Color Doppler sonography has proved to be help-
ful in the diagnosis of vascular TOS (DEMONDION
et al. 2006; LONGLEY et al. 1992) by showing an
increase in the maximum systolic velocity in the
costoclavicular space. Venous obstruction or cloth
formation can also be seen with sonography. Abnor-
mal sonographic findings, however, should be inter-
preted cautiously since, according to STAPLETON et
al. (2007), abnormal sonographic findings during
hyperabduction arm position can also be found in
individuals without any clinical features of TOS.
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Fig.4.4a-d. Cervical rib and hypertro-
phic costotransversal process. a Antero-
posterior X-ray of the cervical spine
illustrates a hypertrophic costotrans-
versal process on the right side (small
arrow) and a cervical rib on the left
side (large arrow). b Longitudinal 15-
MHz scan along the left cervical rib
(CR) demonstrates a nerval root (small
arrows) riding on the edge of the end of
the cervical rib. The affected nerve seg-
ment is flattened (large arrow). c Cor-
responding schematic drawing illus-
trates the nerve flattening due to the
tight relationship between the nerve
and the cervical rib. d Transverse
sonogram across the end of the cer-
vical rib (CR) demonstrates the close
relationship of the nerve roots (arrow)
with the cervical rib. Forced rotation of
the head showed snapping of the single
nerve roots over the end of the cervical
rib (not shown)

4.3.6
Treatment

Treatment of TOS greatly depends on the type and
duration of TOS. First attempts to treat TOS should
always start with a conservative approach such as
avoiding hyperabduction, accounting especially
for the neurological TOS (BAHM 2007). Surgery
for neurogenic TOS in patients with cervical ribs
should include both cervical and first rib resec-
tion (SANDERS et al. 2007). Arterial TOS is seen less
frequently than the neurogenic form; however, in
most cases it requires surgical treatment. Vascu-
lar procedures include resection and replacement
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of the subclavian artery aneurysms, decompressive
procedures performed through a supraclavicular
and infraclavicular approach. Decompression is
achieved by cervical rib excision or combined cer-
vical and first rib excision. The complication rate
among surgical decompression is up to 45%, includ-
ing brachial plexus injuries. BALTOPOULOS et al.
(2008) recently described successful scalenectomy
in athletes.

4.4
Radial Nerve Compression

4.4.1
Introduction

Theradial nerve at the upper arm can be compressed
while passing through the spiral groove where the
nerve is in close relationship to the dorsal aspect
of the humerus (radial compression of the spiral
grove) (Fig. 4.5). After dividing into the superficial
and deep branch, the deep branch penetrates the
supinator muscle where the nerve is susceptible to
compression (supinator syndrome). The superficial
branch runs distally and, because of its superficial
course, the nerve is prone to compression and direct
trauma (Wartenberg disease).

4.4.2
Anatomy

The radial nerve is the largest branch of the poste-
rior cord of the brachial plexus and contains cervical
root contributions from C4-C8. The nerve consists
of between five and eight fascicles with motoric and
sensory components, which supply the muscles of
the extensor compartments, i.e. the triceps muscle,
the lateral part of the brachialis muscle, the bra-
chioradialis muscle, the forearm extensors and the
dorsolateral area of the hand. After exiting the axil-
lary area the nerve runs distally at the posterior and
lateral aspect of the humeral shaft, accompanied by
the brachial artery, between the muscle bellies of
the medial and the long head of the triceps muscle.
Approximately 10 cm proximal to the lateral epicon-
dyle of the humerus, the radial nerve penetrates the
lateral intermuscular septum and enters the anterior
space of the upper arm, where it lies volarly to the

BA

DBA

Fig.4.5. Anatomy of radial
nerve at the humerus area.
The close relationship of
the radial nerve to the
humerus is shown. The
radial nerve runs distally,
adjacent to the deep bra-
chial artery (DBA). The
nerve then runs around
the spiral groove in a
close relationship to the
humerus. BA, brachial
artery; CA, cubital artery

brachialis muscle and dorsally to the brachioradia-
lis muscle. Just anterior to the lateral epicondyle,
the nerve bifurcates into the sensory or superficial
radial nerve and the motor or deep radial nerve com-
ponents (posterior interosseous nerve) (Fig. 4.6).

The local anatomy of the radial tunnel is key to
understanding the supinator syndrome. Imme-
diately after its origin, the deep branch enters the
“radial tunnel”, an outlet formed by muscles and
aponeuroses. The floor is formed by the anterior
capsule of the humeroradial joint together with
the deep layer of the supinator muscle. The roof is
built by the arcade of Frohse (Fig. 4.6), defined by
the fibrous adherence between the brachialis and
brachioradialis muscle in front of the radial head,
the medial edge of the extensor carpi radialis brevis
muscle and the superficial layer of the supinator
muscle. The brachioradialis and extensor carpi
radialis longus muscle form the anterolateral wall.
The medial wall includes the biceps tendon resting
on the brachialis muscle.
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Fig.4.6. Anatomy of radial nerve at the cubital
area. The illustration demonstrates the course
and division of the radial nerve slinging down
from the spiral groove, splitting into the super-
ficial branch of the radial nerve (SBRN) and the
deep branch of the radial nerve (DBRN), then
later enters the supinator muscle (SM), passing
the arcade of Frohse (AF)

Fig. 4.7. Superficial radial nerve innervation. The
sensory innervation supplied by the superficial
branch of the radial nerve is demonstrated

Between the two layers of the supinator muscle
the DBRN passes the “radial tunnel” and extends
downward as the dorsal interosseus nerve between
the superficial and deep layers of the extensor mus-
cles of the forearm supplying both muscle groups.

The superficial branch courses over the prona-
tor teres muscle, along the brachioradialis muscle
and passes through a fascial layer. The nerve then
runs closely to the radial artery to reach the skin
of the forearm and dorsolateral area of the thumb
(Fig. 4.7).

44.3
Radial Nerve Compression at the Spiral Groove

The radial nerve has a close anatomic relationship
to the humerus in the spiral groove. In traumatic
humerus fracture associated with radial nerve
palsy we distinguish the primary lesions that
occur with the event of the trauma and secondary

lesions that appear within the healing process of
the humerus fracture. The nerve can be impinged
by fracture fragments or muscles which are dis-
sected or simply oedematous due to intrafascicu-
lar hematoma. In secondary nerve palsy the nerve
can be surrounded or displaced by callus or riding
on a loose metal plate (BODNER et al. 2001) (see
Chap. 5).

A frequent external radial nerve compression
syndrome among chronic drinkers is caused by the
abnormal position of the upper limb, when the arm
is stretched across a hard support. This syndrome
is commonly referred to as “Saturday night nerve
palsy”. Other causes for nerve compressions may be
ganglia at the elbow (OGINO et al. 1991) or an anom-
alous triceps muscle (WILHELM 1985), which can
impinge on the nerve or strain the nerve during arm
motion or muscle contraction. Other rare cases of
radial nerve palsy are tumors, lymph node metasta-
ses and persistent pressure from crutches (PHALEN
et al. 1971).
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4.4.4
Supinator Syndrome

The radial tunnel is not a bony or osteofibrotic
tunnel in its true sense. It is defined as the poten-
tial space created by structures surrounding the
radial nerve and its posterior interosseous branch
as they travel through the proximal forearm from
the humeroradial joint past the proximal edge of the
supinator muscle. Along approximately 5 cm vari-
ous anatomical structures may lead to radial nerve
compression: fibrous bands, a fan of branches from
the radial artery, edges of the extensor carpi radialis
and supinator muscles. The latter may sometimes
be of a tendinous nature. The proximal edge of the
supinator muscle, known as the arcade of Frohse,
is tendinous in about half the population (SPINNER
1968). At the “radial tunnel” two distinct and prob-
ably completely different nerve compression syn-
dromes exist. The first is the so-called radial tunnel
syndrome, which appears to be a merely painful
syndrome at the proximal forearm. The second syn-
drome with definite muscular weakness is called
posterior interosseous nerve syndrome.

The syndrome of radial nerve compression
mainly centers around a possible pathology along
the course of the nerve inside the so-called radial
tunnel, which was first described as an infre-
quent cause of persistent tennis elbow (RoLEs and
MAauDsLEY 1972). This syndrome is known as the
supinator syndrome, radial tunnel syndrome or
posterior interosseous nerve paralysis. This type of
nerve palsy is often misdiagnosed as lateral epicon-
dylitis. It should be mentioned that the radial tunnel
syndrome is heavily disputed in the literature (KaLB
et al. 1999; RoSENBAUM 1999). Today there is some
evidence that misdiagnosis of radial nerve compres-
sion may have occurred in several cases, and even
postsurgical improvement of a patient’s symptoms
is not considered evidence of the true existence of
radial tunnel disease by some authors (ROSENBAUM
1999). Sonography may prove helpful in this regard
with direct demonstration of radial nerve compres-
sion and subsequent structural changes inside the
nerve bundle (BODNER et al. 2002; MARTINOLI et al.
2004). Other extrinsic compression syndromes of
the radial nerve may occur due to external forces or
coexisting pathology such as ganglia at the elbow or
musculoskeletal tumors.

4.4.5
Wartenberg Syndrome

Superficial radial nerve compression was first
described by WARTENBERG in 1932. He called this
isolated superficial radial neuropathy “cheiralgia
paresthetica”, describing nerve compression at the
area underneath the tendon of the brachioradialis
muscle. Various surgical procedures at the wrist, but
also tenovaginitis De Quervain and drug infusion
at the radial side of the wrist may cause this type of
neuropathy. Clinically patients present with dyses-
thesia and paresthesia over the area of the thumb,
without any motoric deficiency, frequently having a
major negative impact on quality of life, especially
when the dominant hand is affected (LANZETTA and
FOUCHER 1995; Z6cH and AIGNER 1997).

The superficial branch runs across the supinator
muscle and reaches the skin passing through the
antebrachial fascia reaching the skin at the area of
the wrist. The nerve supplies the skin of the first,
second and radial half of the third finger.

The nerve is at risk especially in surgical proce-
dures and intravenous infusion placed on the radial
side. A typical clinical sign is sensory disturbance
in the region of the thumb; there is no motoric defi-
ciency.

4.4.6
Clinical Considerations

The clinical work-up of a patient with radial nerve
palsy includes a detailed physical and neurologi-
cal examination. As a general guideline sensory
and motor radial deficiency relates to a proximal
(axillary) compression. Motor radial deficiency,
sparing the triceps muscle, appears in compression
syndromes at the spiral groove. Weakness of finger
extension, sparing the extensor carpi radialis, sup-
ports the presence of a compression syndrome of the
deep branch of the radial nerve.
Electroneurographic examination is currently the
method of choice to indicate the level of nerve com-
pression and to assess functional nerve recovery. In
most cases of radial nerve palsy, conduction studies
show activity and therefore integrity of the nerve.
Follow-up EMG can assess the amount of recovery.
Nerve conduction tests, however, are unable to dif-
ferentiate the cause of nerve compression, for exam-
ple if the nerve is dissected in traumatic lesions,
impinged or severely encased by callus. In these
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cases no, or only minimal, neurological activity can
be measured. It is important, however, to diagnose
the cause of the nerve compression at an early stage,
as irreversible degeneration of the motor end plate
of the muscle may occur after 6-12 months. Accord-
ing to the literature, a nerve without signs of recov-
ery should undergo surgical inspection. The lack
of information from electroneurographic testing
regarding integrity of the nerve calls for a noninva-
sive method such as sonography to accurately visu-
alize the nerve itself.

The radial tunnel syndrome is characterized by
painandtendernessintheregion of theradial tunnel,
with an increase in pain during certain maneuvers,
such as resisted extension of the middle finger or
resisted supination with extension of the elbow.
These maneuvers contract the extensor carpi radia-
lis and/or supinator muscle with possible impinge-
ment of the radial nerve. Patients with radial tunnel
syndrome differ clinically from patients with true
compression neuropathies in so far as they do not
show any prominent focal tenderness, any neuro-
logical deficit or pathological findings during elec-
trodiagnostic testing (ROSENBAUM 1999).

The posterior interosseous nerve syndrome, or
“true neurogenic radial tunnel syndrome” (ROSEN-
BAUM 1999), manifests with muscle weakness typi-
cally sparing the extensor carpi radialis (no wrist
drop!), but during wrist extension the hand may
deviate radially because of weakness of the extensor
carpi ulnaris. There is impairment of finger exten-
sion at the metacarpophalangeal joints, as well as
reduced function of the abductor pollicis longus,
and extensor pollicis longus and brevis muscle.
This clinical syndrome may be caused by a variety
of structures compressing the nerve along the radial
tunnel and compression at the arcade of Frohse is
most common. As stated above purely sensory defi-
cit at the dorsolateral hand without motoric defici-
ency is typical for Wartenberg syndrome (Fig. 4.7).

4.4.7
Sonography

Using a 5- to 17-MHz broad-band linear array the
radial nerve is easily detected in a transverse scan
at the lateral aspect of the mid-humerus, and can
be followed upward or downward from this level
(FoxaLL et al. 2007; BopDNER et al. 2002; MAR-
TINOLI et al. 2004; RossEY-MAREC 2004). In addi-
tion color Doppler sonography allows visualization

of the accompanying deep brachial artery, which
may serve as a guideline for identification of the
nerve. The nerve consists of between four and eight
hypoechoic tubular structures (fascicle groups) sur-
rounded by an echoic rim. The nerve’s normal trans-
verse diameter ranges from 4.0 to 4.2 mm and the
normal anteroposterior diameter ranges from 2.3
to 3.5 mm. The nerve changes its form from a more
rounded shape at the proximal part to oval at the
central part and rounded again at the distal part
of the humerus. At the level of the lateral condyle
between the brachioradialis and brachialis muscle,
the nerve splits into two branches, the deep and
superficial branches, which may also be assessed
with sonography (BODNER et al. 2002; CHIEN et al.
2003; NakaMIcHI and TACHIBANA 2007).

As with any injured peripheral nerve, the radial
nerve also shows swelling proximal to the damaged
segment. On sonography the damaged nerve appears
hypoechoic with loss of its regular dotted pattern. In
cases of “Saturday night” palsy sonography shows
spindle-like swelling at the area of compression
(Fig. 4.8). The impingement of the deep branch of
the radial nerve at the level of the supinator muscle
can be detected with sonography. In our own case
series of four patients with a supinator syndrome,
sonography enabled clear visualization of an edem-
atous nerve with a caliber change proximal to the
supinator muscle in all cases. The echotexture of the
affected nerve was hypoechoic and rich vascularity
was seen at the superficial epineurium (Fig. 4.9a-c).

Fig. 4.8. Saturday night palsy. Longitudinal 15-MHz scan
along the radial nerve at the spiral groove shows a spindle-
like swelling of the radial nerve (arrows). Caliber measure-
ments show normal nerve caliber. H, humerus
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High frequency probes working with 15-17 MHz
allow visualization of the superficial radial branch
in its entire length and therefore also assessment
of minute pathological changes within the affected
nerve or assessment of any extrinsic or intrinsic
causative compressing elements such as ganglia,
thrombophlebitis or i.v.-related nerve damage.

4.4.8
Therapy

In cases with proven radial nerve compression
inside the radial tunnel surgical decompression is
advocated (RiTTs et al. 1987). While the normal
patient work-up implies clinical and electrodiag-
nostic follow-up examinations for at least 6 weeks
and surgery if no improvement of deficits is achieved
under conservative management, this rationale may
change with the introduction of sonography. If an
underlyinganatomical and surgically treatable cause
for radial nerve paralysis is detected early surgery
may be advocated based on sonographic findings.

PRF 1500 Hz
Flu—Opt: HAUI

Fig. 4.9a-c. Longitudinal sonogram (a) in a patient with
clinical evidence of supinator syndrome shows a hypo-
echoic tubular structure (arrowheads) with reduction in
nerve diameter (arrow) at the entry point into the supina-
tor muscle (SM). BR, brachioradialis muscle; R, radial head.
Transverse sonogram (b) shows a hypoechoic structure cor-
responding to the deep radial nerve branch which is sur-
rounded by multiple vessels. Intraoperative nerve inspec-
tion (c) shows an edematous deep branch of the radial nerve
(arrow) at the level of the arcade of Frohse (arrows). Small
arrow, normal superficial branch of radial nerve; SM, supi-
nator muscle; BR, brachioradialis muscle

In patients suffering from Wartenberg syndrome
sonographic-guided injection of a minimal amount
of cortisone proves to be therapeutic. In cases of
nerve entrapment at the brachioradialis tendon sur-
gical tendon splitting is advocated (LANZETTA and
FOUCHER 1995).

Median Nerve Compression

The median nerve is formed by the fibers of the lat-
eral medial cords. At the upper arm the nerve runs
lateral to the brachial artery to the mid humerus,
then crosses over and reaches a more superficial
and medial anatomic position. At the upper arm no
defined areas of compression are known; however,
the nerve, because of its superficial course, is prone
to direct trauma.

Compression of the median nerve above the wrist
is rare, accounting for approximately 1% of com-
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pression syndromes in the upper limb (Nigst and
Dick 1979). Two distinct syndromes are known, i.e.
pronator syndrome and anterior interosseus nerve
syndrome.

By far the most common compression neuropathy
is found at the carpal tunnel. At this site the median
nerve travels through a narrow passage together
with the flexor tendons and is therefore subject to
entrapment if any coexisting condition results in a
further decrease in the space beneath the flexor reti-
naculum.

4.5.1
Compression Syndromes Above the Wrist

4.5.1.1
Pronator Syndrome

Pronator syndrome is a rare compression syn-
drome of the median nerve, first described in 1951
by SEYFFARTH. It affects the median nerve at the
cubital fossa mostly in men in their fifth decade.
The predilected space of compression is where the
median nerve pierces the two heads of the pronator
teres muscle and crosses under the deep and super-
ficial flexor tendons (Fig. 4.10).

The sites of compression include the lacertus
fibrosus, the Struthers ligament, the pronator teres
and the proximal arch or the flexor digitorum super-
ficialis.

A variety of anatomical abnormalities and func-
tional etiologies have been named to cause this syn-
drome: Anatomical abnormalities include fibrous
bands, thickened lacertus fibrosus and accessory
muscles (JoHNSON et al. 1979; LACEY and SOLDATIS
1993). Functional or dynamic compression have been
described in repetitive supination or elbow exten-
sion, during this maneuver the nerve gets squashed
between the muscle bellies. Delayed diagnosis of
this syndrome is very common since clinical signs
are vague although, in contrast to the CTS, this syn-
drome involves the thenar muscles and the wrist and
flexor muscles. In addition the sensory impairment
also involves the dorsal and volar side of the hand.
Clinically patients complain of pain in the proximal
volar forearm and the distal arm; pain is often exac-
erbated with activity, especially against resistance.
Contrary to carpal tunnel syndrome nocturnal pain
is uncommon. Tinel’s sign along the median nerve at
the level of the pronator teres is frequently positive;
pain and musculo-neurological impairment can be

Fig. 4.10. Pronator teres syndrome. The
course of the median nerve (MN) run-
ning between the two heads of the pro-
nator teres muscle (PT) is shown

triggered by a stressing test, putting resistance to
forced supination.

Treatment is primarily conservative, including
avoidance of aggravating physical activity, and an
arm sling or splint is usually beneficial initially,
especially in those cases where only mild symptoms
are present. Cortisone injection is reported to be
beneficial. In severe cases, and in those where con-
servative or minimally invasive treatment fails, a
surgical approach is advocated. Surgical treatment
includes exploration of the median nerve in the
proximal forearm, with incision of the fibrotendi-
nous fascial layers.

Although sonography has the potential to assess
nerve changes and abnormal muscles in the elbow
area, only one report has been published in the lit-
erature so far (MARTINOLI et al. 2004). Flattening of
the median nerve between the pronator muscle area
suggests this mononeuropathy; comparison with
the contralateral side is mandatory.
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4.5.2
Anterior Interosseus Nerve Syndrome

The anterior interosseus syndrome was first
described by KiLon and NEVIN (1952). The ante-
rior interosseus nerve, a purely motoric branch,
divides from the median nerve at the cubital fossa,
and courses distally under the superficial flexor
digitorum muscle along the interosseus membrane
(Fig. 4.11), supplying the flexor pollicis longus and
the second flexor digitorum muscle. Clinically it
presents with loss of function of the distal phalanx
of the thumb and second flexor tendon, frequently
suggesting flexor tendon rupture. Sometimes
patients feel pain at the upper forearm. Typically
patients are not able to pinch between thumb and
index finger and characteristically there is no sen-
sory loss at the innervation area of the median
nerve. SPINNER (1970) first described the weak
pinch with this syndrome.

Fig.4.11. Anterior interosseus nerve.
The anterior interossseus nerve (AIN)
branches at the cubital fossa, running
distally, across the flexor digitorum
superficialis muscle (FDS) underneath
the pronator teres muscle (PT)

The nerve may by compressed by fibrous bands
from the pronator teres muscle (HAusMANN and
PATEL 1996). The etiology in most cases is unclear.
Different causes for nerve compression have been
described in cases of fracture, fascicular compres-
sion (HAUsSSMANN and PATEL 1996) or anomalous
muscles (Gantzer muscle = accessory head of the
flexor pollicis muscle) (DEGREEF and DE SMET
2004). Differential diagnosis of this type of syn-
drome is extremely important since the most com-
monly misdiagnosed problem is that of a tendon
rupture.

Electrophysiologic studies are much more useful
in anterior interosseous nerve syndrome than in the
pronator syndrome. Electromyography has a high
positive diagnostic rate in localizing the affected
muscles and therefore in confirming the diagnosis
of anterior interosseus syndrome.

Sonographic findings are limited to indirect
signs such as increase of muscle echogenicity due
to loss of innervation and loss of muscle volume of
the affected muscles. Sonography also shows lack of
active contraction of the affected muscle (HIDE et
al. 1999; MARTINOLI et al. 2004). According to our
experience in most of the cases the nerve does not
show any abnormalities on sonographic scans; the
value of sonography lies in the assessment of the
integrity of the nerve and exclusion of compressing
masses along the anterior interosseus nerve.

Treatmentis usually conservative; onlyin selected
cases, when re-innervation does not occur within
2-6 months, nerve exploration and tendon or band
release is advised (LuBAHN and CERMAK 1998).

4.5.3
Carpal Tunnel Syndrome

4.5.3.1
Epidemiology and Clinical Presentation

Compression ofthemedian nerveatthe carpaltunnel
due to a healed radial fracture was first described by
PAGET in 1854. MARIE and Foix (1913) were the first
to describe the median nerve compression beneath
the transverse carpal ligament. LEARMONTH (1933)
first performed carpal tunnel release to treat median
nerve compression.

Carpal tunnel syndrome (CTS) is the most
common entrapment syndrome of the upper
extremities with an estimated incidence in the gen-
eral community of 125 per 100,000 per year. Typi-
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cally, the dominant hand is affected first. The clini-
cal hallmark and usual presenting feature of CTS
is a pain syndrome called brachialgia paresthetica
nocturna (MUMENTHALER et al. 1998). Patients,
usually women in their fourth and fifth decade, are
awakened from sleep in the early morning hours
with pain radiating from the wrist proximally into
the forearm and arm, and report numbness and tin-
gling in the hand, stiffness of the fingers, and char-
acteristic swelling sensations. All complaints rap-
idly resolve after repeated hand movements such as
shaking. Episodes of pain in the night may be exac-
erbated by prolonged strenuous manual work. In the
early stage no gross abnormalities can be observed
within the nerve. With more severe nerve compres-
sion the patient experiences permanent paresthesias
or sensory loss over the palmar thumb and digits
innervated by the median nerve (Fig. 4.12), and in
advanced disease weakness and wasting of part of
the thenar muscles. In this stage swelling and defor-
mation of the nerve is found, leading to sclerotic
and fibrotic changes. Significant vasomotor distur-
bances are comparatively rare. Sensory disturbance
usually appears before motoric deficiency since sen-
sory fibers are more pressure sensitive than motoric
fibers .According to Nora et al. (2005) paresthesia
is the most characteristic feature followed by pain
and cramps. Early diagnosis of CTS is essential to
avoid late sequelae such as permanent muscle waist-
ing and persistent pain, both of which can greatly
affect quality of life.

Fig.4.12. The sensory innervation at of the
median nerve at the volar and palmar aspect
at the right hand

4.5.3.2
Etiology

CTS arises from compression of the median nerve in
the canal formed by the transverse carpal ligament
and carpal bones (Fig.4.13). Under pathological
circumstances tissue pressure in the carpal tunnel
reaches 30 mmHg, i.e. four times the normal level
(SzaBo and CHIDGEY 1989). Chronic or recurrent
compression of the median nerve causes focal demy-
elination and eventually axon degeneration as the
pathological counterpart to the emerging clinical
deficits. Temporary ischemia due to compression of
the vasa nervorum accounts for the reversible pain
manifesting during the night. Factors contributing
to the development of CTS are numerous and often
coexist in individuals: (1) congenital smallness of
the tunnel or anatomical peculiarities (persistent
medianartery,abnormal course orinsertion offinger
flexor and palmaris muscles); (2) susceptibility of the
nerve to pressure (diabetic or other neuropathies,
etc.); (3) systemic and endocrine disorders (preg-
nancy, hypothyroidism, acromegaly, amyloidosis,
etc.), and (4) reduced space in the carpal tunnel due
to space-occupying lesions (osteophytes, exostosis,
ganglia, hematoma, tenosynovitis, articular defor-
mities in rheumatoid arthritis, etc.) (ROSENBAUM
and OcHoa 1993). The application of sonography
has expanded our knowledge of the diversity of the
pathological conditions underlying CTS (BEEKMAN
and VIsseR 2003; TAGLIAFICO et al. 2007).
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4.5.3.3
Diagnosis

In most instances, the diagnosis of CTS is reli-
ably settled by an experienced clinician based on a
review of the patient’s history and complaints and
a careful neurological examination. Clinical assess-
ment should include Phalen’s maneuver (emergence
of paresthesias in the median territory elicited by
maximal passive wrist flexion for 1 min or more
(KuscHNER et al. 1992; PHALEN 1966) and testing
for Tinel’s sign (paresthesias provoked by tapping
with the finger over the carpal tunnel).

Recent reports suggest that sonography should be
performed as a first-line investigation after clinical
examinations since the diagnostic value of sono-
graphic findings are better then physical maneuvers
(Z1swILER et al. 2005). Other authors have shown
that sonography has similar diagnostic values com-
pared to electrodiagnostic studies (ALTINOK et al.
2004; WoNG et al. 2004; VissER et al. 2008). Only one
report found sonography not be accurate enough
to replace electroneurographic testing (Kwon et al.
2008).

Electrodiagnostic testing is only recommended
when median nerve compression causes significant
discomfort or sustained sensorimotor deficits. An
electrophysiological work-up is particularly useful
to assess the damage to the median nerve (demy-
elination versus axon loss) relevant to therapeutic
decisions, to rule out differential diagnoses or coex-
istent disease and to confirm the presence of CTS in
the event of atypical complaints, pure motor deficits
and prominent neuropathy.

Fig.4.13. The proximal carpal tunnel. The
carpal tunnel on the lateral sides is formed by
the pisiforme (P) and the scaphoid (S) bones.
The flexor retinaculum (FR) forms the roof.
The carpal tunnel contains nine flexor ten-
dons and the median nerve

4.5.3.4
Sonography

The value of sonography for the detection of median
nerve entrapment inside the carpal tunnel has
been recognized since 1991 when the first system-
atic approach to the sonographic diagnosis of CTS
was reported based on data derived at our institu-
tion (BUCHBERGER et al. 1991). Since then several
reports in the literature have focused on the value
of different sonographic criteria for CTS diagnosis
(DuNcAN et al. 1999; LEE et al. 1999; NAKAMICHI
and TACHIBANA 2007; SARRIA et al. 2000; DILLEY et
al. 2001; JAMADAR et al. 2001). All of these studies
focused mainly on three sonographic techniques:
measurement of median nerve diameter or cross-
sectional area at distinct locations along the carpal
tunnel, structural analysis of the median nerve and
bowing of the flexor retinaculum. If these reports are
compared, one of the reliable findings for the diag-
nosis of CTS found by different authors is enlarge-
ment of the median nerve at the proximal level of
the carpal tunnel (Fig. 4.14).

Enlargement of a nerve seems to be a common
pathophysiological pathway to peripheral nerve
damage and relates to vascular congestion and
edema. While there is now general agreement that
enlargement of the median nerve is a sign of CTS,
there is some disagreement as to the amount of
enlargement considered to be pathological. In the
study by BUCHBERGER et al. (1991, 1992) a cross-
sectional area of the median nerve of 10 mm? mea-
sured in the proximal or middle carpal tunnel coin-
cided with CTS. This was confirmed in a study by
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Fig. 4.14a,b. Transverse sonograms through the median nerve in a patient with CTS acquired at the proximal (a) and distal
(b) carpal tunnel. Marked swelling of the median nerve (arrowheads) is noted in the proximal carpal tunnel with loss of
fascicular discrimination, whereas the nerve is somewhat flattened in the distal carpal tunnel

NAkKAMICHI and TACHIBANA (2007), while in an
EMG controlled study by LEE et al. (1999) a cut-off
value of 15 mm? was considered to be pathologi-
cal in patients with severe nerve damage. ALTINOK
(2004) reported a higher sensitivity of sonographic
assessment of moderate versus mild CTS, suggesting
a cross sectional area of >9 mm? as a cut-off value.
KoyuncuoGLu et al. (2005) reported a cross sec-
tional area of 8.8 mm? to be diagnostic in patients
with positive clinical findings but negative electro-
diagnostic testing.

A further sonographic sign for CTS, which
relates to median nerve enlargement and has been
confirmed by various studies, is palmar bowing
and thickening of the flexor retinaculum (Fig. 4.15).
A reliable documentation of this finding, however,
will only be achieved with the application of high-
frequency sonographic transducers, which allow
exact discrimination of the retinaculum flexorum.
A cut-off value of >4 mm between the most anterior
part of the carpal ligament and the base line between
the hamatum and trapezium has been reported to be
significant for CTS (BUCHBERGER et al. 1991).

In addition to median nerve enlargement, a
distal flattening ratio above 3 has been defined as a
cut-off value above which CTS has to be suspected
(BUCHBERGER et al. 1991, 1992). Patients with CTS
included in their study had a mean distal flattening
ratio of 4.6, whereas normal healthy subjects had
a ratio of only 3.2. While the value of sonographic
measurement of median nerve enlargement for
CTS diagnosis was confirmed by other authors,
the increased median nerve flattening ratio at the
hook of the hamate was not confirmed in later

Fig. 4.15. Transverse sonogram through the carpal tunnel in
a patient with CTS. Note the thickening and palmar bowing
of the flexor retinaculum (arrowheads) and median nerve
(arrows) with somewhat reduced fascicular discrimination

studies to be suggestive of CTS (NAKAMICHI and
TACHIBANA 2007; SARRIA et al. 2000). Nevertheless,
several reports agree on the finding of median nerve
flattening in the distal carpal tunnel, or abrupt con-
tour changes seen in patients with CTS (LEE et al.
1999; NakamicHI and TAcHIBANA 2007). Based
on our own experience with sonography in a large
series of CTS patients, we are cautious with the inter-
pretation of median nerve caliber changes. A con-
siderable amount of distal median nerve flattening
occurs in healthy asymptomatic volunteers. From a
technical point of view this median nerve flattening
is best demonstrated with longitudinal panoramic
sonograms (Fig. 4.16).

Similar results are known from the MRI litera-
ture, where the value of median nerve flattening in




88

G. Bodner

CTS diagnosis is disputed (KLEINDIENST et al. 1998;
MONAGLE et al. 1999). Nevertheless an abrupt cali-
ber change of the enlarged median nerve (a notch
sign) at the entrance of the carpal tunnel showed a
good correlation with EMG results in the study by
LEE et al. (1999) (Fig. 4.17). In some cases the nerve
swelling can also be seen at the distal side of the
compression (Fig. 4.18a,b). We recently encountered
CTS with isolated distal nerve swelling (Fig. 4.19).

An important sonographic technique for CTS
diagnosis, which we consider even more reliable, is
the evaluation of changes in median nerve echotex-
ture. Several studies have shown a loss of fascicu-
lar discrimination in the enlarged median nerve
(LEE et al. 1999; NakaMIcHI and TACHIBANA 2007;
MARTINOLI et al. 2000; MALLOUHI et al. 2006)
together with marginal effacement from edema
(Fig. 4.20a,b).

With the advent of high-frequency transducers
(up to 15 MHz) and more sensitive Doppler software
in the early 2000s the detection of nerve vasculature
has become feasible and, according to MARTINOLI et
al. (2000) and MALLoUHI et al. (2006), an increase in
internal and perineural vascularization may further
aid patients with neuropathy caused by median nerve
compression (Fig. 4.21a,b). However, further recent
development of ultrasound equipment with higher
frequency probes (up to 17 MHz) allows the visual-
ization of small vessels in asymptomatic volunteers;
therefore, sonographic detection of increased nerve
blood flow should be judged cautiously and not used
as a singular positive finding for CTS. Detection of
vessels within the median nerve should not be mis-
taken for a persistent median artery (PMA). A PMA
with various combinations of median nerve shape is
aspecial condition known at the carpal tunnel which
can only be assessed with color Doppler sonography.
The median artery provides blood supply to the fore-
arm and the hand during embryonic development.

Fig.4.16. Longitudinal extended view using
a 17-MHz probe along the carpal tunnel in a
volunteer without any clinical signs of CTS.
A flattening of the median nerve (arrowhead)
is seen at the proximal part of the flexor reti-
naculum with normal nerve caliber (arrow-
heads) proximal to the flexor retinaculum
(PROX) and smaller caliber size distally to
the flexor retinaculum (DIST). FT, flexor ten-
dons

Fig. 4.17. Longitudinal sonogram through the median nerve
(arrowheads) in a patient with CTS reveals abrupt narrowing
(arrow) of the median nerve at its entrance into the carpal
tunnel

As the radial and ulnar arteries develop, the median
artery atrophies to a small vessel accompanying the
median nerve in the forearm. When extending into
the carpal tunnel, a PMA may join the superficial
volar arch, supply the radial digits with an absent
arch, or end as a thrombosed thread. An enlarged,
thrombosed or calcified PMA and a PMA aneu-
rysm in the carpal tunnel were considered causes
of CTS (EVERSMANN 1988). In addition, a vascular
anomaly inside the carpal tunnel may be of impor-
tance in the case of carpal tunnel release, as an
inadvertent transection of the vessel may result in
severe bleeding. Furthermore, surgical transection
of the median artery is not feasible without previ-
ous knowledge concerning the contribution of the
vessel to the supply of the hand. According to the
literature a PMA is found in 26% of asymptomatic
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Fig. 4.18a,b. Idiopathic carpal tunnel syn-
drome. a Longitudinal extended view using
a 17-MHz probe along the carpal tunnel in
a patient with idiopathic CTS. A marked
caliber change noted at the median nerve
(arrowhead) is seen at the proximal part of
the flexor retinaculum with marked nerve
swelling (arrowheads) proximal to the flexor
retinaculum and mild nerve swelling distally
of the flexor retinaculum. b Corresponding
schematic drawing demonstrates the “notch
sign” (large arrow) with marked proximal
nerve swelling and distal mild nerve swell-
ing (small arrow). The nerve flattening is
most prominent at the proximal flexor reti-
naculum. FT, flexor tendons, M, metacarpal
bone; C, capitate bone; L, lunate bone; R,
radial bone

Fig. 4.19. Longitudinal extended view of the carpal tunnel
in a patient with idiopathic CTS. Clinically the patient com-
plaint of pain along the 3™ and 4™ fingers, sparing the 2"¢
and first fingers. Marked nerve swelling (arrowheads) was
found distally to the flexor retinaculum (white arrow), the
nerve shows a normal caliber proximally to the flexor reti-
naculum (small arrows). Findings were confirmed by surgi-
cal nerve inspection

0.23cm
0.45¢cm
1.12cm

0.08cm*

Fig.4.20. a Transverse sonogram in a patient with idiopathic CTS showing enlargement of the median nerve with a cross
sectional area of 5 mm? (dotted line) and loss of fascicular discrimination and reduced echogenicity. b In comparison trans-
verse sonogram of a normal median nerve in a healthy volunteers demonstrates the typical dotted pattern, resembling the
nerve fascicles (cross-sectional diameter is 0.8 mm?)
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Fig. 4.21. a Transverse sonogram in a patient with idiopathic CTS using a 15-MHz transducer. Color Doppler image dem-
onstrates multiple color signals within the median nerve (arrowheads) and within the perineural space (arrows). b Intra-
operative findings demonstrate multiple vessels within the median nerve at the compression area and (arrowhead) within
the perineural sheet. Note the proximal and distal nerve swelling (arrows)

volunteers and normally accompanied by variations

in median nerve branching (high division or bifid

median nerve) (GASSNER et al. 2002) (Fig. 4.22a,b).

In a small series of patients with clinical evidence

of CTS, this anomaly was detected sonographically

and postoperative patient outcome after carpal

tunnel release was excellent (GASSNER et al. 2002).

In one of those cases we found a hypertrophic PMA

with a diameter of 3 mm, with associated findings

of a hypoplastic radial artery (Fig. 4.23). Dynamic
sonographic imaging in a transverse and longitudi-
nal plane during repetitive flexion and extension of
the wrist and fingers enables assessment of trans-
verse nerve gliding which has been reported to be
reduced in patients with CTS. Dynamic sonography
can also identify fluid collections within the tendon
sheets and accessory muscle bellies; these muscles
can originate from the flexor digitorum muscle or
they exist as true accessory muscle (Fig. 4.24a-d).

In summary, the sonographic diagnosis of CTS
may be achieved based on the following signs (in
order of reliability):

® Enlargement of the median nerve at the proximal
carpal tunnel with an increased cross-sectional
area over 12 mm?.

@ Changes in median nerve echotexture consistent
with edema, i.e. loss of fascicular discrimina-
tion with more or less homogeneous hypoechoic
appearance, and indistinct outer margins.

® Abrupt caliber change (notch sign) at the proxi-
mal margin of the flexor retinaculum.

® Detection of a large PMA or increased intraneu-
ral and perineural vascularity.

® Dynamic scanning for detection of additional
fluid or accessory muscle bellies

Depending on the diagnostic possibilities avail-
able at a given institution the work-up of a patient
with CTS may vary. Conventionally, after obtain-
ing a patient’s history and physical examination,
an electrodiagnostic study is ordered for evalua-
tion of the median nerve. However, as stated above,
we propose a different algorithm, which favors the
performance of a sonographic examination early
in the work-up (Fig. 4.25) (ZISWILER et al. 2005;
ALTINOK et al. 2004; WoNG et al. 2004; VISSER et
al. 2008).

Sonography is able to reliably diagnose idiopathic
CTSin a high percentage of patients and rule out sec-
ondary CTS due to abnormalities inside the carpal
tunnel such as flexor tendon synovitis, tumors or
ganglia. If no abnormalities are found within the
carpal tunnel, sonographic nerve inspection should
be extended proximally upwards to the brachial
plexus to exclude other rare and unusual abnormali-
ties (Fig. 4.26a,b).

Accordingto thisalgorithm two distinct scenarios
may result after taking a patient’s history and carry-
ing out a neurological examination: (1) clear signs
and symptoms of CTS, and (2) indistinct findings. In
the first scenario sonography should be performed
to rule out secondary CTS and to define the severity
of the disease. Either conservative management or
surgery may be instituted based on the sonographic
findings. In the case of surgery for idiopathic CTS an
electrodiagnostic study should be performed as this
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Fig.4.22. aTransverse sonogram using a 15-MHz
transducer in a healthy volunteer with a bifid median
nerve and a persistent median artery. Sonographic
image shows two distinct fascicular groups (dotted
lines) divided by a persistent median artery (large
arrow), accompanied by two veins (small arrows).
b Corresponding schematic drawing reveals a persis-
tent median artery with two veins and with two distinct
fascicle nerve groups surrounded by the nerve sheet
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Fig. 4.23. Carpal tunnel syndrome caused by a hypertrophic
persistent median artery. Transverse 15-MHz sonography
with color Doppler demonstrates a hypertrophic persistent
median artery adjacent to the median nerve; the nerve shows
loss of fascicular discrimination. Careful surgical flexor reti-
naculum release was successful

may be the best way to check for functional recov-
ery during follow-up examinations, besides clinical
improvement. In the second scenario again sonog-
raphy may be the first diagnostic study to be carried
out. In patients with a normal sonogram or incon-
clusive sonographic findings an electrodiagnostic
study should be performed to exclude an intrinsic
pathology of the median nerve.

4.5.3.5
Therapy

The mainstays of treatment are the avoidance of
wrist overuse, withdrawal of provoking factors,
placement of neutral wrist splints during sleep,
local corticosteroid injections adjacent to the carpal
tunnel (GREEN 1984) and - if nonsurgical interven-
tions fail or neurological deficits emerge - surgical
sectioning of the volar carpal ligament. Pain and
paresthesias bring most patients to medical atten-
tion before irreversible axonal loss has developed.
Accordingly, overall prognosis of CTS is good to
excellent in up to 80%-90% of patients given ade-
quate management.
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Fig. 4.24a-d. Carpal tunnel syndrome caused by an accessory muscle belly. a Transverse 17-MHz sonogram at the level of
the pisiforme bone (P) in a flexed finger position shows a volar position of the median nerve (arrowhead) surrounded by
the flexor tendons (FT). Small arrows demonstrate the crossing of the flexor retinaculum (FR) from the pisiforme bone to
the scaphoid bone. b After extension of the fingers a hypoechoic, well defined muscle belly (large arrows) appears adjacent
to the median nerve displacing the nerve to the volar side while part of the flexor tendons are displaced radially. ¢ Corre-
sponding schematic drawing of the carpal tunnel in a transverse plane shows the muscle belly (MB) entering the carpal
tunnel beneath the flexor retinaculum and displacing the median nerve (MN) sideways. d Schematic drawing of the carpal
tunnel in a longitudinal plane demonstrates the extension of the accessory muscle belly beneath the flexor retinaculum
displacing the median nerve volarly

Patient symptoms

‘ History / Clinical (neurology) exam ‘

Sonography

Y
Normal MN

Abnormal MN
\ 4
Normal CT Abnormal CT Abnormal CT Normal CT

(synovitis, ganglion, etc.) (synovitis, ganglion, etc.)
v v v
l Electrodiagnosis ! lTreat underlying disease| 1Treat underlying disease| ‘ Conservative treatment l l Surgical treatment ‘
\ 4 4
‘ Clinical follow-up ! l Electrodiagnosis ‘

Fig. 4.25. Algorithm for diagnostic work-up of patients with suspected CTS
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Nervus medianus

Fig. 4.26a,b. Median neuropathy with negative sonographic findings in the carpal tunnel. The patient had flu-like symp-
toms with fever and myalgia. After 2 weeks she developed severe pain and paresthesia in her right lower forearm and
hand. a Transverse 17-MHz sonographic image at the proximal forearm showing enlarged median nerve (dotted line) with
a cross-sectional diameter of 0.16 cm? and thickened fascicles. b The contralateral unaffected side shows a cross-sectional
diameter of 0.11 cm?. The affected nerve also showed increased Doppler signals (not shown). The patient showed a slow

recovery after 6 months

Ulnar Nerve Compression

Ulnar nerve entrapment occurs at two distinct sites:
at the elbow where the nerves courses around the
medial humeral epicondyle (within or associated
with the so-called cubital tunnel) and at the wrist
(in Guyon’s canal). Other rather rare compression
areas are the arcade of Struthers and where the nerve
pierces the aponeurotic fascia of the pronator teres.
The cubital tunnel is the most frequent site of ulnar
nerve compression and, in relation to entrapment
neuropathies of other nerves, second in frequency
only to median nerve compression in the carpal
tunnel. In contrast to this ulnar nerve entrapment
in Guyon’s canal is rare.

4.6.1
Cubital Tunnel Syndrome

The ulnar nerve arises from the medial cord of the
brachial plexus containing elements from C8 and T1.
At the upper arm the nerve runs distally adjacent to

the brachial artery and vein. At the upper third of
the arm, the ulnar nerve pierces the medial inter-
muscular septum entering the posterior compart-
ment of the arm lying anteriorly to the medial head
of the triceps. The medial intermuscular septum
extends from the coracobrachialis muscle to the
medial humeral epicondyle. The nerve then reaches
the arcade of Struthers, which is a potential area
of rare nerve compression. The arcade of Struthers
is formed by the attachments of the internal bra-
chial ligament, the fascia and superficial muscular
fibers of the medial head of the triceps, and the
medial intermuscular septum. The arcade is found
approximately 6-8 cm above the medial epicon-
dyle; it should not be confused with the ligament
of Struthers which also can cause median nerve
entrapment.

Cubital tunnel syndrome was first described by
FEINDEL and STRATFORD (1958). The cubital tunnel
is an osteofibrous tunnel at the medial side of the
elbow. Its roof is formed by a fibrous band called
the cubital tunnel retinaculum (also called the
Osborne fascia), which traverses from the medial
epicondyle to the tip of the olecranon. In this region
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the ulnar nerve, in its course from the medial
aspect of the upper arm to the palmar aspect of
the forearm, bends around the medial epicondyle
in direct contact with the bone (condylar groove).
When entering the cubital tunnel, the ulnar nerve
gives off a branch to the elbow joint (Fig. 4.27). The
nerve then runs between the ulnar and humeral
head of the flexor carpi ulnaris muscle. The two
muscle bellies are connected by an extension of the
cubital tunnel retinaculum, the so-called arcuate
ligament (true cubital tunnel) (MAZUREK and SHIN
2001). A certain amount of motion with stretching
of the nerve and decrease of ulnar tunnel diameter
is an anatomical feature of this site, which occurs in
the normal, asymptomatic individual (BoZENTKA
1998). Certain additional conditions lead to
decompensation with development of neuropathy
(BozZENTKA 1998).

After exiting the cubital tunnel the ulnar nerve
pierces the flexor pronator aponeurosis, the fibrous
common origin of the flexor and pronator muscles.
This flexor-pronator aponeurosis is another area of
possible compression of the ulnar nerve.

The blood supply for the ulnar nerve is fed by
three arteries, the superior and inferior collateral
artery and the posterior ulnar recurrent artery. The
inferior ulnar collateral artery supplies the nerve at
the area of the medial epicondyle. Because of a lack
of anastomosis between the vessels, anterior trans-
position imposes the risk of poor blood supply to the
nerve.

4.6.1.1
Epidemiology and Clinical Presentation

Ulnar nerve compression at the elbow is the second
most common mononeuropathy of the upper
extremities, affecting more men then women (6:1).
As the initial clinical feature patients typically
note numbness in the 5" and medial half of the 4"
fingers, sometimes spreading to the medial hand
(Fig. 4.27). Typically sensory disturbances do not
extend much beyond the wrist. Pain and tenderness
occur at the medial epicondyle and radiate along
the ulnar forearm to the hand. Complaints may be
provoked or enhanced by trigger situations such

O
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Fig.4.27a,b. Ulnar nerve at the elbow and ulnar sensory innervation
at the hand. a Schematic drawing demonstrates the course of the ulnar
nerve (UN) around the medial epicondyle; at the area of the ulnar groove
the ulnar nerve gives an articular branch (AB) to the joint capsule. After
exiting the cubital tunnel the nerve runs medially to the pronator teres
muscle (PT), between the flexor carpi ulnaris (FCU) and flexor digitorum
profundus (FDP). b Sensory innervation of the ulnar nerve at the hand.
Schematic drawing outlines the innervated sensory area covered by the
sensory fibers of the ulnar nerve, including the
the 4'" finger and the skin area over the hypothenar

5t and the ulnar side of
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as resting of the elbow on a hard surface, applying
external pressure to the groove, maximal flexion of
the elbow or repetitive flexion and extension move-
ments.

In the common case of progressive nerve damage
weakness of ulnar innervated hand muscles
(Fig. 4.28) manifests and causes an abnormal pos-
ture of the hand (“ulnar clawing”) and significant
disability in the performance and fine control of
finger movements. Abduction of the little finger due
to paresis of the 4! interosseus muscle is recognized
asthe Wartenberg’ssign (MUMENTHALER etal. 1998).
Forearm flexors (flexor carpi ulnaris and digitorum
profundus muscles) are less prominently involved
or exceptionally even spared. Muscle wasting is best
seen at the first interosseus space and hypothenar
eminence. In some patients motor deficits develop
insidiously without sensory symptoms.

Fig.4.28. Motoric innervation by the ulnar nerve within
the hand. The course of the ulnar nerve (UN) running
through the Guyon tunnel, adjacent to the ulnar artery, is
shown. The roof of the Guyon tunnel is covered by the carpal
palmar ligament. The ulnar nerve then gives branches to
the hypothenar muscles, the adductor pollicis muscle (AP),
the interosseus muscles (asterisks) and the lumbrical muscle
(not shown)

4.6.1.2
Etiology

On passing through the ulnar groove at the elbow the
nerve is susceptible to compression injury (MILLER
1991). The precise mechanisms of nerve damage and
the nature of the compressive pathology are highly
heterogeneous: (1) External compression is the most
common cause and derives from repeated or sus-
tained leaning on the elbow. It may cause substantial
(cumulative) nerve injury, particularly in the case of
a predisposing shallow condylar groove, subluxated
nerve or sustained pressure in coma or anaesthe-
tised patients (MILLER and Camp 1979). (2) Real
entrapment occurs in the ulnar sulcus if the nerve
is constricted by scare tissue, in the cubital tunnel
(“cubital tunnel syndrome”) (MILLER and HUMMEL
1980) where the ulnar nerve passes under the apo-
neurotic origin of the flexor carpi ulnaris muscle
(1-3 cm distal to the epicondylus) or in the flexor
pronator aponeurosis (more than 4 cm distal to the
epicondylus). (3) Tardy ulnar nerve palsy typically
develops years after fracture or luxation of the elbow
based on bone exostosis, cubitus varus or valgus
abnormalities. Other causative bone abnormalities
are advanced arthrosis, osteoarthritis or hyperosto-
sis in Paget’s disease, to name just a few. (4) Recur-
rent prominent luxation of the ulnar nerve over the
medial condyle can directly damage the nerve or
predispose it to repetitive trauma. (5) Soft tissue
masses in the condylar groove or cubital tunnel
such as organized haematoma, scarring, accessory
muscles (anconeus epitrochlearis) or intraneural
ganglia are further potential sources of ulnar nerve
compression (O’DriscoLL et al. 1992; PuiG et al.
1999). CoNTRERAS et al. (1998) found that women
have a greater amount of fat at the medial aspect of
the elbow, protecting the nerve from acute trauma;
furthermore, he found that the coronoid process in
men is much larger then in women, also increasing
the risk for ulnar nerve compression.

4.6.1.3
Diagnosis

The diagnosis of ulnar neuropathy is - in most cases
- reliably established by an experienced clinician
after reviewing the patient’s history (with emphasis
on trigger situations) and performing a thorough
neurological examination. A sensitive and highly
characteristic clinical test is the Froment’s maneu-
ver (Fig. 4.29). When attempting to pinch a piece
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Fig.4.29a,b. Froment’s maneuver. a In the case of ulnar
nerve palsy a typical flexed thumb posture emerges when
the patient attempts to pinch a piece of paper between the
thumb and index finger. b Maneuver in a normal subject

of paper between the thumb and index finger, the
patient primarily utilises the median innervated
long flexor of the thumb as compensation for the
ulnar hand weakness, and a typical flexed-thumb
posture emerges.

Other diagnoses mimicking ulnar neuropathy,
such as lower trunk or medial cord brachial plexus
palsy, combined C8 and Th1 radiculopathy or distal
ulnar nerve entrapment, can be differentiated based
on the pattern of sensory and motor deficits. Diag-
nostic work-up of patients with ulnar compression at
or adjacent to the elbow should include a palpation
examination of the ulnar nerve at the ulnar groove
for an abnormal thickening, tenderness, decreased
mobility or luxability. Further on, provocation tests
(maximal elbow flexion for the cubital tunnel syn-
drome and assessment of the Tinel’s sign), X-ray of
the elbow and sonography or magnetic resonance
imaging of the nerve and neighbouring tissues
should be performed.

Electrodiagnostic studies play a central role in
evaluating suspected ulnar nerve lesions. Standard
nerve conduction studies performed in a flexed
elbow position are sometimes sufficient for dem-
onstrating segmental slowing of sensory and motor
fibres (focal demyelination) across the elbow differ-
ence compared to forearm nerve conduction.

4.6.1.4
Therapy

Careful exploration for relevant trigger events and
behaviour causing external nerve compression are
crucial to successful therapy. In such cases strict
avoidance strategies are often sufficient for a rever-
sal of symptoms and prevention of progressive nerve
damage (DELLON et al. 1993).

Conservative treatment includes avoiding occu-
pationally-induced micro trauma, using cushions or
pads and strengthening of the extensor and flexor
muscles.

Steroid injection and oral anti-inflammatory
drugs are usually not useful.

Surgical treatment of cubital tunnel syndrome
either consists of complete decompression of the
nerve (releasing the nerve from compressive adhe-
sions and bands), decompression with epicondy-
lectomy or of decompression with transposition of
the nerve under the flexor muscle (ARLE and ZAGER
2000). A surgical procedure (release of the nerve at
the ulnar groove or cubital tunnel or submuscular
transposition of the nerve) is reserved for patients
with significant sensory-motor deficits or a severe
pain syndrome.

BARTELS et al. (1998) performed a review includ-
ing 3024 patients, concluding that simple decom-
pression resulted in the best outcome. Subcutaneous
and submuscular transposition had the worst out-
comes. For severe compression, anterior intramus-
cular transposition had the best outcome.

Recent articles by ZLowobpzki1 et al. (2007) and
GERvVASIO et al. (2005) show no difference in sur-
gical outcome between simple decompression and
anterior transposition of the ulnar nerve. Because
of the lesser complication rate and a simpler surgi-
cal approach simple decompression should be the
favoured surgical technique. Results are generally
satisfactory unless substantial damage has already
manifested prior to intervention.

4.6.1.5
Sonography

From a technical point of view sonography of the
cubital tunnel is best performed with a high resolu-
tion linear scan head of 12-17 MHz. A standoff pad
may also be used to improve image quality; this
allows better contact to the angulated course of the
elbow. There is standard documentation of findings
in transverse and longitudinal planes at the medial
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aspect of the upper arm, medial epicondyle and at
the forearm just distal to the cubital tunnel.

The best sonographic access to the ulnar nerve is
gained with the patient lying supine on the exami-
nation table, with the arm to be examined close to
the sonographer. We normally use an additional
small pillow to position the fully stretched arm in
about 45 degrees of abduction with forced supina-
tion (Fig. 4.30).

This maneuver results in a stable position, which
is easily held by the patient for longer times and
permits access to the ulnar nerve along its complete
course at the upper arm and forearm. Forced supi-
nation and external rotation of the outstretched arm
positions the nerve in an almost straight course from
above the elbow to the proximal forearm, which
facilitates the acquisition of longitudinal sonograms
inside the cubital tunnel. The latter is of consider-

able importance if panoramic images are taken, as
the sweep of the scan head along the nerve is much

Fig.4.30. Position of transducer for identification of the
ulnar nerve at the level of the upper arm. With position-
ing of the transducer posterior to the medial epicondyle, the
superficially coursing nerve is easily identified

Fig.4.31. Longitudinal panoramic
sonogram in a patient with cubital
tunnel syndrome. The ulnar nerve
(arrowheads) shows mildly edema-
tous, hypoechoic fascicles along its
course inside the sulcus, with a smooth
transition to a more normal appear-
ing echotexture at the level of the
upper arm (at the right hand margin
of image)

more easily accomplished with the nerve in an elon-
gated position (Fig. 4.31).

Tension on the nerve is minimal in this posi-
tion, as the outstretched arm limits tractional forces
(BozENTKA 1998), which is why we recommend this
position for the measurement of nerve diameters.
With elbow flexion the nerve gets flattened even in
healthy individuals, which must not be mistaken for
compression (OkaAMoTO et al. 2001). After documen-
tation of the nerve’s shape and echotexture in this
basic position, functional sonograms are acquired
with passive flexion and/or rotation of the elbow.
With these maneuvers we aim to detect reduced
longitudinal nerve motion or subluxation, as well as
changing nerve diameter in certain positions of the
elbow.

We usually start the examination by identify-
ing the ulnar nerve in a transverse plane at the
inner side of the upper arm, where it courses in a
superficial position alongside the dorsal margin of
the biceps muscle. From here we follow the nerve
down to the ulnar groove and onward to the proxi-
mal forearm. During this first sweep we record any
changes in nerve diameter, with standard measure-
ments acquired about 3 cm above and below, as well
as inside the cubital tunnel. While the nerve has a
more oval shape at the level of the upper arm and
forearm it typically appears to be round inside the
cubital tunnel. In a study by Caiou et al. (1998) on
ten healthy volunteers short and long axis diame-
ters of the ulnar nerve, as well as cross section areas,
were measured at the level of the epicondyle and
5 cm above and below the elbow. Measurements in
volunteers were as follow: mean values of the short
axis (cm) xlong axis (cm) at the arm, epicondyle, and
forearm levels were 0.057+/-0.01, 0.068+/-0.019 and
0.062+/-0.01 Their measurements show an increase
in cross-sectional area at the level of the epicondyle,
where the nerve has a more rounded shape. Similar
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measurements in healthy volunteers were reported
by CARTWRIGHT et al. (2007); he further described
that women have a slightly smaller nerve size then
men. JAcoB et al. (2004) found that the ulnar nerve
hasamean cross-sectional area at the elbow of 7.9+/-
3.1 mm?; he also found lower values in women com-
pared to men, especially in the age group between 40
and 60. In addition he found an ulnar nerve division
to be a normal variant

The sonographer has to be aware of this typical
increase in ulnar nerve size inside the cubital tunnel
and avoid mistaking it for cubital tunnel disease.
On the contrary, we believe this fact to represent a
reaction of the nerve to a normal amount of trac-
tion and stretching inside the narrow osteofibrous
canal, without any implication of disease. Changes
in nerve diameter have traditionally been used for
the diagnosis of carpal tunnel disease (BUCHBERGER
et al. 1991; LEE et al. 1999; MARTINOLI et al. 2000),
and the same has been advocated for the cubital
tunnel. In contrast to healthy asymptomatic sub-
jects, patients with cubital tunnel syndrome show an
enlarged ulnar nerve at the level of the epicondyle,
while measurements at the upper arm and forearm
do not differ significantly (CHIOU et al. 1998). CHIOU
(1998) described that an increase in cross-sectional
diameter >7.5 mm? is suggestive for ulnar neuropa-
thy whereas Jacos (2004) reported 7.9 mm? to be the
threshold for ulnar neuropathy. Increased cross-
sectional diameter in ulnar neuropathy has also
been reported by WIESLER et al. (2006) and YooN et
al. (2007). PARK et al. (2004) measured the length of
the swollen ulnar nerve and found that the longitu-
dinal nerve swelling in retrocondylar compression
syndrome is significantly longer than in the cubital
tunnel syndrome (2.58 cm versus 1.64 cm).

While the sonographic features of the ulnar
neuropathy are more easily seen in the transverse
plane with diminished fascicular discrimination
and indistinct outline of the nerve (Fig. 4.32), subse-
quently acquired longitudinal planes or panoramic
views are better suited for evaluation of abrupt
changes in nerve diameter at the level of compres-
sion (Fig. 4.33).

Color Doppler and/or power Doppler scans are
acquired in nerves with B-mode findings sugges-
tive for neuropathy. Increase of epi- and perineural
vessels may be detected representing a hypervascu-
lar inflammatory state. The investigator, however,
needs to be aware that, due to improvements in
software and ultrasound equipment, small vessels
are constantly found within and adjacent to normal

Fig.4.32. Transverse sonogram

nerves. Currently no published data are available to
support the positive value of color Doppler sonogra-
phy; however, according to our experience multiple
vessels within and around the nerve are a further
indication for ulnar neuropathy (Fig. 4.34). How-
ever, as previously mentioned, detection of a single
vessel inside the ulnar nerve, without any relevant
B-mode changes of the ulnar nerve, does not indi-
cate ulnar neuropathy.

There are essentially four different sites of poten-
tial ulnar nerve compression in the region of the
elbow. From proximal to distal they are: the medial
intermuscular septum, the retroepicondylar groove,
the humeroulnar arcade and the point of exit of the
nerve from the flexor carpi ulnaris.

Of these anatomic locations the ulnar groove
is the site most frequently responsible for entrap-
ment, while compression at the other sites is rare.
Pathological conditions such as arthrotic bone
spurs in the condylar groove, extrinsic or intrin-
sic ganglia (Fig. 4.35), heterotopic ossifications or
loose bodies, an accessory anconeus epitrochlearis
muscle (Fig. 4.36) or a hypertrophic crossing aber-
rant ulnar artery (Fig. 4.37) may promote develop-
ment of entrapment neuropathy (O’DrIscoLL et al.
1992; PuIG et al. 1999).

In contrast to the carpal tunnel retinaculum the
normal cubital tunnel retinaculum is only infre-
quently visualized with sonography. In cases of
cubital tunnel syndrome, however, a thickened reti-
naculum may occasionally be detected. In the case
of compression the ulnar nerve presents with abrupt
narrowing at the site of compression and marked
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Fig. 4.33. Longitudinal panoramic sono-
gram through ulnar nerve at the elbow
in a patient with cubital tunnel disease.
Marked swelling of the nerve on its course
through the cubital tunnel is seen (arrow-
heads) with normal caliber and echotex-
ture proximally and distally (arrows). ME,
medial epicondyle

Fig.4.34. Occupation-related cubital tunnel syndrome.
Transverse 15-MHz sonogram of the cubital tunnel in a
patient with marked sensory and motoric ulnar neuropathy
shows an enlarged ulnar nerve (arrows) with poor discrimi-
nation of the epineural boarders, lack of fascicular discrim-
ination. Color Doppler sonography demonstrates multiple
intra- and perineural Doppler signals. Surgical findings con-
firmed severe ulnar neuropathy

swelling with loss of fascicular texture proximal to
this level (Fig. 4.38a). Marked edema in the epineu-
rium and surrounding soft tissues are characteristic
findings (Fig. 4.38b).
In summary the typical features of cubital tunnel
syndrome are:
® Abrupt narrowing of the ulnar nerve at the site
of compression
® Swelling of the nerve above the level of compres-
sion
® Loss of fascicular texture
Indistinct outer surface of the nerve
® Edema in surrounding soft tissue

Fig.4.35. Cubital tunnel syndrome caused by a ganglion.
Longitudinal 17-MHz scan along the ulnar nerve demon-
strates a well defined anechoic mass (large arrows) displac-
ing and thinning out the ulnar nerve (small arrows). The
septated mass was arising from the joint (not shown)

Fig.4.36. Transverse sonogram at the medial side of the
elbow in a patient with a palpable mass and associated evi-
dence of ulnar nerve compression. A large accessory muscle
belly (arrows) overlying the ulnar nerve is demonstrated
consistent with anconeus epitrochlearis muscle. Note loss of
fascicular discrimination in the ulnar nerve with epineural
edema (arrowheads). ME, medial epicondyle
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Fig. 4.37. Cubital tunnel syndrome caused by a hypertro-
phic aberrant ulnar artery. Longitudinal 15-MHz sonogram
demonstrates an enlarged aberrant ulnar artery crossing
over the ulnar artery at the cubital tunnel. The ulnar nerve
did not show any caliber changes (arrows) but electroneu-
rographic testing was highly positive for ulnar neuropathy.
Surgical inspection confirmed the aberrant ulnar artery and
release of he ulnar ligament improved clinical signs

4.6.1.6
Snapping Ulnar Nerve

A special condition, which may be present in asymp-
tomatic individuals but also account for ulnar neu-
ropathy at the elbow is ulnar nerve dislocation.
The latter represents an abnormal movement of
the ulnar nerve out of the cubital tunnel and ante-
rior to the medial epicondyle during flexion of the
elbow (CHILDRESS 1975), which is caused by absence
of the cubital tunnel retinaculum. Neuropathy is
induced by abnormal friction and tear to the nerve
during recurrent dislocation. Ulnar nerve disloca-
tion shares a common clinical feature - a transient
snapping sensation during flexion of the elbow -
with snapping triceps syndrome, which represents
medial dislocation of the medial head of the triceps
muscle. Both syndromes may exist side by side or in
isolation. Because of the overlap in clinical findings
they are not easily distinguished during physical
examination (SPINNER and GOLDNER 1998). How-
ever, differentiation of the two entities is necessary
since the approach for surgical treatment will differ.
Dynamic sonography is helpful in this regard, as it
permits direct visualization of ulnar nerve and/or
triceps muscle dislocation during active flexion and
extension of the elbow (JaAcoBsoN et al. 2001; OKA-
MoToO et al. 2000). However, the diagnosis of ulnar

Fig.4.38a,b. Longitudinal (a) and transverse (b) sonograms
in a patient with cubital tunnel disease. Marked swelling of
the ulnar nerve above the level of compression (a, arrow-
heads) with return to normal size distal to the medial epi-
condyle (a, arrows). Loss of fascicular discrimination and
perineural edema is seen on the transverse scan (b, arrow-
heads). ME, medial epicondyle

nerve dislocation may be missed if excessive trans-
ducer pressure is applied, which can prevent the
nerve from dislocating. Sonography typically shows
abnormal movement of the nerve and/or muscle at
the level of the medial epicondyle (Fig. 4.39).

In addition, the characteristic snap may be felt
with the transducer. In symptomatic individuals
enlarged cross section of the nerve and edema are
signs of neuropathy, just as in the traditional cubital
tunnel syndrome (JACOBSON et al. 2001).

4.6.2
Guyon'’s Canal

Proximal to the wrist the ulnar nerve runs super-
ficial to the flexor retinaculum and lies under the
tendon of the flexor carpi ulnaris. The nerve turns
radially to the pisiform bone entering a fibrous
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Fig. 4.39. Series of transverse sonograms acquired during
flexion of the elbow (left to right extension to maximum
flexion). The ulnar nerve (arrow) dislocates ventrally to
the epicondyle during elbow flexion and is followed by the
medial head of the triceps muscle (arrowheads) later in the
movement. E, epicondyle

tunnel called Guyon’s canal. The roof of this canal
consists of the palmar carpal ligament and the pal-
maris brevis muscle; the floor is formed mostly by
the flexor retinaculum with contributions of the
flexor digitorum profundus, the piso-hamate and
piso-metacarpal ligaments and the opponens digiti
minimi. It is bordered by the pisiform the hook of
the hamate (MAZUREK and SHIN 2001). On its course
through the canal the ulnar nerve is accompanied by
the ulnar artery and vein. In the distal portion of the
tunnel the nerve bifurcates into a deep motor branch
and superficial sensory branch (Fig.4.28). Com-
pared with cubital tunnel syndrome, entrapment of
the ulnar nerve inside Guyon’s canal is rare.

4.6.2.1
Clinical Considerations

The ulnar nerve may be compressed anywhere along
its course through Guyon’s canal resulting in sen-
sory, motor or sensorimotor symptoms. According
to the level of compression three distinct neuro-
logical syndromes are discerned. More proximal

compression at the entrance of the nerve into the
canal results in weakness of intrinsic hand muscles
innervated by the ulnar nerve (all interossei, lumbri-
calis IT and IV, hypothenar muscles), plus a sensory
deficit in the hypothenar and ulnar half of the ring
finger, both on the palmar surface only. Compres-
sion along the deep branch results only in motor
deficits, whereas compression in the distal canal
results in sensory deficits only.

There is a variety of reasons for ulnar neuropa-
thy at the level of Guyon’s canal: reduction of the
canal’s diameter by space-occupying lesions such
as ganglia (SHEA and McCLAIN 1969), lipoma (Bul-
MANSFIELD etal. 2002), or pseudoaneurysms (LOREA
and ScHUIND 2000); posttraumatic nerve irritation,
for example by the hook of the hamate fractures or
Galeazzi fracture-dislocation (PEcCINA et al. 2001);
occupationally related external compression, vas-
cular disturbances and hypertrophy of the flexor
carpi ulnaris muscle or anomalous abductor digiti
minimi muscle (HARVIE et al. 2003) are further rea-
sons, among others.

A trial of conservative treatment is usually insti-
tuted in patients with neuropathy, which will take up
to 6 months to work. If no improvement is achieved
within this time the lesion should be treated surgi-
cally with decompression of the nerve.

4.6.2.2
Sonography

With the patient sitting the hand is positioned on
a pillow with the palm facing up; a standoff pad is
always used. After identification of the nerve at the
distal forearm in a transverse plane, it is followed
to the canal, where it is easily visualized and con-
sists of a tiny ovoid structure with a hyperechoic
epineurium and only two or three small fascicles.
With high-resolution equipment the bifurcation of
the nerve and its branches can be visualized and
followed to its distal branches. While the sensory
branch tends to follow the ulnar artery, the motor
branch runs more deeply. As already mentioned
above, ulnar neuropathy at Guyon’s canal is rare
and in many cases due to additional pathologies,
such as tiny ulnar artery aneurysms, ganglia related
to the pisotriquetral joint or malaligned fractures.
These space-occupying lesions are easily assessed
with sonography. In all of these situations the nerve
additionally shows the findings characteristic of
peripheral nerve compression mentioned above:
swelling, edema, etc. (Fig. 4.40).
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Fig.4.40. Transverse sonogram in a patient with numb-
ness and paresthesias in the fifth finger. Swelling of the
ulnar nerve (arrow) with loss of fascicular discrimination
is shown on its course through Guyon’s canal (arrowhead,
ulnar artery)

L3
L4

L5
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lliohypogastric Syndrome

Iliohypogastric syndrome is a rare syndrome pre-
senting with weakness of the abdominal muscle and
sensory disturbance at the gluteal and/or inguinal
area.

The iliohypogastric nerve arises from the ventral
fascicles of L1 and sometimes receives fibers from
L2. The nerve runs across the psoas muscle, then
along the posterior side of the abdominal wall and
motoric branches (Fig. 4.41a). One sensory branch
pierces and innervates the oblique muscles, one
branch innervates the skin over the gluteal area and
one branch innervates the skin in the area of the
symphysis and groin (Fig. 4.41b).

@r‘

b

Fig. 4.41a,b. Iliohypogastric nerve. a The course of the iliohypogastric nerve (IHGN) running
beneath the psoas muscle (PM) is shown. After piercing the aponeurotic fascia of the oblique
muscle (OM) the nerve runs between the oblique muscles to reach the iliac crest area. The nerve
gives a branch to the skin overlying the gluteal area and the area over the tensor fascia latae.
One branch runs along the inguinal canal towards the symphysis. L1-5, lumbar vertebrae. b The
sensory area covered by the sensory filaments of the iliohypogastric nerve is outlined
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4.7.1
Etiology

Particularly at the iliac crest, where the nerve
runs very superficially, the iliohypogastric nerve
is prone to trauma which can cause nerve injury.
Reports in the literature show that the nerve is at
risk from a variety of surgical procedures such as
hernia repair, bone grafting and even appendec-
tomy (STuLz and PFEIFFER 1982; STARK et al. 1999;
GRrosz 1981). Sports-related injuries such as direct
trauma or muscle tears of the lower abdominal mus-
cles may also cause traction or contusional injury
to the nerve. This syndrome may also be seen in
pregnancy, especially when the abdomen is rapidly
expanding during the final months (CARTER and
Racz 1994).

4,7.2
Clinical Signs

Clinical signs depend on the area of compression. If
motoric and sensory deficiency is present then the
compression is localized more proximally. Clinical
signs include burning and sharp pain over the glu-
teal area and/or within the groin. Loss of sensation
is usually absent or only minimal.

Gradual onset induces a bent-body posture in
order to prevent stretching of the nerve. If only sen-
sory deficiency exists then the compression is more
distal.

No reliable electrodiagnostic tests are currently
available to define the integrity of this nerve; there-
fore, accurate clinical investigation (look out for
previous surgery) is essential to diagnose this rare
compression syndrome.

Fig.4.42. Idiopathic iliohypogastric syn-
drome. Transverse 17-MHz sonogram across
the iliac crest (IC) in a patient with severe
pain at the right flank of 1 year’s standing.
At the level of the most acute pain a hypo-
echoic tubular structure can be appreciated
(arrows) riding over the edge of the iliac crest,
reaching towards the gluteal area. GM, glu-
teal muscle

4.7.3
Sonography

Sonography may be of potential aid to diagnose this
nerve palsy. We encountered three cases where a
thickened sensory branch was riding over the edge
of the iliac crest (Fig.4.42). Sonography-guided
injection of local anaesthetic proved to be very help-
ful in confirming the diagnosis.

4.7.4
Treatment

Conservative treatment includes anti-inflammatory
medication and physiotherapy to correct abnor-
mal body posture. If conservative treatment fails,
sonography-guided cortisone injection should be
performed next. Surgical treatment, as a last option,
includes nerve resection or neurolysis.

Meralgia Paresthetica

Meralgiaparestheticaisan uncommon,butnotrare,
painful condition mainly caused by the entrapment
of the lateral femoral cutaneous nerve(LECN) at the
site where the nerve pierces the inguinal ligament.
This syndrome was first described by Hager in 1885
(WiLsoN 1955), then reported more accurately by
BERNHARDT (1878, 1895). RoTH (1878) gave the syn-
drome its name, merging the Greek words “meros”,
for thigh, and “algos”, for pain, to meralgia. Men
are more affected then women; approximately
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three cases per 10,000 are to be expected. It occurs
mainly in the 4 to 6'" decade. Interestingly, Freud
and his son suffered from this syndrome (FREUD
1895).

The LFCN is a small, purely sensory nerve
that arises from the lumbar plexus. By crossing
underneath the psoas muscle and piercing the
inguinal canal in a sharp change of its course, the
nerve reaches the left thigh (Fig. 43a), innervat-
ing the skin of the lateral thigh, down to the knee
(Fig. 4.43b). According to the literature there is
a large variability regarding the area where the
nerve pierces the inguinal ligament, and this may
be of potential risk for iatrogenic injury during any
type of surgery in the groin (GROTHAUS et al. 1997;
MirovskY and NEUWIRTH 2000; YANG et al. 2005).
The nerve may also be compressed at the area
where it pierces the inguinal ligament. The area
where the nerve pierces the ligament can vary with
several reports showing a wide anatomic variation.
BUJRLIN et al. (2007) found the LFCN medially to

a b

the anterior superior iliac spine (ASIS) ranging
from 0.3 to 6.5 cm.

Various hypotheses have been postulated for the
cause of this condition. The nerve may be angu-
lated or compressed against a sharp edge of fascia as
it pierces the iliac fascia prior to exiting the pelvis
beneath the inguinal ligament. The nerve may be
subjected to friction where it is wedged between the
attachment of the inguinal ligament with the ASIS.
Tight clothing and obesity predispose to compres-
sion of the nerve at the inguinal ligament. Meralgia
paresthetica is more common in diabetics than in the
general population. Strenuous exercise may also trig-
ger the symptoms (KHo et al. 2005). Although rare,
impingement of the LFCN by masses (e.g. neoplasms,
contained iliopsoas haemorrhages) in the retroperi-
toneal space before it reaches the inguinal ligament
can cause the same symptoms. LFCN injury has been
reported in the surgical procedures such as iliac crest
bone grafting, inguinal lymph node dissection or
appendectomy (HARNEY and PATIJN 2007).

Fig. 4.43a,b. Femoral cutaneous lateral nerve. a The drawing demonstrates the formation of the femo-
ral lateral cutaneus nerve (FCLN) arising from the nerve fibers at the level L2-L3. The nerve runs
beneath the psoas muscle (PM), crosses the iliac muscle (IM) and pierces the inguinal ligament (IL),
and by changing its course by almost 90 degrees (large arrow) reaches the skin of the anterolateral
thigh. b The area covered by the sensory innervation of the FCLN extending to the anterior and lateral
thigh, reaching from the anterior superior iliac spine down the knee is shown
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4.8.1
Clinical Signs

Characteristic signs are burning sensation at the
anterior-lateral thigh. Patients also describe a tin-
gling sensation, coldness and local hair loss. In
severe cases the slightest touch of clothing triggers
the pain. Tinel sign over the iliac crest is frequently
positive.

Patients describe burning, coldness, lightning
pain, deep muscle ache, frank anesthesia or local
hair loss in the anterolateral thigh. The symptoms
can be minimal and/or severely limit the patients
in there daily life. Patients may first present with
hip, knee and calf pain as they try to modify their
activities to minimize the symptoms. Some patients
already undergo a large number of investigations
for presumed lumbar, hip or groin pain before final
diagnosis is made.

Electroneurographic testing has shown to be
inconclusive and the diagnosis of meralgia pares-
thetica has to be made mainly on clinical findings.
SEROR (1999) reported that sensory nerve conduc-
tion is a reliable method for meralgia paresthetica
electrodiagnosis.

Fig. 4.44. a Normal sonographic finding of a femoral cuta-
neus lateral nerve. Transverse 17-MHz scan at the right
groin area showing an oval-shaped tubular structure (white
arrows) just above the sartorius muscle. ASIS, anterior supe-
rior iliac spine; RFM, rectus femoris muscle. b Correspond-
ing schematic drawing reveals the FCLN just laying upon the
sartorius muscle (SM), close to the ASIS and immediately
beneath the inguinal ligament. ¢ Longitudinal 17-MHz scan
along the course of the nerve (small arrows) demonstrates a
small tubular structure showing a sharp angulation (large
arrow) at the area of the anterior superior iliac spine (ASIS).
At the area where the nerve bends and perforates the liga-
ment (large arrow) a physiological enlargement is frequently
seen; it should not be confused with a friction neuroma

4.8.2
Sonography

Recent reports show the feasibility of sonography to
visualize the LCFEN in patients with meralgia par-
esthetica (HURDLE et al. 2007; TUMBER et al. 2008).
The normal LCEN appears as a small hypoechoic
tubular structure in a transversal scan and as a
hypoechoic linear structure in a longitudinal plane
(Fig. 4.44a-c). Currently the strength of sonography
is less in diagnosing and visualizing nerve changes
than in assessing the course of the nerve and assist
in needle guidance for diagnostic and therapeutic
injection, considering the vast variability of the
nerve when passing the inguinal ligament. However,
we recently encountered a few cases were sonog-
raphy showed distinct changes along the affected
nerve (Fig.4.45).

Initial treatment is usually conservative, by advis-
ing the patient to wear looser clothing, avoid tight
belts or lose weight in the case of obesity. Medication
includes nonsteroidal antiinflammatory drugs.

Patients who fail to respond to conservative ther-
apy should be considered for sonography-guided
injection of local anesthetic and a small amount of

Sartorius muscle
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Fig. 4.45. Idiopathic meralgia paresthetica. Longitudinal
17-MHz sonographic image demonstrates an FCLN stretched
and thinned out over the anterior superior iliac spine (ASIS)
(large arrow). Nerve swelling (small arrows) is seen proxi-
mally and distally to the ASIS

cortisone. Surgical treatment should be reserved
for resistant cases and for those where sonogra-
phy clearly shows the course of the nerve being in
close relationship with the ASIS. Surgical therapy
includes nerve decompression, nerve transposition
and nerve dissection.

Saphenous Nerve Syndrome

The saphenus nerve, when passing through Hunter’s
canal (adductor canal) and when piercing the adduc-
tor fascia, is prone to compression and stretching
injuries causing knee pain and paresthesia along
the distribution of the affected dermatome. Espe-
cially the infrapatellar branches are frequently
injured during surgical procedures at the medial
knee area.

4.9.1
Anatomy

The saphenous nerve is the longest and the terminal
branch of the femoral nerve. It is a pure sensory
nerve that is made up of fibers from the L3 and L4
spinal segments.

The saphenous nerve branches from the femoral
nerve just distal to the inguinal ligament and runs

together with the superficial femoral vein and artery
within Hunter’s canal into the distal third of the
thigh. The canal is somewhat triangular in shape,
the walls formed by the vastus medialis muscle lat-
erally and the adductor magnus muscle medially,
covered by the vasto-adductoria membrane. The last
third segment of the nerve is covered by the sarto-
rius muscle. After piercing the sartorius muscle the
nerve becomes subcutaneous (HUNTER et al. 1979),
branching into the infrapatellar nerve and running
distally behind the medial border of the tibia accom-
paniedbythe greatsaphenousvein,andthendividing
into two branches: one continuing its course along
the margin of the tibia, and ending at the ankle; the
other passing in front of the ankle, and distributing
to the skin on the medial side of the foot, and finally
reaching the great toe (Fig. 4.46a,b).

4.9.1.1
Etiology

Due to its long course the nerve is prone to trau-
maticinjuries, including stretching injuries or direct
blow to the nerve, especially in contact and ball
sports (BaLaj1 and DEWEESE 1981; LippPITT 1993).
Dynamic forces of the muscle around Hunter’s canal
may contribute to nerve compression. Other causes
of entrapment include meniscus ganglion and vari-
cose vein surgery. Iatrogenic injuries following knee
surgery are frequent.

The infrapatellar nerve may also become
entrapped on its own. This is because it pierces the
sartorius muscle tendon. House and AHMED (1977)
described entrapment of the infrapatellar nerve
behind the sartorius tendon against the prominent
edge of the medial femoral condyle with a sharply
angulated course when passing around the sartorius
muscle.

Due to its horizontal course across the promi-
nence of the medial femoral epicondyle, the nerve
is susceptible to trauma or iatrogenic injury after
arthroscopy (PORTLAND et al. 2005; PAPASTERGIOU
et al. 2006). Because of the rather high incidence
of iatrogenic nerve injuries following arthros-
copy a horizontal surgical incision for harvesting
the tendon grafts is recommended. MocHIDA and
KixucHI (1995) revealed that 22.2% of patients had
sensory disturbances in the area where the infrapa-
tellar branch is distributed. MANDI and KALMAR
(1973) reported that of all arthroscopies performed
for suspected meniscal tear 4.2% actually had saphe-
nous nerve compression.
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Fig.4.46. a The anatomical course and relation-
ship between the saphenus nerve and the mus-
cles forming the Hunter’s canal; Vastus medialis
muscle (VM) at the lateral side, adductor muscle
(AM) at the medial side, covered by the vasto-
adductor membrane (VAM). The infrapatellar
nerves pierces the sartorius muscle (SM), inner-
vating the skin of the medial knee region. FA,
femoral artery. Superficial cutaneous branches
run distally on the medial side of the calf. b The
right lower leg showing the skin innervation by
the saphenus nerve, extending from the medial
knee area, anteriorly to the tibial shin, reaching
down to the medial malleolus and the medial site
of the great toe

4.9.1.2
Clinical Signs

Clinical symptoms include constant pain over the
medial knee region and paresthesia at the medial
calf and foot. Flexion of the knee usually aggravates
the symptoms. Deep palpation at the area of Hunter’s
canal may reinforce the pain. If only the infrapatel-
lar nerve is affected (usually after arthroscopy) the
patient can pinpoint the area of pain. Thinel’s sign
is strongly positive, while numbness in the medial
knee area is usually associated. ENG and EMG test-
ing are inconclusive, and should not be performed
if no muscular weakness is present.

4.9.2
Sonography

On sonography the saphenus nerve and its branches
appear as small tubular oval-shaped structures in
a transversal scan. Between three and five fascicles
can be depicted. It may take a few sweeps up and
down the medial knee region to recognize the nerve.
Longitudinal scan should be performed to document

VAM

the extent of the lesion. LUNDBLAD et al. (2006) suc-
cessfully detected the saphenus nerve in ten of ten
volunteers using a 10-MHz probe. High frequency
probes working up to 17 MHz should be used to
detect potential abnormalities within small nerves
such as the infrapatellar nerve. According to the
literature no cases of nerve palsy in Hunter’s canal or
iatrogenic nerve palsy after arthroscopy have been
described using sonography. However, in our expe-
rience small stump neuroma are frequently visu-
alized, appearing as a small hypoechoic round or
oval-shaped mass in continuity with a small nerve.
An infrapatellar nerve palsy caused by scar appears
as a hypoechoic, ill-defined lesion with oedematous
enlargement of the nerve compared to the contra-
lateral side (Fig. 4.47a,b).

4.9.2.1
Treatment

Conservative treatment of the entrapment in Hunt-
er’s canal is primarily advocated. Sonography-
guided injection of local anaesthetic and cortisone
may aide diagnosis and treatment of this rare neu-
ropathy. In cases of nerve dissection or scar forma-
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Fig.4.47a,b. Infrapatellar nerve injury following arthros-
copy. a Sonographic 17-MHz image over the medial knee
region shows an edematous infrapatellar nerve with hypo-
echoic scar formation and poorly recognized fascicles
(arrows). b Comparison with contralateral sonographic
image shows a normal infrapatellar nerve with its typical
oval shape appearance and tubular dotted pattern (arrows).
MC, medial condyle)

tion along the infrapatellar nerve repeated sonogra-
phy-guided injection of local anaesthetic, cortisone
or phenol may be advised. Neurolysis or nerve resec-
tion should be considered last.

Peroneal Nerve Compression

Peroneal nerve compression is the most frequent
mononeuropathy of the lower limb, affecting all
age groups. Depending on the site of nerve involve-
ment (common peroneal nerve, deep peroneal nerve
and superficial peroneal nerve) various syndromes
(peroneal tunnel syndrome, anterior tarsal tunnel
syndrome) of peroneal nerve compression may be
discerned. Foot drop is the most striking clinical
finding, followed by pain and sensory disturbances.
Direct trauma, ganglia, stretching injury, postsurgi-

cal sequelae or inflammatory disease may trigger
this nerve palsy (DALLARI et al. 2004; GRUBER et al.
2005; MALGHEM et al. 1998; McCRORY et al. 2002).
Acute or chronic compartment syndrome may also
cause peroneal palsy. Differential diagnosis includes
lumbar discopathy.

The peroneal nerve leaves the sciatic nerve in the
proximal portion of the popliteal fossa (Fig. 4.48a).
The nerve passes between the superficial head of
the peroneus longus muscle and the bony surface of
the fibular neck, referred to as the peroneal tunnel
(PECINA et al. 2001). Shortly after its course around
the fibular neck the nerve divides into a superficial
and a deep branch. The superficial peroneal nerve
runs between the peroneus longus muscle and the
extensor digitorum muscle proximallyand the exten-
sor digitorum distally, supplying the foot elevating
muscles (peroneus longus and brevis muscle) and
innervates the skin over the lateral calf, supplying
the skin on the dorsolateral region of the foot, and
the skin on the third, fourth and fifth toe (Fig. 4.48b).
The deep peroneal nerve enters the peroneus longus
muscle, after passing the extensor digitorum muscle
the nerve reaches in front of the interosseus mem-
brane, and adjacent to the anterior tibial artery, runs
distally passing underneath the inferior extensor
retinaculum (Fig. 4.48c). The nerve innervates the
muscles running within the anterior tarsal tunnel
and gives branches to the medial and lateral ankle
joint. The distal branches of the nerve supply the
skin between the first and second toe and innervate
the extensor digitorum brevis (Fig. 4.48d).

4.10.1
Peroneal Tunnel Syndrome

The most common causes of compression neurop-
athy of the common peroneal nerve are external,
such as a ganglion, tight short leg plaster casts,
malaligned fibular head fractures and knee surgery
(Asp and RAND 1990; SPINNER et al. 2003). Stretch-
ing nerve injury following knee luxation has also
been reported (GRUBER et al. 2005) (see Chap. 5).
Although relatively rare, an idiopathic entrapment
syndrome of the common peroneal nerve is known,
which typically occurs in the restricted space
between the bone and the fascia of the peroneus
longus muscle. In many instances these lesions may
be related to functional anatomic changes: inver-
sion and plantar flexion of the foot tenses the pero-
neus longus muscle and squeezes the nerve towards
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CPN

Fig. 4.48a-d. Common peroneal nerve. a Schematic illustration of the knee joint
shows the close relationship of the common peroneal nerve (CPN) slinging around
the fibular head (FH), and dividing into the superficial peroneal nerve and deep
peroneal nerve (DPN), a small articular branch (AB) breach from the common
peroneal nerve to innervate the knee joint. b The sensory innervation extending
from the lateral upper leg to the skin around the lateral malleolus and covering the
dorsal foot, including the skin on the 3rd 4th 314 5% toe. ¢ At the lower the deep
peroneal nerve (DPN) leg passes underneath the inferior extensor retinaculum
(IER), giving articular branches to the medial and lateral ankle, then innervates
the flexor hallucis brevis muscle (FHB). d The terminal branch innervates the skin
between the first and second toe. T, tibia; FC, femoral condyle

the fibular neck. Repetitive actions with inversion
and pronation (long distance running, operating
machines with pedals), habitual overuse (sleeping
position, wheel chair sitting, sitting with crossed
legs) are therefore known to predispose the nerve
to development of neuropathy (HAMDAN et al. 2008;
KopEeLL and THOMPSON 1960; KUMAK 1987; LEGEYT
and AMBROSE 1998; SIDEY 1969; KAMINSKY 1947).

A ganglion arising from the tibiofibular joint is
one of the most frequent causes for peroneal tunnel
syndrome. In most cases the ganglion arising from
the joint tibiofibular joint, displaces the common
peroneal nerve and causes cumulative nerve palsy
(Fig. 4.49). BUCKWALTER et al. (1979) and MALGHEM
et al. (1998) postulated that cysts arising from the
joint have communication to the neurovascular
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Fig.4.49. Peroneal tunnel syndrome. Sche-
matic drawing demonstrates the genesis of the
intraneural peroneal ganglion by arising from
the lateral joint via the nerve sheet of the articu-
lar branch and extending into the nerve sheet of
the common peroneal nerve (CPN). FC, femoral
condyle; T, tibia; FH, fibular head

bundle. Recent reports by SPINNER (2003, 2006a—
¢) further emphasize the distinct differentiation
between intra- and extraneural ganglia. SPINNER
and coworkers (2003, 2006a-c)have shown nicely
that intracystic peroneal ganglia around the knee
area have a small connection to the tibiofibular joint
through a small articular branch (see Chap. 5). The
high pressure within the tibiofibular joint during
standing or walking pushes the joint fluid into small
nerve sheets, where there is less resistance. This
mechanism goes through different stages: at the
beginning only the articular branch is affected (no
clinical signs of peroneal palsy), as the build up of
the ganglion continues, following the peroneal and
finally also the sciatic nerve is affected.

4.10.1.1
Clinical Signs

Common peroneal nerve compression results in
burning pain in the sensory regions mentioned
above, motor weakness and atrophy with a gradual
transition to a dropping foot in complete peroneal

paralysis. Clinical onset may be acute or chronic,
depending on the underlying cause of neuropa-
thy. Palpation or pressure over the peroneal tunnel
typically increases a patient’s pain (PECINA et al.
2001).

Diagnostic investigations include electroneuro-
graphic tests, sonography, plain X-rays of the knee
and ankle and MRIL

4.10.1.2
Sonography

Recent reports have shown the ability of sonogra-
phy to visualize and investigate both normal and
abnormal nerve conditions along the peroneal nerve
(PEER et al. 2002; PEETERS et al. 2004; CRETEUR et
al. 2007; MARTINOLI et al. 2000).

With state-of-the-art linear array transducers
the common peroneal nerve, the superficial and the
deep peroneal nerve are readily visible along their
entire course. In patients with idiopathic common
peroneal nerve compression enlargement of the
nerve with swelling of single fascicles is in most
cases readily demonstrated (Fig. 4.50a-c).

A frequent associated finding of chronic peroneal
palsy is the increase in echogenicity of the affected
anterior tibial and extensor muscles of the foot.

The detection of coexisting abnormalities with
external compression is straightforward, such as
ganglia, tumors, bony ridges, etc. which are easily
visualized with sonography (Fig. 4.51) (PEDRAZZINI
et al. 2002; VISSER et al. 2006; DALLARI et al. 2004).
An attempt should be made to differentiate extra-
and intraneural ganglia with sonography by demon-
strating any subtile connection between the intra-
neural cystic and the tibio-fibular joint. Extraneural
ganglia usually displace the entire peroneal nerve
without spreading the fascicles because they are still
contained by the nerve sheet, whereas intraneural
ganglia show intraneural displacement of the fas-
cicles in a fan-like matter with proximal thickening
of the nerve fascicles (Fig. 4.49).

4.10.1.3
Therapy

Therapeutic management of peroneal nerve palsy
can be either straightforward or very challenging,
depending on the type of nerve injury. Mild forms of
nerve palsy may resolve by eliminating the compress-
ing agent such as plasters or tight dressings. Surgi-
cal management of peroneal nerve lesions should be
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Fig.4.50a-c. Idiopathic peroneal
tunnel syndrome. a Transverse 17-
MHz scan at the level of the fibular
head (FH) shows a hypoechoic slightly
enlarged common peroneal nerve in
close relationship to the fibular head
and the fibrous part of the peroneus
longus muscle (arrowheads). One of
the fascicles which is closest to the
bone appears to be even thicker (large
arrow) than the other remaining fasci-
cles. b Comparative transverse scan on
the contralateral healthy side demon-
strates that there is more space between
the common peroneal nerve and the
fibular head and the fascicles are
better discernible. ¢ Longitudinal 17-
MHZ scan along the affected common
peroneal nerve (small arrows). Note
the change of echotexture at the level
above and proximally (arrowheads) to
the fibular head (FH)

Fig.4.51. Peroneal tunnel syndrome caused by
intraneural ganglion. Transverse 12-MHz scan at
the level of the fibular head reveals a well defined
intraneural cyst (arrowheads) with lateral dis-
placement of the fascicles (large arrow)
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immediate in the case of direct laceration or if diag-
nostic investigations show a compromising mass.

If a ganglion cyst is compressing or displacing the
peroneal nerve sonography-guided aspiration with
a large needle (14-gauge) is advised. We use a large
needle because the ganglion cyst has a very viscous
consistence. It is further helpful to put pressure on
the ganglion with one finger to guarantee complete
drainage in order to achieve complete collapse of the
ganglion. The collapsed ganglion is much less likely
to fill up and reoccur than a half drained ganglion.

Inidiopathic peroneal tunnel syndrome the nerve
is released proximally from its fibrous enclosure at
the fibular neck. The attachment of the peroneus
longus at the fibular neck also is released.

Stretching injury after knee luxation frequently
shows a long segment of damaged nerve, sometimes
exceeding 10 cm; this per se is already an indicator
for a poor outcome. It is worth mentioning again
that the time interval between symptom onset
and decompression or nerve implant is crucial for
recovery and outcome; therefore, early sonographic
assessment of the extent of the damaged peroneal
nerve is very beneficial.

Failing sufficient recovery from nerve decom-
pression, nerve grafting or repair tendon transfer
procedures may be considered after 12 months.

4.10.2
Superficial Peroneal Nerve Syndrome

Superficial peroneal nerve syndrome is a rare com-
pression syndrome first described by Henry in 1945.
The nerve can be compressed at the level where the
nerve penetrates crural fascia, within the lower third
of the leg.

4.10.2.1
Etiology

Common causes for superficial peroneal palsy are
direct trauma or fibrous processes involving the
superficial peroneal nerve after inversion ankle
injury. Compression of the superficial peroneal
nerve at the level where the nerve pierces the fascia
cruris with and without muscle herniation have been
reported in a variety of sports activities (DAGHINO
et al. 1997; YANG et al. 2006; LoREI and HERSHMAN
1993). The nerve is continuously stretched during
repetitive flexion and extension of the foot, as occurs
in long-distant running.

4.10.2.2
Clinical Signs

Clinical symptoms include pain and dysesthesia or
paresthesia at the dorsum of the foot; nocturnal leg
pain is sometimes reported. Tinel sign is frequently
positive, weak dorsiflexion is sometimes noted.
Symptoms increase during specific leg exercise.

In cases of muscular hernia a palpable bulging
lesion is found at the level of the anterior leg. Exter-
nal compression by tight socks and fracture callus
has been reported.

4.10.2.2.1
Sonography

As stated above, sonography permits investigation
of the superficial peroneal nerve along its entire
course, also showing the penetrating of the nerve
at the crural fascia. Sonography demonstrates a
fusiform swelling of the superficial nerve palsy at
the level of the crural piercing; comparison to the
contralateral in exactly the same plane is mandatory
for correct diagnosis (Fig. 4.52a,b). Diagnostic con-
firmation of this nerve palsy includes sonography-
guidedlocal anesthetic injection; cortisone injection
is usually not beneficial since the fibrosing process
at the level of the nerve passage is pronounced and
therefore surgical release of the fascia is advocated
(DE FiyTER et al. 2006).

4.10.3
Anterior Tarsal Tunnel Syndrome

This syndrome was first described by Marinacci
in 1968. The deep peroneal nerve, when reaching
the dorsum of the foot, passes beneath the inferior
retinaculum extensorum (Fig. 4.48c), where it can
be compressed, causing pain, dysesthesia and par-
esthesia at the dorsum of the foot.

4.10.3.1
Anatomy

Thedeep peronealnerveoriginatesfrom thecommon
peroneal nerve at the fibular neck. After passing
the extensor digitorum muscle it reaches in front
of the interosseus membrane, and adjacent to the
anterior tibial artery the nerve runs distally passing
underneath the inferior retinaculum extensorum.
The inferior retinaculum extensorum runs from the
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Fig. 4.52. a Superficial peroneal nerve syndrome.
Longitudinal 17-MHZ scan along the superficial
peroneal nerve (small arrows). The nerve shows
a fusiform swelling (arrowheads) starting from
where the nerve pierces (rounded arrow) the
crural fascia (large arrows). b Comparison with
the contralateral scan of the non-injured leg
shows a normal superficial peroneal nerve with
a wave-like course (arrows), suggesting that the
nerve has a better range of motion during exten-
sion and flexion of the foot. There is no caliber
change at the area where the nerve penetrates the
crural fascia (large arrows)

medial to the lateral malleolus in a y-shaped form,
building the roof for the anterior tarsal tunnel. The
floor is built by the overlaying fascia of the talar
and navicular bone. The nerve within the tunnel
is accompanied by four extensor tendons (anterior
tibial, extensor hallucis, extensor digitorum longus,
peroneus tertius), the anterior tibial artery and ante-
rior tibial veins. The nerve innervates the muscles
running within the anterior tarsal tunnel and gives
branches to the medial and lateral ankle joint. The
distal branches of the nerve supply the skin between
the first and second toe and innervate the extensor
digitorum brevis (Fig. 4.48d).

4.10.3.2
Etiology and Clinical Findings

The anterior tarsal tunnel is a rare compression
syndrome presenting with pain and paresthesia
when only sensory fascicles are compressed; when
motoric fascicles are affected extension of the first
toe is weakened. Anterior tarsal tunnel syndrome is
mostly caused by compression of the deep peroneal
nerve due to repetitive mechanical irritation of the

deep peroneal nerve at the region beneath the infe-
rior extensor retinaculum.

Other etiologies of anterior tarsal tunnel include
chronic ankle sprains, fractures, dislocations, post-
traumatic fibrosis, ganglions, tendon sheath tumors,
penetrating injuries and chronic overuse from a
variety of endurance sports activities. Sensory defi-
cits involves the area between the first and second
toes as well as paresis and atrophy of the extensor
digitorum brevis.

4.10.3.3
Diagnosis

Electroneurographic testing of anterior tarsal tunnel
is helpful in the differential diagnosis of radiculopa-
thy. The distal latency of the deep peroneal nerve is
increased; in cases where only the motoric fascicles
are affected, the EMG shows active and chronic
denervation of the extensor digitorum brevis. In
cases with partial anterior tarsal tunnel syndrome
only the sensory branch of the deep peroneal nerve
after the division under the inferior extensor reti-
naculum is compressed.
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4.10.3.4
Sonography

High frequency probes are used to detect the deep
peroneal nerve since the nerve runs very superfi-
cially beneath the inferior retinaculum extenso-
rum. The nerve can be recognized more easily when
lymph edema is present at the dorsum of the foot. An
inflammation process involving the extensor tendon
shows hyperemic changes on color Doppler ultra-
sound. Soft tissue masses that compromise the nerve
can be depicted; most of the masses are ganglions,

typically they are lobulated, septated and they dis-
place the nerve. A connection between the ganglion
and the joint can be visualized. Ultrasound can also
differentiateintraneural ganglia from extraarticular
ganglia. As previously described intraneural ganglia
have a typical appearance, showing cystic changes
within the nerve with marginal displacing of the fas-
cicles, careful investigation may show the joint com-
munication via the articular branch (Fig. 4.53a-c)
(see also Chap. 6). Ultrasound may also well depict
complete disruption of the nerve after a penetrating
injury (Fig. 4.54).

Fig.4.53a-c. Anterior tarsal tunnel
syndrome. a Transverse 17-MHz sono-
gram obtained at the level of the exten-
sor retinaculum. Cystic enlargement of
the deep peroneal nerve is seen (small
arrows). Within the enlarged nerve
the fascicles are displaced marginally
(arrowheads). b Composed sonogram
including the area over the extensor
retinaculum and lateral malleolar area.
Further investigation demonstrated
that the intraneural cyst (arrowheads)
communicated with an extra-articular
ganglion (large arrow) at the lateral

fibulo-calcaneal joint (FCJ). EHL, extensor hallucis longus muscle; A, anterior tibial artery; LM, lateral malleolus; T, tibia.
Along the communication between the deep peroneal nerve and the FC] multiple small cystic bulges are noted. Sonogra-
phy-guided aspiration confirmed viscous fluid within the cyst. ¢ Zoomed sonographic image demonstrated a small articular
branch arising from the deep peroneal nerve and arching over the malleolus (M) to reach the fibulo-calcaneal joint

Fig.4.54. Complete dissection
of the deep peroneal nerve at the
dorsum of the foot after a glass
cut injury. Longitudinal 17-MHz
scan was performed along the
course of the terminal branch of
the deep peroneal nerve (small
arrows). Complete dissection
of the deep peroneal nerve is
depicted at the level of the pen-
etrating cutting injury (large
arrows)
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4.10.3.5
Treatment

Conservative management should be used first and
is suggested prior to surgical decompression. Avoid-
ingany chronic overuse such as jogging may ease the
neurological symptoms; tight shoes should also not
be worn. In case of a compressing ganglion, ultra-
sound-guided aspiration should be attempted; in the
case of synovial thickening along the tendons ultra-
sound-guided cortisone injection is advised.

Tibial Nerve Compression

From the sciatic nerve bifurcation the tibial nerve
enters the calf between the two gastrocnemius
heads and continues, lying between the poste-
rior tibial muscle and the flexor hallucis muscle,
in a relatively straight course down to the medial
ankle accompanied by the tibial artery and vein.
On its passage around the medial malleolus the
nerve enters a fibro-osseous canal, referred to as
the posterior tarsal tunnel. The tibial nerve sends
a calcaneal and lateral plantar branch that supplies
the area around the heel (Fig. 4.55a). On its passage

Fig.4.55a,b. Tibial nerve at the
tarsal tunnel. The posterior tarsal
tunnel and the branching into the
medial and lateral plantar nerve are
shown. a The tibial nerve (TN) runs
between the posterior tibial artery
(PTA) and the flexor hallucis longus
tendon (FHLT), flexor digitorum
longus tendon (FDLT), anteriorly
the posterior tibial tendon (PTT)
covered by the retinaculum flexo-
rum (RF). The tibial nerve gives a
branch to the calcaneal area (CB)
and a branch to the lateral plantar
area (PB). b Schematic drawing of
the plantar foot demonstrates the
bifurcation of the tibial nerve into
the medial plantar nerve (MPL)
and lateral plantar nerve (LPN).
Compression of the plantar nerve
(jogger’s syndrome) can occur due
to the tight anatomical relation-
ship between the calcaneus and the
adductor hallucis muscle (AH) a

through the tarsal canal, the nerve may be com-
pressed resulting in posterior tarsal tunnel syn-
drome, a recognized clinical entity first described
in the early 1960s by KoPELL and THOMPSON (1960).
Within the posterior tarsal tunnel the nerve splits
into a medial and plantar nerve. Compression
syndromes can occur to the medial plantar nerve
(Jogger’s foot) and to the lateral plantar nerve
(Fig. 4.55b). The tibial nerve can be compressed
anywhere from the popliteal fossa down to the
ankle (Fig. 4.56).

Fig.4.56. Tibial nerve compression at the popliteal fossa.
Longitudinal 17-MHz scan along the tibial nerve (arrows)
shows bowing displacement of the nerve caused by an extra-
articular ganglion. T, tibia)

PTA
LPN

CB
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4111
Posterior Tarsal Tunnel Syndrome

The tarsal tunnel is a fibro-osseous canal consisting
of a bony sulcus on the medial side of the calcaneus,
the posterior talar process and the medial malleolus.
According to PECINA et al. (2001) the upper section
of the tarsal tunnel is narrower then the lower sec-
tion, therefore the medial plantar nerve is at higher
risk for compression.

The roof of the canal consists of the flexor reti-
naculum, which covers the tendons of the tibi-
alis posterior, flexor digitorum and flexor hallucis
longus muscles. The tibial artery and veins run
together with these three tendons and the tibial
nerve and the tarsal tunnel may in fact be consid-
ered the hilum of the planta pedis, as it houses vir-
tually all of its neurovascular supply (Fig. 4.55a).
Before entering the tarsal tunnel the tibial nerve
sends a small sensory branch towards the heel and
at the upper margin of the retinaculum or after a
short distance in the canal divides into its termi-
nal branches, the medial and lateral plantar nerve.
The distal branches innervate the skin of the heel,
the medial plantar area, including the great, second
and third toe.

The posterior tarsal tunnel syndrome (KEck 1962;
MUMENTHALER et al. 1998) is clearly less frequent
than the aforementioned entrapment syndromes of
upper extremities, but is the most frequent entrap-
ment in the foot. Clinical and electroneurographic
testing is frequently inconclusive; the disorder is
insidious in onset and mostly unilateral. Patients
complain of burning pain at the plantar side of the
foot which sometimes radiates to the calf and typi-
cally increases while walking (DEL1sA and SAEED
1983). Pain is often accompanied by paresthesias
and foot numbness in the distribution of one or all of
the terminal sensory branches, i.e. great second and
third toe and the medial-plantar area. Sensory man-
ifestations may worsen by foot eversion. Tinel’s sign
is usually positive. If the upper section is affected
then the main tibial nerve is affected whereas when
the compression is within the lower section nerve
branches are affected. Muscular atrophy or dysfunc-
tion is usually not predominant.

4.11.1.1
Etiology

The tibial nerve descends behind the medial mal-
leolus and passes under the flexor retinaculum

(“laciniate ligament”) to the plantar side of the
foot, where it divides into the calcaneal, medial
and lateral plantar branches. In the tarsal tunnel,
roofed by the flexor retinaculum, the nerve is prone
to compression injury (GoopGoiDp et al. 1965,
OH and MEYER 1999). In the majority of patients
tarsal tunnel syndrome is idiopathic with no clear
precipitating factors detectable. The second most
common cause is entrapment due to scare tissue
or articular deformities originating from previous
trauma (distortion or fracture of the ankle). Similar
to the carpal tunnel, inflammatory, autoimmune
(McGuicaNetal.1983) orhormonalchanges (OLOFF
et al. 1983) can further decrease the lumen of the
tunnel. Other sources of compression are an acces-
sory flexor digitorum longus muscle (KINOSHITA
et al. 2003) and space occupying lesions within
the tunnel such as lipoma, varicose veins, ganglia
(NaGgaoka and SaTou 1999), intraneural ganglia
(SPINNER et al. 2007), non-traumatic exostosis or
schwannoma. When predisposing physical fac-
tors are present strenuous sporting activities may
aggravate the neurological symptoms (KINOSHITA
et al. 2006).

4.11.1.2
Diagnosis

If fully expressed (characteristic sensory and motor
deficits), the posterior tarsal tunnel syndrome can
easily be diagnosed on clinical grounds only. In the
case of a pure pain syndrome, however, a correct
diagnosis may be much more demanding and some-
times requires ancillary, e.g. radiological testing. In
such patients a positive compression test (provo-
cation of typical complaints by 30 s manual pres-
sure applied on the tarsal tunnel) may be helpful.
Standard electrodiagnostic testing may help to dif-
ferentiate; however, normal results are not contra-
indicative to the presence of posterior tarsal tunnel.
Interpretability of electrodiagnostic testing may be
difficult in the events of coexisting neuropathy or
severe damage of the nerve root S1. The procedure
with the highest diagnostic sensitivity is a sonog-
raphy-guided anaesthetic nerve block. Finally, an
orthopedic examination is mandatory to distinguish
posterior tarsal tunnel syndrome from numerous
differential diagnoses such as stress fractures, bur-
sitis, inflammatory arthritis or plantar fasciitis. It
should be borne in mind that some of these condi-
tions may affect tibial nerve function in terms of a
(non-compressive) local irritation.
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4.11.1.3
Sonography

Technical considerations for sonography of the
tibial nerve at the tarsal tunnel are similar to what
has been said for peroneal tunnel evaluation. A high
resolution 12- to 17-MHz transducer is certainly rec-
ommended for this region. A stand-off gel pad may
by helpful to achieve better contact to the concave
tarsal surface. Identification of the distal tibial nerve
is easily achieved in a transverse scan plane just
above the medial malleolus, if the transducer is posi-
tioned in the groove that exists between the Achilles
tendon and the posterior tibial margin (PEER et al.
2002). Here the nerve lies close to the posterior tibial
vessels between the flexor hallucis longus and flexor
digitorum muscle. Color Doppler may be used to
identify the vascular bundle, which provides a fine
landmark for localization of the nerve. The nerve is
larger compared to the common peroneal nerve and
its fascicular texture is normally better discernible.
From this position the nerve is followed downward
to the tarsal tunnel with documentation of its bifur-
cation. The two terminal tibial nerve branches are
normally easily followed a certain way along their
course to the planta pedis. The flexor retinaculum
may normally be identified as a distinct hypoechoic
line.

Sonographic findings in patients with tarsal
tunnel syndrome depend on the etiology: with
the existence of extra-articular ganglia displace-
ment and bowing of the tibial nerve can be visu-
alized (Fig. 4.56). When cystic enlargement of the
tibial nerve is detected, a connection to the near
joint should be suspected (Fig.4.57) (SPINNER et
al. 2007). Posttraumatic changes causing external
compression are easily confirmed in the same way
as in any other anatomic regions, with direct nerve
compression and reactive nerve edema represent-
ing a common pathway of neuropathy (MARTINOLI
et al. 2000; NaGaoka and SATOU 1999; PEER et
al. 2002). Color Doppler ultrasound can confirm
venous engorgement demonstrating venous vessels
surrounding the tibial nerve. After long-standing
nerve compression the affected nerve shows a wave-
like appearance in alongitudinal scan, similar to the
median nerve in carpal tunnel syndrome (Fig. 4.58).
It is important to assess and compare the cross-sec-
tional area on both nerves especially in idiopathic
posterior tarsal tunnel syndrome. Direct trauma to
the nerve with partial or complete dissection can
easily be assessed with sonography (see Chap. 5).

Fig. 4.57. Posterior tibial tunnel syndrome. Transverse 15-
MHz scan at the level of the medial malleolus. A cystic mass
(small arrows) is seen expanding within the medial plan-
tar nerve, displacing the nerve fascicles marginally (large
arrow). The lateral branch is unaffected (arrowheads)

Fig. 4.58. Posterior tibial tunnel syndrome. At the level of
the posterior tarsal tunnel, proximal to the compression,
caused by an extra-articular cyst the tibial nerve demon-
strates a wave-like appearance, typical for nerve compres-
sion of long-standing

411.1.4
Therapy

Potential sources of external compression, like
poorly fitting shoes, should be eliminated. Sonog-
raphy-guided local corticosteroid injections are
sometimes helpful and sonography-guided aspi-
ration of a ganglion may relieve pressure on the
nerve. If posterior tarsal tunnel syndrome causes
substantial discomfort or sensory-motor deficits
and conservative treatment options fail operative
release of the flexor retinaculum is the therapy of
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choice. Outcome after surgery is favourable in about
75% of patients (MONDELLI et al. 1998). NAGAOKA
and SaTou (1999) described good surgical outcome
resecting the talocalcaneal ganglion that caused pos-
terior tarsal tunnel. A minority of patients develop
chronic pain syndromes with features of reflex sym-
pathetic dystrophy.
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General Considerations

Traumatic lesions of peripheral nerves are com-
mon. According to the literature a relevant lesion of
a peripheral nerve exists in roughly 2%-3% of pa-
tients admitted to Level I trauma centers. If plexus
and root injuries are included the incidence rises
to about 5% (NOBLE et al. 1998; RoBINsON 2000).
In general, these types of injuries are increasingly
recognized in today’s clinical practice, because
of improved trauma services. Besides the medi-
cal impact of these lesions they constitute a major
social problem, as recovery is often incomplete (es-
pecially in cases of delayed treatment), which may
result in long lasting disability. This is even more
troublesome, as patients with these types of inju-
ries belong to a younger and highly productive age
group within the trauma population. Institution of
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adequate and early treatment is the only chance to
prevent unfavorable outcomes and therefore an ex-
act diagnostic work-up is mandatory. Traditionally
these lesions were evaluated with a combination
of clinical examination and neurological function
tests (nerve conduction studies and electromyog-
raphy). Electrodiagnosis may precisely discern low
grade lesions without axonal loss (“Neurapraxia”
according to the Seddon/Sunderland classifica-
tion), from higher grade lesions which consist of
axon loss and some damage to one or more of the
nerve sheath elements (“Axonotmesis/Neurotme-
sis”) (SEDDON 1975; SUNDERLAND 1978). As far as
localization of lesions is concerned electromyogra-
phy and nerve conduction studies are affected by a
variety of pitfalls, and therefore may often not yield
reliable information about the precise site of nerve
involvement. In the same way electrodiagnostic
tests do not give concise information in making a
decision for conservative or surgical therapy. Often
a trial of conservative treatment is instituted, but
distinct nerve lesions may show better outcome
when operated within the first week after injury
(ALAN 2000; BircH and Raj1 1991). If, in the case
of conservative treatment, the nerve does not show
recovery on follow-up examinations surgery is per-
formed. Nevertheless, early surgery would be more
appropriate even in purely neurapraxic lesions if
the nerve is encased by scar tissue, in which case
it may not recover during conservative treatment.
This diagnosis, however, is beyond the scope of
electrodiagnosis and may only be accomplished
with direct imaging of the nerve itself and here
sonography (PEER et al. 2001) and other imaging
techniques may be helpful, as they allow for direct
visualization of the nerve and its surroundings,
thus setting the path for early institution of sur-
gery in cases where improvement of nerve function
with conservative treatment is not to be expected.
The latter is true for completely or partially dis-
sected nerves, nerves compressed by close lying
hematomas or bony spurs in the case of coexisting
fractures, etc.

The reasons for a traumatic peripheral nerve le-
sion are manifold but several large groups may be
discerned in general: Firstly, direct lesions occur-
ring during the course of trauma, which affects the
nerve itself (sharp transection of the median nerve
during suicide attempts, for example); secondly,
indirect lesions, such as combination injuries with
a fracture accompanied by a nerve lesion. In the
same way we may delimit primary nerve lesions,

such as transections, from secondary nerve lesions
(gradually developing compression of a nerve by
scar tissue formation, bony callus or an organizing
hematoma, for example). Each of these subgroups
may have distinct features, but from a mere patho-
physiologic point of view the way a nerve reacts
on external stress shows only small variations.
Iatrogenic nerve lesions raise additional ques-
tions: while the first group implies mainly a medi-
cal problem, the latter constitute a medico-legal
problem, due to coexisting issues of malpractice
and insurance (BIRCH et al. 1991; PEER et al. 2001;
WILBOURN 1998). Especially in the latter group
exact documentation of the type and extent of a
nerve lesion is necessary and the differentiation
between a lesion which is truly related to bad med-
ical practice (such as transection of the accessory
nerve during neck dissection) and a lesion which is
due to some type of unfavorable clinical outcome
(development of scar tissue for example) is of out-
most importance.

Traumatic Lesions of the Brachial Plexus
(H. GRUBER)

Magnetic resonance imaging and computed tomo-
graphic myelography are currently considered the
techniques of choice for imaging of the brachial
plexus (YosHIKAWA et al. 2006). In current clini-
cal practice most centers favor MRI because of the
inherent multiplanar capabilities and high soft tis-
sue contrast. Several studies report on the use of
these methods for the diagnosis of traumatic plexus
lesions; Dor et al. (2002), for example, reported a
sensitivity of 92% for combined MRI and CT my-
elography in the diagnosis of nerve root avulsion.
With separate assessment of the two modalities
an accuracy of 85% for CT myelography and 52%
for MRI in the diagnosis of brachial plexus lesions
was reported (CARVALHO et al. 1997; PENKERT et
al. 1999). While most users are not aware of the
limited spatial resolution of MRI, the latter studies
addressed this issue, pointing out that high speci-
ficity can only be achieved with sufficient in plane
resolution.

A general benefit of sonography is its unrivaled
spatial resolution; however, paired with a relatively
lowimaging contrast (compared with MRI for exam-
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ple). For several years sonography was mainly used
for imaging guided regional anesthesia (SHEPPARD
et al. 1998; YaNG et al. 1998) (see also Chap.7,
Sect. 7.2), but together with other research groups
we could recently demonstrate the diagnostic power
of sonography in the evaluation of brachial plexus
injury (HABER et al. 2006; GRUBER et al. 2007b).

In the subsequent paragraph an overview of pos-
sible applications of sonography to imaging of trau-
matic plexus lesions is given.

5.2.1
Etiology

A variety of traumatic events may result in direct in-
juries of the brachial plexus: shoulder trauma, head
and neck trauma, direct thoracic trauma and sub-
acute impairment by primary hematoma. Secondary
causes for brachial plexus palsy are fractures of the
clavicle with subsequent scaring or callus formation
and iatrogenic injuries due to surgery of tumors at
the thoracic apex or in the neck region. Nerve root
avulsion injury occurs in accidents with severe trac-
tion on the upper extremity, most often seen in mo-
torbike accidents. Depending on the force applied,
such injuries may simultaneously affect the plexus
from its cervical roots down to the supra- and even
infraclavicular elements known as “chain injuries”.
Iatrogenic plexus lesions (traction due to bad po-
sitioning of the arm during operations) are often
complex and difficult to diagnose (DE LAAT et al.
1994; BoaArRDMAN and COFIELD 1999), as they do not
follow typical morphological patterns known from
“true traumatic lesions”. Nevertheless they have to
be handled with special care because of the forensic
aspects involved.

5.2.2
Clinical Diagnosis

Brachial plexus palsy shows a varying combination
of sensory deficits, dysesthesia or hyperesthesia,
together with muscle weakness and motor deficits,
depending on the level and degree of injury. In
most patients the clinical signs and symptoms are
ambiguous and thus the injured part of the plexus
(root, fascicle, etc.) is not easily identified. Electro-
physiological testing shortly after the injury and in
monthly controls can reliably assess the gross level
of injury and show signs of nerve regeneration.

5.2.3
Sonography

We perform sonography with a 7-12 or a 9-3 MHz
linear array transducer depending on patient size
and weight. Standard post-processing such as im-
age compounding and artifact reduction software
is used. The patient is positioned supine, with the
head turned slightly to the opposite side of the
investigated area (if possible). Sonograms should
always be acquired in a transverse and longitudi-
nal scan, at the level of the intervertebral foramen
(roots) and in the supra- and infraclavicular region
(trunks and fascicles). The identification of the exact
level of a cervical root is best done with use of the
course of the vertebral artery and the configuration
of the transverse processes of the cervical spine as
anatomical landmarks (MARTINOLI et al. 2002). The
cervical roots appear as hypoechoic rounded clearly
bordered structures if scanned axially and tubular
sometimes slightly bulbous structures arising from
the intervertebral foramen in longitudinal scans. Es-
pecially in slender patients with along and thin neck
even the foraminal base of the nerve root can be as-
sessed with sufficient clarity (Fig. 5.1). The cervical
roots from C4-C7 can always be depicted, whereas
the root C8 is often shadowed, especially in obese
patients with short necks. However, visualization
may be improved if the patient’s shoulder is relaxed
and lowered. Sometimes, with examination of the
more inferior roots, better results may be achieved
with the patient in a sitting position.

In the interscalene region the trunks of the plexus
are formed and - if scanned axially - appear as a clus-
ter of sharply lined hypoechoic nodules interposed
between the scalenus anterior and medius muscle ac-
companied by the subclavian artery. The latter can
easily be identified because of its typical appearance,
with pulsation demonstrated in B-mode or with du-
plex sonography. The medial, posterior and lateral
plexus fascicle — which surround the subclavian ar-
tery - are identified by scanning the peri-, the infra-
clavicular and the proximal axillary region. In lon-
gitudinal scans the plexus elements are depicted as
hypoechoic tubular structures, with occasional thin
internal hyperechoic elements which relate to various
amounts of interfascicular epineural tissue. With op-
timal scanning technique only a short segment of the
plexus traversing underneath the clavicle is routinely
not accessible to sonography. The size and structure
of each plexus element is routinely documented in
comparison to the non-injured opposite side.




126

S. Peer and H. Gruber

Fig.5.1. Longitudinal sonogram through C6 nerve root
(arrows) in a healthy asymptomatic volunteer demonstrates
sonographic visualization of the entire nerve root to the neu-
ral foramen. TP, transverse spinal process

Traction neuroma, localized edema (Fig. 5.2) and
post-traumatic scaring are the most common trau-
matic plexus lesions. In the plexus region traction
neuromas show the same characteristic “pollywog”
appearance of neuroma in a peripheral nerve, with
hypoechoic enlargement of structures proximal to
the level of injury (Fig. 5.3a,b). With severe traction
a so-called neuroma in continuity - multiple neuro-
mas at different levels inside a plexus segment — may
develop (Fig. 5.4). If a neuroma is caused by partial
avulsion it is embedded eccentrically in the partially
continuous plexus element.

Dissections are demonstrated best in longitu-
dinal scans, and in the case of an acute complete
transection show a complete interruption of the fas-
cicles with a variably sized gap between two stumps
(Fig. 5.5).

These findings, however, seem to follow a tempo-
ral dynamic: when examined in the early acute set-
ting both dissected nerve stumps may show about
the same size. On subsequent controls the proximal
stump changes its shape and appears bulbous and
hypoechoic, which reflects proximal axonal con-
gestion as expression of ongoing reparative mecha-
nisms with sprouting of axons.

Even foraminal root avulsions may be demon-
strated in optimal conditions, with demonstration
of an empty meningeal sac at the root exit from the
neural foramen (Fig. 5.6a,b) and a peripheral stump.

Especially in chronic plexus lesions hypoechoic
scars may partially obstruct plexus elements and
if of smaller extent may be overlooked. If they are
residuals from former hematoma, internal calcifica-
tions may also be detected.

Even the first study, which compared sonograph-
ic findings in traumatic plexus lesions after motor
vehicle accidents correlated with surgical findings
was promising (HAyam1zu et al. 1995). The authors
stressed the value of sonography in the preoperative
identification of patients, in whom surgery is not
indicated: lesions which favor conservative treat-
ment or lesions with avulsion of the ganglion. In a
prospective controlled trial (GRUBER 2007b) we were
able to define the high sensitivity and specificity of
sonographic plexus evaluation in traumatic injuries,
establishing sonography as a first-line modality for
this patient group. In this study 168 plexus elements
were evaluated and minor lesions were reliably dif-
ferentiated from major lesions with a positive pre-
dictive value of 100% at a negative predictive value
of 92%. Sonography is therefore helpful in the as-
signment of patients to surgical or conservative
treatment. With the application of sonography ex-
plorative surgical inspection with the risk of further
plexus damage may thus be avoided in most of the
patients with plexus trauma.

5.24
Therapy

Conservative treatment includes physiotherapy
and anti-inflammatory medication, which is es-
pecially indicated and often sufficient in patients
with electroneurographic evidence of spontaneous
recovery.

If primary sonographic evaluation of the plexus
shows an acute major lesion (incomplete or com-
plete transection), which warrants immediate sur-
gery, and no electrophysiological signs of recovery
are seen during a trial of conservative treatment,
surgical nerve inspection is presently advocated.

The treatment of dissections with nerve grafting
is straight forward. In the case of scaring an inter-
nal or external neurolysis is performed depending
on the extent of damage. Patients who undergo
nerve inspection with neurotomy or nerve graft-
ing within about 6 months after trauma generally
have much better outcomes than patients operated
later than 12 months after the injury (PENKERT et
al. 1999).
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Fig.5.2. Longitudinal sonogram through the paravertebral
portion of the brachial plexus (root level) in a patient with
traction injury after a humeral head fracture dislocation
with demonstration of a swollen and edematous segment
(arrowheads) but an intact root portion inside the neural
foramen (arrow)

Fig.5.3. a Transverse sonogram through the brachial plexus (superior trunk and medial trunk/interscalene region) in a
patient after a motorcycle accident shows two markedly swollen plexus trunks (arrowheads). b Longitudinal sonogram
through C6 and C7 nerve root shows small traction neuroma of C7 (arrowheads)

Fig.5.4. Longitudinal panoramic sonogram in a female
patient with severe traction injury of upper extremity in
a motor vehicle accident. Bulbous lesions along the plexus
fascicle (arrowheads) consistent with traction neuromas are
demonstrated

Fig.5.5. Longitudinal sonogram in another patient with
complete dissection of a nerve root (arrowheads) acquired
on first presentation of patient to the outpatient department
shows a gap with fresh hematoma (short arrow) and proxi-
mal stump without thickening (arrows)
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Fig.5.6. a Longitudinal sonogram through paravertebral portion of brachial plexus (C8 and C7/root level) in a patient after
dislocation of the right shoulder demonstrates complete rupture of C8 nerve root with retraction of the stump (asterisk) and
empty neural foramen (arrows). b T2 weighted transverse MR image at C8 root level confirms empty neural foramen with

formation of a pseudomeningocele (arrow)

Traumatic Nerve Lesions in the
Upper Extremity
(H. GRUBER)

5.3.1
Etiology

Compared to nerves in other body regions the nerves
of the upper extremity are relatively exposed to ex-
ternal forces. They may be injured directly during
blunt or sharp trauma and indirectly by laceration, or
misplaced fracture fragments which pierce or jam the
nerve, or by traction over bone or bone fragments.

Especially in nerve lesions associated with frac-
tures we have to distinguish primary lesions, which
occur in the acute traumatic event from secondary
lesions that appear during surgery or intervention
(squeezing of the nerve or interposition between
fracture fragments or implants during closed or
open reposition of the fracture) or during the heal-
ing processes. Hot spots for traumatic nerve le-
sions are sites, where nerves are tightly connected
to connective tissue or bone. Thus nerves may be
impinged, partially or completely dissected, or just
swollen and edematous, sometimes also due to en-
casing interfascicular hematoma. In secondary
nerve palsy - usually developing slowly during the
healing process - nerves may be surrounded or dis-
placed by fibrous or bony callus, scar formations or
even be compromised by metallic implants (BODNER
et al. 2001).

5.3.1.1
Radial Nerve

The radial nerve with its close anatomic relationship
to the humerus in its spiral groove is often compro-
mised by trauma. Owing to this situation and the low
mobility of the nerve at the site, where it pierces the
lateral intermuscular septum, it suffers directly in
many traumatic events. Fractures with radial nerve
impairment are usually located at the middle or distal
third of the humeral shaft and can result in vari-
ous types of radial nerve lesions from simple edema
(Fig. 5.7) to complete rupture (Figs. 5.8a,b and 5.9).

Nervus radialis e —

—
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Fig.5.7. Longitudinal sonogram through radial nerve
(arrows) in a patient with slightly dislocated humeral shaft
fracture (arrowheads) shows swollen edematous but con-
tinuous radial nerve
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Fig. 5.8a,b. Longitudinal sonogram (a) and intraoperative photograph (b) of transected radial nerve (arrowheads in a) in a
patient with complete radial nerve paralysis after humeral shaft fracture. The distal stump (long arrows) is thickened with
edematous fascicles (short arrow), which was confirmed during surgery (b)

Fig. 5.9. Longitudinal sonogram of transected radial nerve
in a patient with complete radial nerve paralysis after hu-
meral shaft fracture (same patient as in Fig. 5.3). The distal
stump of the radial nerve is thin (arrow), the nerve itself
shows normal caliber (arrowheads)

5.3.1.2
Axillary Nerve

Along its course around the neck of the humerus
heading for the lateral shoulder region, the axillary
nerve pierces through a tight muscular gap. Here
and at the exit out of the posterior brachial plexus
fascicle it is usually injured by traction forces dur-
ing dislocation of the shoulder. In the same way
it may be injured by humeral head fractures or a
combination of fracture and dislocation. In shoulder
dislocations the spectrum of concomitant axillary
nerve lesions ranges from minor strain resulting
in edema or intraneural bleeding to complete avul-
sions (STEINMANN and MORAN 2001).

5.3.1.3
Accessory Nerve

True traumatic lesions of the accessory nerve - the
11" cranial nerve — with its typical course along the
ventral border of the trapezoid muscle are rarely
seen. However, it may be compromised by acute
massive and localized external pressure during car-
rying of heavy loads with improper devices such as
carrier belts (BODNER et al. 2002) (Fig. 5.10).

5.3.1.4
Median Nerve

In contrast to the nerves mentioned above, the medi-
an nerve and the musculocutaneous nerve - because
of their relative protected course in the soft tissues
of the upper extremity - have no typical segment,
which is especially prone to trauma. They rather
undergo direct blunt or sharp injury at various sites
along their course (JAQUET et al. 2001).

5.3.1.5
Ulnar Nerve

On its course through the bony groove behind the
medial humeral condyle (ulnar nerve groove) the
ulnar nerve passes around one of the hardest hypo-
mochlia in the body. While this hypomochlion may
exert tensile stress on the nerve resulting in chronic
nerve impairment it only rarely is a cause for direct
traumatic injury (JAQUET et al. 2001). In the case of
fracture dislocations of the elbow, however, a variety
of ulnar nerve lesions may complicate the clinical
course of a patient (Fig. 5.11a-c).
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Fig. 5.10. Sequence of transverse sonograms along the course of the accessory nerve in a poacher who developed accessory
nerve palsy after carrying a deer. Notice slight edematous swelling of the middle portion of the nerve (arrows)

5.3.2
Clinical Diagnosis

Besides a clinical neurological exam, an electro-
diagnostic examination is currently the method
of choice to indicate the presence and level of a
nerve damage and to assess functional nerve re-
covery. In most cases of nerve palsy conduction
studies show some amount of activity and there-
fore at least partial integrity of the nerve. Serial
follow-up examinations can assess the amount and
speed of recovery. Nerve conduction tests, how-
ever, are unable to differentiate the cause of nerve
damage, for example if the nerve is partially dis-
sected, impinged by fracture fragments (Fig. 5.12)

Fig. 5.11a-c. Series of transverse sonograms through ulnar
nerve (arrowheads) at the elbow level in a patient after supra-
condylar fracture with dislocation of the elbow and ulnar
nerve palsy. While the nerve shows normal caliber and tex-
ture proximal to the elbow (a) there is continuous enlarge-
ment (b,c) with marked edema and loss of the fascicular
texture at the level of the medial epicondyle

or severely encased by callus (Fig. 5.13). In gen-
eral it is important to diagnose the underlying
reason of nerve impairment at an early stage and
sonography proves helpful in this regard; it is able
to differentiate nerve lesions that warrant early
surgery from lesions that are better suited for a
trial of conservative management. According to
literature a nerve without signs of recovery within
3-4 months has to undergo surgical inspection.
For radial nerve lesions for example spontaneous
recovery is reported to occur in between 73% to
92% of cases; however, this is not to be expected in
cases with direct compromise of a nerve by partial
or complete rupture, by callus or scars or other
stable obstructions.
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Fig.5.12. Longitudinal sonogram through radial nerve
(arrowheads) in a patient with radial nerve palsy after hu-
meral shaft fracture. Sideways compression of the nerve
by marked displacement of fracture fragments (arrows) is
seen

Also for the planning of explorative surgery
sonography is an easily applicable and powerful
fast-forward method; if clinical diagnosis points to
a nerve lesion and nerve conduction tests indicate a
level, sonography can in most cases define the true
extent of the lesion, the type of probably coexistent
soft tissue trauma (hematoma, scar formation) and
the best access route to the nerve.

5.3.3
Sonographic Findings

A 12-5 and a 17-5 MHz broad band linear array
transducer is best suited for investigation of upper
extremity nerves. Normally they are easily accessed
in axial scans at levels with distinct anatomical and
topographical features, which allow for immediate
identification of the nerve. In addition color Dop-
pler sonography allows visualization of the accom-
panying vessels, which may serve as a guideline for
identification. Like all other peripheral nerves up-
per extremity nerves show the typical hypoechoic
tubular structure surrounded by echoic intraneural
tissues and enveloped in outer nerve sheaths. The
sizes of the nerves and the number of discernible
fascicles vary depending on the type of nerve, with
the median nerve being the largest trunk, followed
by the ulnar nerve and the terminal branches of the
radial nerve. The latter are sometimes difficult to
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Fig. 5.13. Longitudinal sonogram through radial nerve in
a different patient after humeral shaft fracture with radial
nerve palsy shows nerve (arrowheads) traversing underneath
the callus (arrows). The nerve could not be demonstrated
beyond the callus in a transverse plane which confirmed
encasement

find. Here it helps to first identify the main trunk
of the radial nerve at the upper arm or elbow level
and follow the branches outward along the forearm.
The terminal branches of the three nerves in the
hand and finger region - the digital nerves - may
only be depicted sufficiently with a high resolution
transducer (17-5 MHz).

The common finding of a more or less prominent
thickening of a nerve segment - especially proximal
of the site of nerve injury - is also an apparent feature
of the traumatized nerves of the upper extremities.
Such nerves appear more or less hypoechoic with a
loss of the regular fascicular pattern on axial imag-
es. In addition sonography can provide information
on the involvement of the surrounding tissues, e.g.
nerve entrapment in between fracture fragments or
riding of a nerve on the edge of a fracture fragment,
encasing hematoma, etc. In several of our patients
with traumatic nerve lesions, sonography played an
important role in the decision making, whether to
surgically inspect the nerve or not, sonography ena-
bled differentiation of whether callus formation was
encasing or simply displacing the nerve (Fig. 5.13).
In the first case surgical removal was needed, while
in the second conservative treatment was indicated
(BODNER et al. 2001).

Complete or incomplete acute nerve dissections
are visualized best on longitudinal scans, as the gap
between the torn stumps can be depicted and even
measured. In this regard sonography also enables
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exact location of the stumps in complete dissec-
tions, which is very important information for the
surgeon. On sonography the proximal stump often
appears thicker than the distal stump (Fig. 5.14).
Chronic nerve dissections usually result in the for-
mation of (stump) neuroma, which represents insuf-
ficient attempts of physiologic repair. Such lesions
are often very painful (Tinel-Hoffmann sign) and
the frequent pain episodes may - in addition to the
loss of nerve function - reduce a patients quality of
life.

In all cases a differentiation of complete from
partial dissection should be attempted by careful
evaluation of the texture of the nerve, its configura-
tion and the integrity of the outer nerve sheath, as
it might change the surgical approach. Nevertheless
it is more important to differentiate dissections or
avulsions (major nerve lesions) from lesions with
preserved continuity (minor nerve lesions). In sev-
eral studies we were able to show (GRUBER et al. 2005,
2007b) that this basic information can change the
further prognosis of an injured patient profoundly
as necessary surgical intervention is performed ear-
lier resulting in better outcome.

5.34
Therapy

Conservative treatment (physiotherapy, systemic
anti-inflammatory drugs) is the method of choice
in nerve palsy associated with traumatic fractures
with resolving neurological symptoms and without
previous sonographic evidence of a pathology advo-
cating early surgery.

Primary surgical nerve inspection is required
in nerve palsy associated with open bone fracture,
in vascular injury or when bone debridement is
needed. When the nerve is dissected or segments
are damaged severely, primary nerve grafting is the
method of choice. In most cases — when the clinical
situation is more ambiguous - sonographic assess-
ment may serve as a first line method for attempting
a decision between conservative treatment or surgi-
cal intervention (GRUBER 2003, 2005, 2007b).

Chronic dissections with neuroma formation are
a therapeutic problem as the pain produced by the
neuroma does not respond sufficiently to systemic
therapy. In this context a sonographically guided
instillation therapy — which is discussed in more de-
tail in Chapter 7 of this book - can yield favorable
results (GRUBER et al. 2007a).

Fig.5.14. Longitudinal sonogram through ulnar nerve
(arrowheads) in the forearm of a patient who cut himself
with a knife. The proximal (long arrow) and distal (short
arrow) nerve stump is separated with interposition of scar
tissue (double headed arrow) and slightly thickened (more
so in the proximal stump) due to development of stump

neuroma

Traumatic Nerve Lesions in the
Lower Extremity
(H. GRUBER)

5.4.1
Etiology

Asintheupper extremity the nerves of the lower ex-
tremity are relatively exposed to traumatic injuries
and injury mechanisms are quite similar: external
forces with sharp or blunt injury or compromise
by foreign bodies and internal forces such as frac-
ture fragments, interposition between fragments
or traction due to dislocation of bones. In the same
way we have to distinguish acute primary lesions
- acquired immediately at the time of injury - from
secondary lesions that develop at a various inter-
val after the inciting event. Thus nerves may also
be impinged, partially or completely dissected, or
simply present as swollen and edematous (GRUBER
et al. 2003). In secondary nerve palsy nerves may
get progressively surrounded or displaced by scars
or by fibrous or bony callus and externally ob-
structed.

The lower extremity is supplied by two main
nerves: the femoral nerve for the ventral and the sci-
atic nerve for the dorsal side.
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5.4.1.1
Femoral Nerve

The femoral nerve, which is formed out of the crani-
alroots of the lumbosacral plexus and, after piercing
through the psoas muscle into the deep abdominal
region, runs in a groove formed by the iliac and
psoas muscle. This special relationship with the two
muscles is why the femoral nerve often has rather
a triangular than a round shape if scanned axially
in the groin region (GRUBER et al. 2003). While the
nerve is only rarely injured in direct trauma, it is
very prone to inadvertent iatrogenic damage: ortho-
pedic hip replacement, gynecological procedures,
hernia repair etc. A common finding is internal
bleeding and edema with consecutive loss of func-
tion (GRUBER et al. 2003) (Fig. 5.15a,b).

5.4.1.2
Sciatic Nerve

The sciatic nerve undergoes very unspecific post-
traumatic changes quite similar to those seen in
other peripheral nerves. Alongits course the nerve is
protected by thick and strong groups of muscle, thus
direct trauma is rare and occurs only with heavy
impact of external forces (for example impalement
injury) (Fig. 5.16). It may also suffer from displace-
ment by intra- or intermuscular hematomas.

5.4.1.3
Peroneal Nerve

The common peroneal nerve, after exiting from the
sciatic nerve, takes an oblique course in the proximal
popliteal fossa. It runs around the fibular head in a
very superficial, exposed fibro-osseous tunnel and,
running further distally in a very superficial layer,
splits into a superficial and deep branch. Peroneal
nerve injury is especially common in traumatic knee
dislocation and occurs mainly in high speed acci-
dents, in athletic sportinjuries and in distinct fracture
patterns (Kim and KLINE 1996; GRUBER et al. 2005).
Various lesions of this nerve may be found at the “hot
spot” at the fibular neck: overt stretching around the
fibula induced by genicular varus trauma resulting in
edemas, incomplete or complete dissection (Fig. 5.17)
with or without preserved integrity of the outer nerve
sheath (Fig. 5.18) — which may consecutively produce
a so-called “neuroma in continuity lesion” (GRUBER
etal. 2007b) - and penetrating injuries or mere contu-
sions due to a very exposed location.

Fig. 5.15a,b. Transverse sonograms through femoral nerve
(arrowheads) in a patient after hip surgery with demonstra-
tion of a small zone of internal bleeding and edema (arrow
in a). b normal contralateral femoral nerve

Fig. 5.16. Extended field of view sonogram through proxi-
mal sciatic nerve in a patient after a severe car accident with
traction injury to the left thigh. Normal fascicular texture
but somewhat wavy appearance is seen in the proximal sec-
tion of the nerve (arrowheads). The stump after complete
transection is markedly thickened due to terminal type neu-
roma (arrow)
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Fig.5.17. Longitudinal sonogram in a patient after knee
joint dislocation with complete peroneal palsy shows edema-
tous proximal portion of peroneal nerve (arrowheads) and
flipped over nerve stump (arrow) as well as small zone of
internal bleeding and fascicular disruption (asterisk)

5.4.1.4
Tibial Nerve

The tibial nerve - as the second terminal branch
of the sciatic nerve - has a very protected course
through the shank embedded between muscles,
which is the reason why the nerve is almost always
injured at the level of the ankle or bellow - in mal-
leolar fractures with or without bone dislocations
for example.

5.4.1.5
Lateral Femoral Cutaneous Nerve

The lateral femoral cutaneous nerve which enters
the thigh region next to the ventral upper iliac spine,
is often compromised by chronic compression by the
inguinal ligament or iatrogenically during harvest-
ing of a bone-graft at the iliac spine. Although the
nerve is rarely dissected completely, severe neural
edema may ensue, which leads to intense groin pain
radiating into the thigh (Fig. 5.19).

5.4.2
Clinical Diagnosis

Clinically patients with traumatic nerve palsy in
the lower extremity show motor deficits with im-
pairment of motion and gait, especially in severe
cases. More often, however, we find a combination
of motor impairment with pain and sensory defi-
cits in the typical region covered by the respective
nerve. In up to 80% of cases nerve function recovers

Fig. 5.18. Longitudinal sonogram in another patient after
knee joint dislocation shows internal rupture of peroneal
nerve with preserved outer nerve sheath (arrowheads). No-
tice small gap (double-headed arrow) and distal nerve stump
(arrow)

completely with conservative management, which
is monitored with electrodiagnostic testing. When
spontaneous regeneration of nerve function does
not occur within 6 months, surgical inspection - as
in other body regions - has for a long time been the
only alternative to gain necessary information for
further therapeutic decisions. Due to the already
mentioned limitations, electrophysiological tests
cannot provide us with an exact definition of the
length nor the quality of nerve damage. This is es-
pecially problematic in peroneal nerve trauma as-
sociated with knee dislocation, where the damaged
nerve segment may reach far more proximally than
expected and may therefore be overlooked and un-
derestimated during initial clinical assessment and
surgery (TomaINoO et al. 2000; GRUBER et al. 2005).
This was also the case in four of 12 patients in our
own series of traumatic peroneal nerve palsies. Al-
though not being avulsed completely such neural
lesions may end up in severe neural fibrosis or in
neuroma in continuity if complete axonal damage
is the case (GRUBER et al. 2007b).

5.4.3
Sonographic Findings

Patient position for sonographic nerve examina-
tions in the lower extremity has to be chosen ac-
cording to nerve of interest; while the femoral nerve
is imaged in a normal supine position, a medial or
lateral access is best for the tibial or peroneal nerve,
with the sciatic nerve easily accessible in prone posi-
tion. The choice of transducer depends on a patient’s
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Fig.5.19. (a) Longitudinal sonogram through lateral femoral cutaneous nerve (arrowheads) in a patient after hip surgery
with marked edematous swelling of left sided nerve. b Normal contralateral nerve

build and the amount of soft tissues overlying the
nerve. Usually 12-5 or 9-4 MHz broad band linear
array transducers are used and a stand-off pad may
improve image quality with imaging of the peroneal
nerve at the fibular neck or the tibial nerve in the
ankle region for example.

The femoral nerve is identified best in transverse
scans in the groin region where it runs in the grove
formed by the iliopsoas muscle lateral to the femo-
ral vessels. Often its cross-sectional appearance is
not oval but triangular; however, it always shows the
typical echotexture known from most other periph-
eral nerves. It can be followed only some centimeters
upward as it is shadowed by intra-abdominal gas-
containing bowel. Further distally it splits into its
terminal branches only some centimeters distal to
the inguinal ligament.

The sciatic nerve is also identified best in a
transverse plane and is found as a finger thick
nerve structure embedded between the ischiocru-
ral muscles of the thigh. At the level of the proxi-
mal popliteal fossa it splits into the peroneal and
the tibial nerve. When from here the transducer
is moved distally and laterally the common pero-
neal nerve is depicted running around the fibular
head to pierce through the peroneal muscle group,
by which it is often masked. The normal peroneal
nerve is a rather small nerve presenting with just
a few fascicles. However, when injured the nerve
loses its typical sonographic fascicular pattern due
to edema, vasocongestion or inner bleeding. In se-
vere nerve damage the edema may even reach as
proximal as the sciatic nerve. In these cases the sci-

atic nerve shows an abnormal hypoechoic texture
of its lateral portion (Fig. 5.20), the part that later
continues into the peroneal nerve.

Moving the probe centrally down from the sci-
atic nerve division, the tibial nerve is depicted
neighboring the popliteal and then the poste-
rior tibial vessels. It is embedded in the posterior
shank muscles and points to the medial malleolar
region. Here it is bent under the sustentaculum
tali to reach the plantar region of the foot (its two
terminal branches). The sural nerve, as one of the
important sensory shank nerves, also forms at the
division of the sciatic nerve to run distally next to
the small saphenus vein. This thin cutaneous nerve
often is transected during surgery (Fig. 5.21), such
as in stripping of leg veins, for example, which can
result in painful neuromas. The same may be true
for the long sensory branch of the femoral nerve,
the saphenus nerve. It runs next to the main stem
of the large saphenus vein along the medial border
of the leg and often undergoes the same lesions as
the sural nerve (Fig. 5.22).

A “neuromain continuity” is a frequent finding in
peroneal nerve injury and represents a nodular hyp-
oechoic structure of variable length along the course
of the nerve resembling a pearl necklace (Fig. 5.23).
Any neuroma formation indicates an at least incom-
plete chronic neural dissection. The sonographic
diagnosis of an acute complete nerve dissection is
straight forward with an apparent discontinuity
of a nerve with pertinent nerve stumps (Figs. 5.14,
5.18). The stump can be embedded in hematoma or
in chronic lesions in scar tissue.
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Fig.5.22. Longitudinal sonogram through saphenus nerve
(arrowheads) in another patient after venous stripping with
compromise of the nerve by a close lying scar

Fig.5.20. Transverse sonogram through sciatic nerve
(arrowheads) at the distal thigh level in a patient after knee
joint dislocation and peroneal nerve palsy. Notice hypoechoic
lateral portion due to internal rupture of the peroneal nerve
elements (asterisk) but intact tibialis portion with regular
echotexture (arrow)

Fig. 5.21. Extended field of view sonogram through sural nerve in a patient after venous stripping with complete transection
of the sural nerve (arrowheads) and a small terminal type neuroma in the proximal stump (arrow)

Fig. 5.23. Extended

field of view sonogram
through peroneal nerve
(arrowheads) in a patient
after knee joint disloca-
tion shows a large neu-
roma in continuity with
multiple small nodular
neuromas along the
nerve (arrows)
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5.4.4
Therapy

Conservative management includes physiotherapy
to strengthen the atrophic muscles, local steroid
infiltration may bring relief in hypertrophic scar
formation. However, any external compression of
the nerve by scar tissue or callus formation re-
quires surgical intervention. In general, surgical
nerve inspection is indicated when electroneuro-
graphic testing shows no improvement of nerve
function during conservative treatment, or when
sonography shows signs of incomplete disruption
such as extensive intraneural neuroma formation
or complete nerve dissection. Chronic dissections
with neuroma formation pose a therapeutic prob-
lem and may be an indication for sonographically
guided instillation therapy (GRUBER et al. 2007a)
(see also Sect. 7.3).

latrogenic Nerve Lesions
(S. PEER)

Peripheral nerve lesions secondary to various surgi-
cal procedures are not uncommon. Some of these le-
sions may occur during surgical procedures, which
are not primarily directed towards the nerve itself;
inadvertent dissection of the nerve, traction, inser-
tion of retractors and thermal injuries are the most
common causative agents for this type of injury.
Another large group of patients sustains peripheral
nerve lesions in the course of nerve surgery: release
of a nerve encased in a narrow osteofibrous tunnel,
nerve suture after traumatic dissection, etc. In addi-
tion, secondary neural damage due to excessive scar
formation or compression by hematomas also need
to be considered. While the first kind of nerve injury
has to be considered as truly iatrogenic, the second
type may be regarded as an unfavorable postopera-
tive result, due to occurring complications.

As already mentioned in the introduction to
Chapter 5, true iatrogenic peripheral nerve lesions
are a clinical as well as medico-legal problem, as the
causal relationship between medical intervention
and the nerve lesion is frequently not that easily es-
tablished. Furthermore, detailed information about
the type and extent of neural damage is crucial for
the selection of adequate treatment.

In the next paragraphs we will present an over-
view of common postoperative/iatrogenic nerve le-
sions and typical sonomorphological findings.

5.5.1
Nerve Lesions in Association with
Head and Neck Surgery

Various surgical procedures in the neck are associ-
ated with a potential risk for iatrogenic peripheral
nerve damage. The nerve most commonly involved,
which allows for sonographic assessment, is the ac-
cessory nerve. Surgical damage to other nerves in the
neck region is either rare or the involved nerves are
not easily examined with sonography, which is why
we focus on sonography of the accessory nerve only.

5.5.1.1
Accessory Nerve Lesions

5.5.1.1.1
Clinical Considerations

The accessory nerve crosses the posterior cervical
triangle in a superficial course, which makes it rath-
er susceptible to injury. Historically, iatrogenic in-
jury of this nerve has been one of the leading causes
for trapezius paralysis. As early as in the 1940s ac-
cessory nerve injury in association with removal
of tuberculous lymph nodes was reported (WULEF
1941). In general, any kind of surgery in the poste-
rior cervical triangle can injure the nerve: Cervical
lymph node biopsy, excision of benign masses or
radical neck dissection for malignancy (WooDHALL
1952; HARPF et al. 1999; REMMLER et al. 1986). Be-
sides iatrogenic injury still being the most common
cause for trapezius paralysis, the nerve may rarely
be injured in blunt or penetrating trauma to the
neck during contact sports, or indirectly with trac-
tion injury to the upper extremity (VAsTAMAKI and
SOLONEN 1984).

The accessory nerve or cranial nerve IX is the
only motor nerve innervating the trapezius muscle;
however, it may be joined by proprioceptive branch-
es from the second, third or fourth cervical nerve.
In regard of this peculiar anatomical situation the
leading clinical symptom for accessory nerve lesions
is impaired trapezius muscle function; patients typi-
cally have an asymmetric neck line because of the
atrophic trapezius and drooping of the shoulder
girdle. Pain with prolonged use of the shoulder, or
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a constant feeling of a dull ache or heaviness about
the shoulder are common complaints, patients have
difficulties with overhead movements, heavy lifting,
prolonged writing or driving a car (WIATER and
BiGLIANI 1999). During active elevation of the arm
winging of the scapula is observed as it is displaced
laterally, rotating downward and outward. Char-
acteristic findings include difficulty abducting the
extremity above the horizontal plane and weakness
during elevation against resistance.
Conventionalimagingstudiessuchasradiographs
of the cervical spine and/or shoulder are hardly di-
agnostic but almost always obtained and serve the
purpose of exclusion of coexisting bony pathology.
Computed tomography and MRI are only indicated
in cases where mass lesions with direct compromise
of the nerve are suspected but even in this situation
sonography may serve as a primary imaging study.

5.5.1.1.2
Sonography

The sonographic access to the accessory nerve is
easy if some basic anatomic considerations are ob-
served. The nerve is best identified at the lateral
cervical triangle. After identification of the trape-
zius muscle and the sternocleidomastoid muscle,
which aid as a guiding structure, the scanhead is
moved upwards towards the location of the nerve,
which lies superficially just underneath the skin.
After identification of the nerve it is easily followed
in its upward course to the spine and downwards
along the trapezius muscle.

As the accessory nerve is a small nerve its sono-
graphic appearance may not typically resemble the
commonly known dotted pattern characteristic for
bigger peripheral nerves, but be more like a single
hypoechoic tubular structure (BoDNER et al. 2002).

In the case of complete transection a gap in the
continuity of the nerve may directly be shown with
sonography (Fig. 5.24); however, this will sometimes
be overshadowed by postoperative scar tissue which
impairs direct visualization of the gaping within the
nerve (Fig. 5.25). A loss of the normal nerve texture
and outer diameter is nevertheless observed in these
situations (BODNER et al. 2002).

While the existence of such a complete nerve
transection is readily diagnosed with electrodiag-
nostic tests, the value of sonography in this situa-
tion is to establish the exact localization of nerve
interruption, which is important information for
planning surgical reconstruction. In particular, the

distance between the nerve stumps and the shape of
the stump, as well as the presence of additional scar-
ing or neuroma formation in longer dating nerve le-
sions, is to be examined thoroughly during sonog-
raphy (Fig. 5.26).

The latter is important information for the deci-
sion regarding primary nerve anastomosis or nerve
grafting. While the therapy of complete transection
is straightforward, incomplete nerve lesions may
pose a clinical and therapeutic dilemma. In general,
surgery is advocated by some authors if a nerve le-
sion does not show any clinical or electrodiagnostic
signs of recovery within 3 months, whereas oth-
ers advise exploration at 6-12 months after injury
(PERLMUTTER and APRUZZESE 1998). Another ap-
proach, especially with accessory nerve lesions, is to
perform early microsurgical nerve repair (WIATER
and B1GL1ANT 1999), which may be especially feasible
in patients where, according to sonographic studies,
recovery with conservative management is not to be
expected, such as injuries with interposition of scar
tissue or organized hematoma (GRANT et al. 1999;
PEER et al. 2002). An early reconstruction spares the
patient from long-lasting and, in this case, fruitless
physical therapy and improves postoperative out-
come in a situation where the muscle function of
the trapezius is still good, with no muscular atrophy
(WI1ATER and BIGLIANT 1999).

In chronic lesions of the accessory nerve sonog-
raphy may not only be useful for evaluation of the
nerve itself, but also for direct evaluation of trape-
zius muscle thickness (Fig. 5.27).

Again, this is critical information for surgical
planning. With long-lasting trapezius muscle dys-
function, results of microsurgical nerve reconstruc-
tion will mostly depend on the state of the trapezius
muscle (BIGLIANTI et al. 1996). With severe muscular
atrophy detected during sonographic exams a deci-
sion to perform an extensive muscle transfer, such
as the Eden-Lange procedure will be more appropri-
ate to receive good restoration of shoulder motion
(BIGLIANT et al. 1996).

5.5.2
Nerve Lesions Associated with
Orthopedic Surgery

Various orthopedic procedures (hip surgery, shoul-
der surgery, leg lengthening, etc.) may potentially
harm a peripheral nerve in close proximity to the
surgical access. Sometimes even nerves at a greater
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distance from the surgical access route may be dam-
aged if retractors or hooks are inserted deeply into
the soft tissues. Thus the sciatic nerve, for example,
may be excessively stretched or even undergo direct
injury during hip surgery. Rarely, the nerve may
even be damaged directly by a surgical implant - we
experienced radial nerves squeezed underneath a
plate used for repair of humeral fractures and even

a sciatic nerve encased by a circular wire used for
fixation of a femoral shaft fracture.

In general, compared with nerve lesions in as-
sociation with hip surgery, postoperative lesions
after other orthopedic procedures are less frequent.
Therefore, we will concentrate mainly on lesions
in association with hip surgery and comment only
briefly on the less frequent entities.

Fig. 5.24. Longitudinal sonogram through accessory nerve
in a patient who underwent lateral cervical lymphadenec-
tomy. Complete transection of accessory nerve with demon-
stration of a small gap (short arrow) and the separated and
swollen nerve stumps (long arrows)

Fig. 5.25. Longitudinal sonogram through accessory nerve
in a patient with iatrogenic accessory nerve palsy shows
nerve (long arrow) impacted in scar tissue (small arrows).
The continuity of the nerve was not reliably assessed in this
patient

Fig.5.26. Transverse sonogram through accessory nerve
in a patient with accessory nerve palsy after lateral cervical
lymphadenectomy. Swollen, edematous nerve stump (long
arrow) is seen covered by scar tissue (small arrows)

Fig.5.27. Comparative measurement of trapezius muscle
thickness in a patient with iatrogenic accessory nerve palsy
showing reduction of muscle diameter in affected side (left
half of image)
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5.5.2.1
Total Hip Arthroplasty

5.5.2.1.1
Clinical Considerations

The clinical incidence of nerve palsy after primary
total hip replacement (THR) is reported to range
from 0.08% to 3.7% (EGGLI et al. 1999). However,
electrodiagnostic studies indicate that nerve dam-
age may occur in up to 70% of cases (WEBER et
al. 1976). Revision arthroplasty, lengthening of the
leg by more than 4 cm, dislocation of the hip dur-
ing the operation, hemorrhage, direct injury by a
retractor, the duration of the operation, the heat
of polymerization as well as intrapelvic extrusion
of cement have all been implicated, but the cause
of the injury is uncertain in most cases. Several
reports suggest that revision arthroplasty and leg
lengthening are the most significant factors (EGGLI
et al. 1999; OLDENBURG and MULLER 1997). In the
orthopedic literature there is also some dispute
about an increased incidence of nerve lesions with
various surgical approaches to the hip (i.e. direct
lateral or posterior approach) and the direct lateral
approach or Charnley transtrochanteric procedure
is found to be more prone to the development of
nerve injury (WEALE et al. 1996). The reason for
this lies in the use of sturdy self retaining retrac-
tors positioned anteriorly and posteriorly in this
procedure, which may exert a considerable amount
of traction on the soft tissues. Besides direct com-
promise of a nerve with the retractor an indirect
type lesion may develop with excessive stretch-
ing of a nerve. Stretching of the nerve reduces the
cross sectional area of the fascicles and increases
intrafascicular pressure thus impairing blood flow
in the perineural vascular plexus. SUNDERLAND
(1978) found that nerves are quite elastic structures
and only stretching of 20%-35% is able to cause a
functional nerve injury; however, this may occur in
lengthening of the hip or with excessive stretching
of soft tissues.

The nerves most commonly injured during hip
surgery are the sciatic and femoral nerve (GRUBER
et al. 2005), but also the obturator nerve may be in-
volved. Clinical findings range from causalgic pain
in the distribution of the nerve to impairment of
walking ability. In the postoperative situation the
early clinical diagnosis of a nerve lesion is often dif-
ficult, as postoperative pain may be attributed to the
procedure itselfand the significance of the incidence

of nerve injury reported in the literature is masked
as only severe damage presents as a clinical compli-
cation. Nerve injury may vary from transient blocks
in conduction to irreversible damage secondary to
transection of the axons. While according to our
experience complete lesions are very rare, most pa-
tients experience nerve damage to a certain bundle
of fascicles within the sciatic or femoral nerve trunk.
The latter type of lesions pose the biggest problems
as far as differential diagnosis and treatment deci-
sions are considered.

5.5.2.1.2
Sonography

In general, sonography may help in the diagnostic
work-up of nerve lesions after THR in so far as di-
rect evaluation of the nerve and its surroundings is
feasible, thus enabling direct evaluation of hema-
tomas or scars compressing a nerve, direct visu-
alization of transected nerve bundles or localized
nerve edema. However, visualization of the sciatic
and femoral nerve with sonography is limited to
certain anatomical regions, where the nerve is lying
superficially with sufficient sonographic access. Ac-
cess to the sciatic nerve is normally possible along
the whole course of the nerve along the posterior
thigh, where it lies on top of the adductor magnus
muscle after having entered the thigh at the lower
border of the gluteus maximus muscle. The more
proximal course from the greater sciatic foramen
underneath the gluteal muscles may only be ex-
amined with low frequency scan heads allowing to
adjust the scan to the deep lying nerve. This neces-
sary compromise in examination technique results
in limited resolution, which is why subtle lesions of
the nerve may be missed in this region especially in
obese patients. In these cases MR-neurography may
be used for imaging of the more proximal portions
of the sciatic nerve, which has been shown to yield
reliable results if specially optimized MR-sequences
are applied (MARAVILLA et al. 1998).

The second commonly injured nerve during THR
is the femoral nerve, which is much better accessible
with sonography.

Lesions of the sciatic and femoral nerve attrib-
uted to THR may include the whole range of sono-
graphically detectable nerve impairment known
from other injuries, ranging from localized swelling
of single fascicles, to partial interruption with neu-
roma formation (Fig. 5.28) and compression by scar
tissue or hematoma (Fig. 5.29).
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Fig.5.28. Longitudinal sonogram through femoral nerve
in a patient after hip surgery. A small hypoechoic nodule
(arrow) consistent with a small traction neuroma is shown
inside the otherwise normal femoral nerve (arrowheads)

Fig.5.29. Transverse sonogram through femoral nerve
in a patient after total hip arthroplasty. Flattened femoral
nerve (arrowhead) is seen lying on top of iliopsoas muscle.
The nerve is compressed by a tight close lying scar (small
arrows). FA, femoral artery

5.5.2.2
Shoulder Surgery

There are various reports on post-surgical damage
of the axillary nerve or brachial plexus (BOARDMAN
and CorIELD 1999), but despite shoulder surgery be-
ing a frequent procedure, these lesions are rare and
there is only limited experience with sonographic
assessment of the axillary nerve. While the axillary

nerve may be identified with sonography at the back
of the shoulder - where it appears at the dorsal as-
pect of the humerus entering from underneath the
lower border of the teres minor muscle - it is not
as easily assessed on its course through the axilla.
A good guiding structure for identification of the
axillary nerve is the posterior circumflex artery of
the humerus. We aim for examination of this nerve
following its course from the back of the shoulder to
the axillaand upward to its origin from the posterior
plexus fascicle, but in many cases it is not seen in
its complete extent. This asks for a cautious inter-
pretation of results, nevertheless pathology such as
hematomas after shoulder dislocation with possible
compromise to the nerve may be identified.

5.5.2.3
Peroneal Nerve Lesions

Direct surgical damage to the peroneal nerve is
possible during leg lengthening procedures or cor-
rection osteotomies at the lower leg. Depending
on the type of surgical procedure this may involve
the common peroneal nerve or one of the peroneal
nerve branches. While the common peroneal nerve
is easily assessed with sonography (PEER et al. 2002),
and the superficial branch may be followed almost
down to the ankle, identification of the deep pero-
neal nerve is especially difficult in the post-surgical
patient. Localized scaring or diffuse swelling of the
leg with edema leads to sonographic artifacts with
degradation of image quality, which especially af-
fects visualization of the deep peroneal nerve on its
course underneath the peroneus muscles. Typical
peroneal nerve lesions include compression by scars
(Fig. 5.30) or direct nerve damage due to inadvertent
transection or traction injury (Fig. 5.31a,b).

5.5.2.4
Tibial Nerve Lesions

Lesions to the tibial nerve following orthopedic op-
erations are rare; however, we encountered lesions
associated with removal of osteosynthetic material,
or external fixation of tibiotalar fractures.

The rationale for sonography in these cases is to
differentiate direct nerve damage from a so-called
post-traumatic tarsal tunnel syndrome. The latter is
a condition similar to the idiopathic tarsal tunnel
syndrome, and is due to reduction of space in the
tarsal tunnel because of abutting periosteal callus,
malpositioned fractures or organized hematoma.
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Fig. 5.30. Transverse sonogram through superficial perone-
al nerve (arrowheads) at ankle level in a patient after fixation
of a lateral ankle fracture. The nerve is swollen and encased
by scar tissue (long arrows). Asterisk, distal fibular bone;
small arrows, artifacts by plate and screws

Fig. 5.31a,b. Transverse sonogram (a) and longitudinal col-
or Doppler sonogram through common peroneal nerve in a
patient after knee joint dislocation and operative revision.
a Swelling of peroneal nerve (arrowheads) and compromise
by small encasing scar. b Marked hypervascularization of
nerve (arrowheads) and surrounding soft tissues due to un-
specific neuritis

5.5.3
Nerve Lesions Following Fracture Repair

Fracture repair with the use of rods, wires and
plates may result in postoperative nerve palsy
either if a nerve is directly compromised by the
fixation material or if there is hematoma and/or
scar formation along the surgical access route. The
main nerves affected are the radial nerve at its
course along the surface of the humeral shaft, the
ulnar nerve in the ulnar nerve groove and the pe-
roneal nerve at its course around the fibular neck.
Data in the literature about the frequency of such
lesions is rare. As far as repair of humeral shaft
fractures is concerned, lesions of the radial nerve
caused by implanted material may be encountered
in up to 20% of procedures (COGNET et al. 2002) and
mainly occur after plate fixation. In these cases the
nerve may be simply displaced or stretched by the
plate (Fig. 5.32) or even be compressed underneath
it (Fig. 5.33). Lesions to other nerves are very rare
but may follow the same mechanism. The peroneal
nerve may further be damaged during insertion
of wires for placement of an external fixation de-
vice or leg extension. The resulting nerve damage
ranges from simple edema to internal bleeding and
complete transections.

Fig.5.32. Longitudinal sonogram through radial nerve
(arrowheads) in a patient after humeral shaft fracture and
plate fixation. Notice displacement of the nerve by the plate
(arrow) and a screw (asterisk)
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Fig. 5.33. Longitudinal sonogram through radial nerve in
another patient after humeral shaft fracture and surgical re-
pair shows displaced plate (arrows) with compression of the
radial nerve (arrowheads) running underneath the plate

5.5.4
Miscellaneous Postoperative Lesions

Various other operative procedures may result in pe-
ripheral nerve lesions. General surgical procedures
on the lower abdominal or inguinal region may re-
sult in damage to the ilioinguinal, iliohypogastric
or genitofemoral nerve. During cardiac surgery me-
dian sternotomy is associated with a considerable
risk of peri-operative damage to the brachial plexus,
possibly due to excessive traction on the brachial
plexus (Fig. 5.34) or compression of its medial cord
by the first rib.

The harvesting of bone grafts from the iliac crest
may be followed by meralgia paraesthetica due
to injury of the lateral femoral cutaneous nerve.
SiMONETTI and coworkers (1999) reported on sural
nerve lesions in association with stripping of the
small saphenus vein; furthermore, lesions to the sci-
atic and femoral nerve may follow various gyneco-
logic operations (Fig. 5.35).

Nerve lesions due to local injections or punctures
are rare, but may also be encountered even in mini-
mal invasive procedures such as vaccinations in
small children (Fig. 5.36).

In many of these aforementioned situations di-
rect sonographic visualization of the involved nerve
- even if it has a superficial course - is possible in
certain circumstances only because of the small size
of some nerves involved such as the iliohypogastric
or ilioinguinal nerve. A sonographic evaluation of
the site of post-surgical cutaneous scars is neverthe-
less useful in many situations, especially if neuroma
formation is suspected in patients with operations
dating back some weeks or months. The ability of
sonography to depict neuromas has been shown in
various studies (GRAIF 1995; PEER et al. 2001), and
the sonographic features of these types of lesions are
discussed in more detail in Chapter 5, Section 5.6.

5.5.5
Nerve Lesions Associated with Anesthesia

5.5.5.1
Peri-operative Nerve Lesions

Peri-operative nerve lesions can spoil an otherwise
successful operation. The patient may be handi-
capped with some amount of functional disability
and the medical team will possibly face litigation.
The true incidence of peri-operative nerve damage
still remains unclear and is probably under-report-
ed. Such as in the case in direct surgical nerve in-
jury the leading neurological symptom may appear
minor to the attending physician compared with the
clinical disorder that led to surgery, and therefore
may be dismissed. The belief that such a minor le-
sion may be self-limited with full spontaneous re-
covery is widespread but often this is not the case.

Malpositioning of the patient on the operation
table with subsequent stretching and/or compres-
sion of a nerve is today considered the most frequent
cause for this type of injury, with direct needle trau-
ma or chemical irritation being rare (SAWYER et al.
2000). With the first type of injury the ulnar nerve
is most commonly involved as the ulnar nerve is
rather susceptible to compression against the oper-
ating table especially when the forearm is extended
and pronated (Fig. 5.37a,b). Another nerve which is
frequently injured is the common peroneal nerve,
which may be compressed between the head of the
fibula and the operating table, or against a leg fixa-
tion device with the patient in the lithotomy posi-
tion. Rarely also other peripheral nerves such as the
median nerve may be compressed with the patientin
a prone position (Fig. 5.38a,b).
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Fig.5.35. Transverse sonogram through femoral nerve at
level of inguinal canal in a patient after total hysterectomy
and reconstructive operation of pelvic floor. Inside the oth-
erwise normal femoral nerve (large arrows) two distinct hy-
poechoic nodules consistent with traction neuromas (small
arrows) are demonstrated. FA, femoral artery

Fig. 5.34. Comparative transverse
sonograms of brachial plexus (right
side, left image; left side, right image)
in a patient who underwent medial
sternotomy for cardiac surgery and
developed partial radial paralysis
thereafter. In side by side compari-
son enlargement with edema of the
right sided posterior plexus fascicle
is seen (47 versus 41 mm; short ar-
rows), while the medial fascicles
show equal caliber (33 versus 32 mm;
arrowheads)

Fig.5.36. Longitudinal sonogram through sciatic nerve
(arrowheads) at its exit from underneath the gluteal muscles
in a 1-year-old child who developed a sciatic nerve lesion af-
ter vaccination with intramuscular injection. Notice a small
hypoechoic area with indistinct fascicular texture (arrow)
inside the nerve. At surgical exploration internal hematoma
was confirmed. Asterisk, ischial tuberosity

Fig.5.37a,b. Transverse sonograms through ulnar nerve (arrowheads) at the level of the medial epicondyle (asterisk) in a
patient, who developed ulnar nerve palsy after a set of operations with rather long duration. Marked swelling of ulnar nerve
with loss of fascicular texture is noted a with side by side comparison. b Normal contralateral nerve
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Fig. 5.38a,b. Transverse sonogram through median nerve (arrowheads) in a patient with median nerve palsy after an op-
eration in prone position. a A small hypoechoic lesion is demonstrated consistent with traction edema (arrow). b Normal
contralateral median nerve. Asterisk, brachial artery

Sonographic features in these types of nerve le-
sions are the same as compared to other types of
traumatic nerve injury: Localized swelling of nerve
fascicles with edema, hematoma, and in chronic
nerve lesions scarring. The nerves commonly in-
volved in association with anesthesia such as the
ulnar or peroneal nerve are normally easy to assess
with sonography due to their superficial course. As
a general rule it is beneficial to compare the possibly
damaged nerve with the unimpaired contralateral
side, as findings with minor nerve lesions may only
be subtle. A comparative study may also be advocat-
ed in regard to later legal issues, where exact docu-
mentation of site and extent of lesions is of outmost
importance.

5.5.5.2
Nerve Lesions Associated with Regional Anesthesia

While regional anesthesia is associated with mul-
tiple benefits it also bares a certain risk of nerve
damage which, generally speaking, may be avoided
with meticulous technique and choice of material
(SAwYER et al. 2000). In this regard we want to
stress the value of sonography as a guidance for
regional nerve blocks, which is discussed in more

detail in Chapter 7, Section 7.2, of this book (YaNG
etal. 1998). The neurological sequels of nerve dam-
age during anesthesia are quite unpleasant for the
patient and spoil the experience of an otherwise
successful operation. Data in the literature on the
type and frequency of these lesions vary, which
is mainly due to a change in the technique of the
individual procedures and the risk factors of pa-
tients (obese patients, anticoagulants, etc.). Recent
articles (BRULL et al. 2007) report a neuropathy
risk after peripheral nerve blocks of about 3%, with
permanent neurological damage being extremely
rare. However, we must keep in mind that due to
under-reporting of adverse effects these figures
may only partly reflect the true situation. Anoth-
er reason for varying figures lies in the different
thresholds of what investigators consider a signifi-
cant neurological disturbance. A prospective study
of transarterial axillary blocks for example found
a 19% incidence of postanesthesia neurapraxia on
the first postoperative day, falling to 5% at 2 weeks
and clearing in all except one patient by 4 weeks
(UrBAN and URQUHART 1994). At least some of this
postanesthetic dysesthesia (which is quite frequent
on day one after the operation) may just reflect
residual blockade (BEN-DAVID et al. 2006).
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While there is some literature on the prevalence
and clinical course of nerve lesions after regional
anesthesia, there are no reports on the appearance
of nerves after successful blocks or the type of nerve
changes encountered in iatrogenic lesions. In the
few cases we saw in our clinical routine, we experi-
enced mainly edematous swelling of short nerve seg-
ments, close lying hematomas and even intraneural
collections of liquid and/or intraneural bleeding
with or without disruption of fascicular elements
(Fig. 5.39a,b).

The Postoperative Nerve
(S. PEER)

The rationale for sonographic assessment of postop-
erative nerves is straight forward: Incomplete recov-
ery of clinical symptoms after surgical exploration,
decompression or microsurgical reconstruction of a
peripheral nerve. As is true for other organ systems
typical and transient postoperative findings have
to be differentiated from unfavorable development
with the need for further intervention. In respect to
iatrogenic nerve lesions it is important to have an
adequate knowledge of the postoperative evaluation
of a nerve. Typical postoperative changes, such as
short lasting edema and/or hypervascularization of
a nerve, the formation of hematomas or scars have
to be differentiated from incomplete surgical repair
with persistent transection of nerve bundles or de-
velopment of neuroma.

5.6.1
Normal Findings in Postoperative Nerves

The spectrum of imaging findings in postoperative
nerves depends on the type and extent of surgery
performed; in external neurolysis a nerve is isolated
from surrounding tissues, which in many instances
is simply performed to allow for direct inspection
of the nerve and intraoperative electrodiagnos-
tic testing. In the same way a nerve known to be
surrounded by scar tissue may be released. As the
outer sheath of the nerve and the nerve fascicles
are not involved in this type of surgery postopera-
tive changes in uncomplicated follow-ups are only
subtle. With only minimal surgical disturbance of

the nerve sonographic studies may be normal or
show only mild nerve edema with loss of normal
fascicular pattern.

The latter is thought to represent a common and
non-specific reaction of a nerve to minor compro-
mise, which may occur in the post-surgical setting
and is most probably caused by transient stretching
of the nerve during the operation. The same reaction
is also known from nerve compression syndromes
such as carpal tunnel disease, nerves subjected to
direct blunt trauma and various other pathologies
and represents a disturbance of localized micro-
vascular blood flow in the epi- and perineurium.
There is a gradual transition from mere loss of fas-
cicular pattern to localized swelling of nerve fasci-
cles with increase of outer nerve diameter, related
to more pronounced edema and hypervasculariza-
tion. In these more advanced states a differentiation
between a self-limited postoperative finding and a
persistent impairment of the nerve may be difficult
and the value of sonography lies mainly in the exclu-
sion of external reasons for nerve swelling such as
encasing scars. As a general rule we may observe a
gentle tapering of a nerve to normal size above and
below a level of swelling in transient edema and an
abrupt change in nerve caliber in nerves hampered
by scars (Fig. 5.40a,b).

Persistent nerve edema and swelling of fasci-
cles may commonly be seen as a complication af-
ter release and transposition of a nerve, when the
extrinsic blood supply of the nerve is severed. As
for the ulnar nerve the extrinsic vessels (superior
and inferior ulnar collateral artery and posterior
ulnar recurrent artery) may be transected during
release of the nerve in patients with cubital tun-
nel syndrome (BALOGH et al. 1997; PREVEL et al.
1993). Due to a localized disturbance of blood sup-
ply in the postoperative nerve a persistent clinical
impairment follows and sonographically this may
appear as a persistent and pronounced edema of
the nerve.

With internal neurolysis the nerve and its sheath
is directly involved in surgery and this procedure is
mainly used for reconstruction of partial nerve le-
sions requiring a split repair in which functioning
nerve fascicles are separated from nonfunctioning
transected elements or scarred intraneural tissue. In
this procedure a risk for inadvertent damage of still
functioning nerve elements exists and postoperative
scar formation close to the nerve surface may exert
deleterious effects on nerve recovery (MACKINNON
and DELLON 1988).
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Fig.5.39a,b. Transverse (a) and longitudinal (b) sonogram through femoral nerve (arrowhead) in a patient who developed
femoral nerve palsy after a three-in-one or “Winnie-block”. a Notice edema with small hematoma inside the psoas muscle
(asterisk) and compromise of the nerve by close lying hematoma (arrows). b Hematoma underneath the nerve consistent
with (a) is demonstrated (small arrows) and there is a short zone of disrupted outer epineurium (long arrow)

Fig. 5.40a,b. Longitudinal (a) and transverse (b) sonogram
through ulnar nerve after decompression of the ulnar nerve
groove in a patient with cubital tunnel syndrome. The ulnar
nerve (arrowheads) is markedly swollen and compromised
by a close lying scar (arrows)

With complete traumatic transection of a nerve
or after resection of nerve tumors a more extensive
surgical procedure with approximation of the nerve
ends is required. The choice of reconstruction de-
pends on the distance of the gap between the nerve
stumps after resection of allirreversibly traumatized
tissue. Given a small gap an end-to-end anastomosis
is generally preferred; however, significant tension
on the approximated ends has to be avoided by all
means. If thisis not achieved, then the gap is bridged
with interposition of nerve grafts, usually harvested
from superficial sensory nerves, such as the sural
nerve or the medial brachial and antebrachial cu-
taneous nerve. In both types of surgical repair the
nerve (or nerve and graft) ends are anastomosed

with fine monofilament sutures placed within the
external or internal epineurium. Despite being only
very thin these sutures are constantly seen on sono-
graphic exams of reconstructed peripheral nerves
(Fig. 5.41) and should not be mistaken for pathol-
ogy, such as fibrotic changes or tiny calcifications in
granulation tissue for example.

The sonographic examination of internal neurol-
ysis or complete nerve reconstruction should always
attempt to define the continuity of reconstructed el-
ements. According to our experience with sonogra-
phy in a large series of patients who received nerve
reconstruction after partial or complete traumatic
transection this is only partly achieved. While the
integrity of the outer epineurium or the continuity
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of the nerve in total may be achieved in most cases
(Fig. 5.42), an evaluation of the continuity of single
fascicles is often not possible (Fig. 5.43). True dis-
continuity of a reconstructed nerve due to loosening
of sutures is readily established in many cases and
may either be partial or complete (Fig. 5.44).

This is most probably due to a somewhat oblique
course of proximal and distal fascicles, which ham-
pers the achievement of a sonographic scan align-
ment, that directly shows both fascicles in continu-

Fig.5.41. Longitudinal sonogram through median nerve
(arrowheads) in a patient with forearm amputation and re-
plantation. Tiny echogenic foci, which are caused by suture
material are seen on both sides of the site of nerve suture
(arrows). Note that there is no increase in nerve diameter at
suture site and good continuation of single nerve fascicles in
this reconstruction (clinically the patient showed excellent
restitution of nerve function)

Fig. 5.43. Longitudinal sonogram through median nerve in
a patient after hand transplantation and clinically good me-
dian nerve function shows apparent continuity of the outer
nerve sheath (arrowheads) but continuity of single fascicular
elements cannot be readily established (arrow)

ity. A certain increase in nerve diameter is generally
seen at the level of nerve suture, which is a normal
finding as long as it appears mild and fusiform
(Fig. 5.43).

An irregular bulging of the nerve surface or sin-
gle nerve elements on one surface, however, should
raiseasuspicion of partialincomplete fusion of nerve
fascicles and neuroma formation (Fig. 5.45a,b). The
latter is especially true if an additional fibrous mass
lesion exists.

Fig.5.42. Longitudinal sonogram through median nerve
(arrowheads) in a patient after sharp transection of the nerve
shows established continuity at the site of the anastomosis
(arrows, suture artifacts), with very good continuity of single
fascicles

Fig.5.44. Longitudinal sonogram through ulnar nerve
(arrowheads) in a patient with sharp transection of the nerve
and intrafascicular repair. Only partial continuity has been
established with demonstration of a discontinuous nerve
portion (small arrow) because of loosened sutures. Long
arrows, suture artifacts
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Fig. 5.45a,b. Longitudinal (a) and transverse (b) sonogram through median nerve in a patient with sharp transection of
the nerve and intrafascicular repair. a Eccentric, slightly hypoechoic nodular mass consistent with neuroma (arrow) is
demonstrated inside the otherwise continuous nerve (arrowheads). b Eccentric neuroma (arrowheads), normal median
nerve bundles (arrows)

5.6.2
Postoperative Scaring

Postoperative scaring is a common problem after
reconstructive nerve surgery and sonography has
proven helpful in early detection of scars in patients
with bad recovery after nerve repair (PEER et al.
2001). Scaring may also follow external neurolysis
or surgery not primarily directed to a nerve itself
(fracture repair, vascular surgery, etc.). While the
mechanism of nerve compression by an overlying
scar is easily understood, other pathophysiologic
influences have to be considered, which may lead to
a more refined sonographic examination technique.
A nerve encased by a scar not only experiences com-
pression with an apparent decrease of nerve diame-
ter on sonography, but may also have tight adhesions
between outer epineurium and the scar tissue. In the
case of a close lying scar the nerve with an adhesion
may even have a fairly normal or even bigger diam-
eter (due to edema) compared to more proximal or
distal nerve portions (Fig. 5.46a,b).

In this situation scar tissue can cause persistent
pain as well as delayed recovery of sensory and mo-
tor deficits because of constant traction on the nerve
due to limited possibility for longitudinal transla-
tion during movement of an extremity. A functional
sonographic examination with close inspection of
longitudinal nerve motion at the site of suture dur-
ing passive or active movement should therefore be
attempted in postoperative patients to rule out com-
promise due to adhesions.

A nerve with too large a gap between nerve
stumps, which is reconstructed by direct anastomo-
sis, will react developing an intraneural scar due to
constant traction on the rejoined fascicles. These fi-
brotic changes must not be confused with neuroma

formation, which has a completely different patho-
physiologic reason. However, intraneural scars and
neuromas may hardly be differentiated with sonog-
raphy based on the echotexture of the pathological
tissue elements. Only the shape and course of these
lesions may aid in the differential diagnosis. We do
not consider a low specificity in this differential a
big draw back of sonography, as a second surgical
exploration will normally be adequate for treatment
of both types of lesions. The mechanism of neuroma
formation and its sonographic work-up will be dis-
cussed in the next paragraph.

5.6.3
Neuroma Formation

Neuroma formation is common in traumatic periph-
eral nerve lesions and may develop in two distinct
settings. Firstly, it may constitute a direct result of
the trauma. If an incomplete nerve lesion undergoes a
trial of conservative treatment, there may be partially
damaged axons, which try to reestablish continuity by
sprouting of axons and Schwann cells at the proximal
stump. The success of this restitution mechanism de-
pends on the integrity of the axonal or fascicular out-
er sheath. If this is also impaired, axonal overgrowth
results, as sprouting axons and Schwann cells lack a
pathway to reach their distal target. A typical example
for this type of injury is traction neuroma, which
- as the name already suggests - is a consequence
of excessive stretching of a nerve. Traction neuroma
is easily visualized with sonography, and constitutes
an ovoid or spindle-shaped mass inside a peripheral
nerve. This mass is of variable size depending on the
amount of nerve elements involved. With only single
fascicles involved, the outer diameter of the nerve
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Fig.5.46a,b. Transverse (a) and longitudinal (b) sonogram
through tibial nerve (arrowheads) in a patient after repair
of an ankle fracture shows marked scar formation (arrows)
with encasement of the slightly swollen nerve

may appear fairly normal or only slightly enlarged,
due to coexisting edema. Inside the nerve a hypo-
echoic bulbous mass can be detected. If the whole
nerve is involved, normal fascicular echotexture is
replaced by a mass enlarging the nerve diameter, but
the outer nerve sheath if not impaired may appear
normal. The latter type of injury is commonly seen in
traction injuries of the brachial plexus (motor vehicle
accidents). Examples for these types of lesions are
shown in the chapters on nerve lesions of the plexus,
upper and lower extremity.

The second mechanism for the development
of neuroma is post-surgical. Focal external or in-
traneural scaring may impair the reestablishment
of nerve continuity and result in neuroma forma-
tion (Fig. 5.45a,b). In this regard neuroma is a major
complication of surgical interventions and research
on surgical techniques which help to reduce the inci-
dence of post-surgical neuroma is ongoing. Thus re-
section of nerve stumps to functioning neural tissue,
microsurgical adaptation of fascicles and epineural

sheaths (with or without grafting) and the avoidance
of traction are main concerns. The sonographic ap-
pearance of this type of neuroma is fairly similar
to post-traumatic neuroma. According to our own
hitherto unpublished experience the sensitivity of
sonography in the detection of post-traumatic and
post-surgical neuroma is very high. The necessity to
define the extent of nerve involvement, as well as the
exact localization and size of neuroma in respect to
further surgical intervention is clear.
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Introduction

Peripheral nerve tumors are uncommon, nerve
sheath tumors, schwannoma and neurofibromas
being the most frequent. Their clinical signs and
symptoms are often unspecific, which is why they
may pose a diagnostic problem; this is particularly
true for the neck, where a palpable mass is often
mistaken for an enlarged lymph node by the refer-
ring clinician. Several neurogenic tumors can affect
the musculoskeletal system, including traumatic
neuroma, Morton’s neuroma, neural fibrolipoma,
nerve sheath ganglia, neurilemmoma, neurofibroma
and malignant peripheral nerve sheath tumors
(MURPHEY et al. 1999). In general the diagnosis of
such a lesion is based on the detection of a mass in
association with neurologic signs. It is important,
however, to delimitate musculoskeletal lesions with
secondary nerve involvement from lesions directly
derived from neurogenic tissue. In this regard imag-
ing may be helpful, but only if the applied method
has the potential to establish the diagnosis by dem-
onstration of a lesion in direct continuity with a
peripheral nerve.

Furthermore, an exact description of the intrin-
sic imaging appearance and location of a lesion is
necessary, as these may present clues for the final
differential diagnosis (Fig. 6.1).

According to our experience sonography is a
valuable diagnostic tool for these purposes, as it is a
generally available and cheap method, which allows
for direct evaluation of these mostly superficially
lying tumors (GRUBER et al. 2007). In most cases the
association with a peripheral nerve is easily estab-
lished and with the application of color Doppler,
power Doppler and spectral wave analysis a lesion’s
malignant potential may even be realized (BODNER
et al. 2002).
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Fig. 6.1a,b. Longitudinal sonogram (a) and color Doppler sonogram (b) in a patient with a firm palpable mass at the left
forearm. A well defined lesion with hypoechoic echotexture is seen, which shows direct continuity with the median nerve
(arrows in a and b), the lesion arising from the surface of the nerve. Within the tumor small cystic areas are noted (white
arrow). b Color Doppler sonography reveals multiple tumor vessels. The combination of findings is characteristic for a

Schwannoma

Benign Peripheral Nerve Tumors

Classically, benign peripheral nerve tumors have
been divided into schwannoma (neurilemmoma)
and neurofibroma, which constitute the most fre-
quent benign nerve tumors (WElss and GOLDBLUM
2001). While these tumors are similar in appear-
ance and contain cellular elements related to normal
Schwann cells, some distinguishing clinical and
pathologic features exist. Other rare benign neural
tumors include granular cell tumor, nerve sheath
myxoma and extracranial meningioma. Clinically
all benign tumors present as a slow growing mass,
with or without pain. Sometimes a Tinel sign can
be shown by tapping on the tumor or neurological
deficit can appear as a sign of nerve compression.

6.2.1
Schwannoma (Neurilemmoma)

6.2.1.1
Clinical Introduction

Schwannoma most commonly affects patients aged
20-40 years (but may also appear in the older age
group) and constitutes approximately 5% of all
benign soft tissue neoplasms (MURPHEY et al. 1999).
It occurs equally in both genders. Predilection areas
are the flexor surface of the upper and lower limb

and the neck area. It mainly appears as a solitary
lesion, rarely the tumor presents in a plexiform or
multinodular form. The lesion shows non-aggres-
sive features including slow growth and small size,
pain and neurologic symptoms are unusual, except
in larger tumors. At clinical examination the lesion
is freely mobile to palpation except at the site of
nerve attachment.

At pathologic analysis the schwannoma has a size
of 2-5 cm and shows a true capsule - which allows
for easy surgical enucleation - and a fusiform shape,
because of the nerve entering and exiting the mass.

In larger nerves the mass has an eccentric loca-
tion in relationship to the involved nerve, which is
an important sonographic criterion for its differen-
tiation from neurofibroma. Histologically the lesion
derives from the nerve sheath and may appear in a
solid and myxoid form. It is distinguished at immu-
nohistochemical analysis from neurofibroma by
intense staining for S-100 protein.

Degenerated schwannoma (also called ancient
schwannoma) may show a high amount of cystic
degeneration, central hemorrhage and calcification,
which is attributed to its slow growth.

Malignant transformation in a schwannoma is
extremely rare (WEIss and GoLpBLUM 2001).

The treatment of schwannoma is usually surgical
enucleation of the lesion after incision of the epineu-
rium, which because of the eccentric location of the
tumor in contrast to neurofibroma, normally allows
sparing of the native nerve.
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6.2.1.2
Sonography

Sonographic visualization of benign peripheral
nerve tumors depends on the location of the tumor.
Deep lying tumors at a depth of more than 3 cm
below the skin surface are better visualized with
a 4- to 7-MHz broad band linear probe, whereas
superficially lying tumors are best investigated with
5- to 17-MHz broad band linear probes.

Many reports in the literature describe the sono-
graphic appearance of peripheral nerve tumors in
variouslocations (JouNsTON and BEGGS 1994; BEGGS
1999; MARTINOLI 1996; LIN 1999; GIOVAGNORIO and
MaRrTINOLI 2001; PEER et al. 2002; REYNOLDS et al.
2004; BENDIX et al. 2006), and in fact the earliest
reports on the application of sonography for imag-
ing of peripheral nerves focused on the evaluation of
nerve tumors (HUGHES and WILSON 1986; FORNAGE
1988).

The typical sonographic appearance of a benign
peripheral nerve tumor in general is a well defined
mass with an oval or fusiform shape (Fig. 6.1a). This
shape is considered to be the number one imag-
ing feature, which should raise the suspicion for a
peripheral nerve tumor - as it is caused by the tubu-
lar entering and exiting of a nerve in a typical nerve
distribution (MURPHEY et al. 1999). In a small tumor
arising from a superficial nerve, however, the sono-
graphic demonstration of a connection to a nerve is
unlikely due to the small size of the affected nerve.

Because of the uniform cellular pattern of schwa-
nnoma a homogeneous echotexture is found in
most tumors. In general they show a medium to low
echogeneity (REYNOLDs 2004); however, schwanno-
mas with hyperechoic echotexture have also been
reported in the literature (StMoNOVSKY 1997). In our
experience all larger schwannomas showed small
cystic areas within the tumor (Fig. 6.1a). Whereas
REYNOLDS et al. (2004) stated that schwannomas
cannot be distinguished from neurofibromas, in
our experience, and also according to BEgas (1999),
larger tumors with a more myxoid matrix frequently
show cystic internal changes.

A large schwannoma with pronounced degenera-
tive changes is also called an “ancient schwannoma”.
It shows a high amount of cystic degeneration, cen-
tral haemorrhage and calcification, as a sign for slow
and long growth (Lin etal. 1999; IsoBE 2004; BENDIX
2006) (Fig. 6.2).

The advantage of sonography for the differential
diagnosis of schwannoma and neurofibroma is the

Fig.6.2. Longitudinal sonogram of the right chest wall.
Long standing palpable mass (arrows) showing well defined
tumor margins with a central cystic area. Core needle biopsy
confirmed the diagnosis of ancient schwannoma

demonstration of the tumor originating at an excen-
tric location relative to the nerve, which is typical for
schwannoma (Fig. 6.1a). This is especially true for
tumors larger than 2 cm.

Just like other neurogenic tumors affecting the
peripheral nerve schwannomas may demonstrate
high vascularity on color Doppler studies (Fig. 6.1b).

6.2.2
Neurofibroma

6.2.2.1
Clinical Introduction

Neurofibromas share the same features as schwanno-
mas, as far as predilection for age and gender are
concerned. They are classically divided into three
groups depending on their appearance:localized, dif-
fuse or plexiform. The plexiform and sometimes also
the diffuse form are closely associated with Morbus
Recklinghausen (Neurofibromatosis type 1).

The localized neurofibroma is the most common,
accounting for approximately 90% of lesions, and
mainly affects young patients of any gender. Macro-
scopically it has a fusiform appearance with enter-
ing and exiting of a nerve. Often it affects rather
superficially lying small nerves of the extremities.
Histologically neurofibroma shows wavy, elongated
cells within bands of collagen. Tumor vascularity
is usually rich. Rarely myxoid cells appear within
the tumor, but they are never as prominent as in
schwannoma. Treatment of neurofibroma is nor-
mally surgical and, in contrast to schwannoma,
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implies reconstruction with nerve grafting if a deep
nerve is involved.

The diffuse form of neurofibroma primarily affects
children and young adults and is most frequently
found in the adipose subcutaneous tissue of the neck
region. In most cases (up to 90%) this is a solitary
lesion not associated with neurofibromatosis.

Neurofibromatosis, first described by von Reck-
linghausen, is an inherited autosomal dominant
genetic disease and affects one in 3000 births, which
is why it constitutes one of the most common genetic
disorders. The classic clinical triad consists of cuta-
neous lesions, skeletal deformities and mental defi-
ciency. First characteristic signs appear in early
childhood: café au lait spots, pigmented hamarto-
matous lesions of the iris (Lisch nodule) and osseus
lesions. Neurofibromas can be found in virtually any
nerve and any body including visceral organs (Roos
and MuckwAY 1995) and constitute the hallmark of
neurofibromatosis.

All three types of neurofibromas may appear in
neurofibromatosis; however, only the plexiform neu-
rofibroma is pathognomonic and it usually appears
in an early stage, even before other cutaneous signs
of neurofibromatosis may occur. This tumor has a
tortuous internal appearance, with separation of
single nerve fascicles by endoneural tumor material.
The lesion may induce a massively hypertrophic and
disfigured limb, called Elephantiasis neuromatosa,
which is probably caused by the hypervascular con-
dition of the tumor. Neurofibromas in association
with neurofibromatosis type 1 (Morbus Reckling-
hausen) may undergo malignant transformation in
2% 29% of cases. Treatment of patients with neu-
rofibromatosis is often nonsurgical because of the
multiplicity of lesions or reserved for symptomatic
lesions.

6.2.2.2
Sonography

The sonographic appearance of localized solitary
neurofibromas is more or less the same as in neuro-
fibromatosis. In patients with neurofibromatosis type
I, small tumors without any clinical relevance are fre-
quently detected along peripheral nerves. The indi-
vidual tumors have an oval shape with mostly hypo-
echoic texture and may either be well defined or also
somewhat ill defined (S1MoONOVSKY 1997; GRUBER et
al. 2007). Rarely hyperechoic echogenic nodules are
also seen. In severe forms, chain-like nodules along
the affected nerves are found (Fig. 6.3b).

Fig. 6.3. a Longitudinal sonogram acquired at the proximal
thigh in a female patient with neurofibromatosis type I. A
small hypoechoic spindle shaped mass is demonstrated in
continuity with a tiny femoral nerve branch (arrows), con-
sistent with a small neurofibroma. b Sonographic extended
view along the left upper arm showing multiple well defined
nodules along the median nerve in a patient with fibroma-
tosis type 1. Note that the largest nodule has a hyperechoic
echogenicity (arrowheads) compared to the other, more hy-
poechoic nodules (arrows)

The plexiform neurofibroma invariably shows a
pathognomonic appearance with multiple large fas-
cicles, separated by isoechoic tissue (Fig. 6.4). Fast
growing and especially malignant neurofibromas
may show central necrosis, calcifications, or cystic
formation and ill defined margins (Fig. 6.5).

A target sign known as a distinct MRI feature of
neurofibroma on T2 weighted sequences was also
reported for sonography (LIN et al. 1999). This find-
ing, however, has not been confirmed to date in
larger series. Despite rather typical sonographic cri-
teria of neurofibroma, which were also apparent in
our own series of 11 patients with neurofibromatosis
type 1, there is considerable overlap of sonographic
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Fig. 6.4a,b. Transverse (a) and longitudinal (b) sonogram acquired at the right hand in a patient with plexiform neurofi-
broma. The median nerve (arrowheads in a) is enlarged with multiple, enlarged, hypoechoic fascicles (arrows in a). Single

fascicles are elongated and distorted (arrowheads in b)

Fig. 6.5. Malignant neurofibroma in neurofibro-
matosis I. Panoramic view of a huge tumor at
the right shoulder with a maximum outer di-
ameter of 35 cm. The echotexture appears very
inhomogeneous with multiple cystic, necrotic
areas

features. Gray scale sonography alone is therefore
not considered reliable enough to correctly differ-
entiate benign from malignant nerve tumors, and
sonography guided needle biopsy should be per-
formed.

Most peripheral nerve tumors show a high vas-
cularity, which can be assessed with color Doppler
sonography and spectral wave analysis. In a study
regarding differentiation of malignant and benign
softtissue tumors we were able to differentiate malig-
nant from benign tumors by analyzing the vascular
architecture and spectral wave analysis (BODNER et
al. 2002). In a series of 79 soft tissue tumors we inves-
tigated seven nerve tumors. Gray scale information
such as echogenicity or echo pattern did not have any
significant value for differential diagnosis; however,
color Doppler sonography was able to demonstrate
an anarchic vascular architecture in malignant neu-
rogenic tumors (Fig. 6.6), containing stenosed and
occluded vessels, self loops and trifurcations. Espe-

cially stenosed vessels showed a high systolic veloc-
ity of more then 100 cm/s; a flow velocity below 20
cm/s indicated a distally occluded tumor vessel. The
combination of anarchic vessel architecture with
these spectral characteristics resulted in a sensitiv-
ity of 94% and specificity of 93% in the differentia-
tion of malignant from benign tumors.

6.2.3
Granular Cell Tumor

Granular cell tumor is a rare, benign nerve tumor
that is more common in women than men, and
appears in the 4th and 5th decade, found more fre-
quently in the African population.

It is mostly found in the subcutis, lesser in the
submucosa or muscle, but it can appear virtually
in any site of the body and organ. In up to 10% of
patients the tumor appears on multiple sides. Malig-
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grams and spectral wave analysis in
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nant granular cell tumor is extremely rare. The
tumor is only rarely found in continuity with a peri-
pheral nerve, therefore the diagnosis will less likely
be made by sonographic findings. We encountered
one case where the continuity of the tumor with a
peripheral nerve was readily established (Fig. 6.7)
(GRUBER et al. 2007).

Malignant Peripheral Nerve Tumors

Malignant peripheral nerve tumors account for
5%-10% of all soft tissue sarcomas, they may arise
from the nerve sheath, perineural cells and fibro-
blasts. Lesions mainly affect major nerve trunks
such as the sciatic nerve or brachial plexus. Patients
more frequently present with local pain or neu-
rologic symptoms compared to benign tumors.
Some of these lesions are secondary tumors, which
appear after local radiotherapy. Typically those
tumors grow fast and reach a large size. Local recur-
rence after surgical removal is about 40%. Meta-
static spread, especially to the lung occurs in up to
68% and the overall 5-year survival rate is 43.7%
(WaNEBoO et al. 1993), depending on the size and
location of the tumor.

Sonographic experience with imaging of malig-
nant peripheral nerve tumors is limited; a distinc-
tion based on gray scale imaging alone is practically
impossible except with the demonstration of malig-
nant features such as invasive growth. The concept
of color Doppler and spectral wave analysis for the
differentiation of benign and malignant lesions has
been discussed in the previous paragraph.

Fig. 6.7. Longitudinal sono-
gram showing a well defined
hypoechoic mass between the
subcutaneous soft tissues and
the quadriceps muscle in the
left thigh. The tumor had a
slow growth and was well pal-
pable. The tumor shows mul-
tiple small calcifications and
continuity to a small peripheral
nerve (arrows). Core needle
biopsy revealed granular cell
tumor

6.3.1
Clear Cell Sarcoma

Clear cell sarcoma is an extremely rare tumor that
has the ability to produce melanin but it is distin-
guished from the skin melanoma by its deep loca-
tion, almost always in conjunction with aponeurotic
or tendon like structures (ENZINGER 1968). Young
women are more affected then men. GANDOLFO et al.
(2000) described a clear cell sarcoma at the foot; the
tumor appeared as a well defined, hypoechoic mass
attached to the lateral plantar complex, color Dop-
pler sonography showed rich tumor vascularity.

Non-neural Tumors Within Nerve Sheath

6.4.1
Nerve Sheath Ganglion

Intraneural ganglia are rare lesions, most frequently
affecting the large nerves about the knee (mainly
the common peroneal nerve) (LEOTEN et al. 1992;
MascroccHI et al. 1992; YAMAZAKI et al. 1999; KaTz
and LENOBEL 1970), involvement of sciatic nerve,
the tibial nerve at the ankle or the ulnar nerve at
the elbow has also been reported (PEER et al. 2002;
PuiG et al. 1999).

It has been shown by SPINNER et al. (2003, 2007)
that those ganglions arise from the joint rather then
from the nerve sheath itself. Joint fluid leaks into the
sheath of a joint nerve branch by a small capsular
gap and is then pumped into the nerve sheath of
the main nerve, partially dissecting the epineurium
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(SPINNER 2003, 2007), The fluid then extends along
the course of the nerve, by compressing and displac-
ing the nerve fascicles and forming an intra-nerval
ganglion (Fig. 6.8).

Depending on the size of the ganglion patients
either present with a palpable mass or with neuro-
logical symptoms only. From a histological view-
point these lesions show myxoid changes together
with a peripheral fibrotic lining. Sonography typi-
cally reveals a cystic, well-defined globular lesion,

sometimes septated with anechoic echotexture and
posterior acoustic shadowing (Figs. 6.8, 6.9). Surgi-
cal enucleation is the most appropriate treatment.
Intraneural ganglia should be differentiated from
a simple Baker cyst arising from the medial joint
space, extending to the lateral border and displacing
the sciatic or tibial nerve.

We realized similar findings of compressing the
tibial nerve inside the tarsal tunnel by a tibiotalar
joint ganglion (PEER et al. 2002) (Fig. 6.9).

Fig. 6.8. Transverse sonogram of common peroneal nerve
in a patient with a palpable popliteal mass, pain and numb-
ness in the dorsal aspect of the foot and muscle weakness
in the peroneus as well as tibialis anterior muscles. A round
hypoechoic mass with well defined margins and posterior
acoustic enhancement and close relationship to the nerve
(long arrow) is revealed by sonography. A thin hyperechoic
line (the outer nerve sheath) shows direct continuity with
the outer layer of the ganglion (small arrows) confirming a
nerve sheath ganglion

Fig. 6.9a,b. Longitudinal (a) and transverse (b) sonogram of the tibialis nerve in a patient with paraesthesia. On the longi-
tudinal scan the tibialis nerve (arrowheads in a and b) shows a bowing course just proximal to the medial tibiotalar joint.
At the right margin of the image a spindle shaped hypoechoic lesion with well defined margins (small arrows in a and b) lies
close to the nerve surface. The nerve diameter is slightly enlarged due to congestive edema (compression by the ganglion)
just proximal to the upper pole of the ganglion (long arrow in a). Part of the ganglion (small arrows in b) is visualized in
close connection to the distal margin of the tibial metaphysis (large arrowhead in b) confirming its articular extension
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6.4.2
Neural Fibrolipoma

Neural fibrolipoma was initially described by
MasoN in 1952, and various synonyms, such as
fibrolipomatous hamartoma of nerve, perineural
and intraneural lipoma, have been used for this rare
lesion (SILVERMAN and ENZINGER 1985; ToMs et al.
2006). Hypertrophy of fatty tissue and fibroblasts
in the epineurium of a nerve is considered the most
probable cause for the development of fibrolipoma;
however, the exact pathogenesis is still unclear.
The typical presentation is in a patient less than
30 years of age, often at birth or in early childhood
with a slowly growing mass with or without pain or
neurological deficit. The upper extremity is most
commonly involved (78% - 96% of cases) with a pre-
dilection for the median nerve. Involvement of the
lower extremity, ulnar or radial nerve, or the bra-
chial plexus is rare. A localized soft, slowly enlarging
mass in the wrist or forearm, with or without accom-
panying pain, is usually present. Neurologic symp-
toms consistent with carpal tunnel disease may be
the leading finding in lesions involving the median
nerve. About one third up to two thirds of patients
have coexisting macrodactyly and bone overgrowth.
On sonographic examinations the involved nerve
is grossly enlarged, with a cable-like appearance on
transverse scans, which is caused by the hypoechoic
bands resembling the fascicles embedded in hypere-
choic surrounding fatty tissue (Fig. 6.10) (MURPHEY
et al. 1999). In a series of 15 cases Toms et al. (2006)
described evenly interspersed fat and neural bun-

Fig. 6.10. Longitudinal sonogram at the right thigh showing
a cable-like appearance of the sciatic nerve over an extent of
approximately 12 cm (black arrows). At the distal part of the
nerve an oval shaped and well defined mass is noted (white
arrows), Tumor resection revealed fibrolipoma

dles within the tumor. The presence of fat may help
to differentiate neural fibrolipoma from plexiform
neurilemmas. The fascicles within the neural lipoma
do not appear to be tortuous as seen in plexiform
schwannomas, but rather cable-like.

Surgical resection is hampered by the fact that the
tumor sometimes diffusely infiltrates the fascicles;
this distinguishes the tumor from circumscribed
lipoma within the nerve sheath.

Other tumors which occasionally can be found
along the peripheral nerves include true lipomas,
lymphomas and hemangiomas.

6.4.3
Peripheral Nerve Hemangioma

Hemangiomas of peripheral nerves are extremely
rare; most hemangiomas that are found along the
peripheral nerves probably infiltrate the affected
nerve rather then originate from the nerve (PURCELL
1945). Depending on the involvement of the affected
nerve, weakness and pain are the predominant
clinical signs. Sonography shows tortuous vessels
between the nerve fascicles, with fascicles appearing
edematous. Typically for hemangiomas, phleboliths
may be found along the tumor vessels.

Fig. 6.11. Transverse sonogram at the forearm in a patient
with slow growing hemangioma. Color Doppler sonogram
showing multiple tumor vessels between the nerve fas-
cicles of the median nerve, the fascicles appear thickened
(arrows)
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Neuroma

6.5.1
Morton’s Neuroma

6.5.1.1
Clinical Introduction

Morton’s neuroma is not a neoplasm in its true
sense. The entity was first described by Thomas
Morton in 1876, who reported on 12 patients with
“a peculiar and painful affection of the fourth meta-
tarsophalangeal articulation” (MorTON 1876). The
exact pathophysiological mechanism for this entity
is still undetermined; however, suggested reasons
include repetitive microtrauma and nerve entrap-
ment. While Morton himself favored a mechani-
cal pathomechanism with squeezing of the nerve
between the metatarsal heads, MULDER (1951) and
others suggested an influence of abnormal meta-
tarsal mobility with subsequent enlargement of the
intermetatarsal bursa (MULDER 1951; BoSSLEY and
CAINEY 1980). The latter replaces the plantar nerve
and accompanying vessels, which results in a state
more prone to pinching of these structures (BossLEY
and CAINEY 1980).

Morton’s neuroma, which clinically represents
a fusiform enlargement of a digital branch of the
medial or lateral plantar nerve, consists of perineu-
ral fibrosis, local vascular proliferation, edema of the
endoneurium and axonal degeneration (SHEREFF
and GRANDE 1991). Most commonly the digital
nerve in the third intermetatarsal space is involved,
the second intermetatarsal space being affected less
frequently and involvement of other digital nerves
being rare. There is enlargement of the digital nerve
just proximal of its terminal bifurcation and just
distal to the level of the intermetatarsal ligament
(Fig. 6.12).

Patients typically suffer from a sharp, burning
pain originating at the level of the metatarsal heads
and radiating to the toes. Tingling sensations and
paresthesias in the same distribution are common.
Symptoms are worsened by walking and relieved by
rest. During physical examination typical signs, such
as a positive Tinel’s sign (tingling sensations in the
distal distribution of a nerve with light taping on the
affected part of the nerve trunk) and Mulder’s sign
(a palpable click when the metatarsals are squeezed
together with simultaneous application of pressure

Fig.6.12. Schematic drawing of the forefoot showing the
course of the digital nerves between the metatarsal bones
(1-5) and the intermetatarsal ligaments (asterix). Typical lo-
cation for Morton’s neuroma (MN) formation is between the
3rd and 4th and the 2nd and 3rd intermetatarsal space

to the sole of the foot) may be seen (MULDER 1951).
Dorsiflexion of the toes results in worsening of pain,
while plantar flexion causes some relief. Morton’s
neuroma is palpable in one third of patients only,
but associated synovial cysts may be clinically evi-
dent. Women are more commonly affected, which is
attributed to the more flexible state of the female foot
and the habit of wearing high heels (MoRrTON 1876).
Asymptomatic lesions are common with a preva-
lence of 33% reported in an MRI study of 57 patients
(BENCARDINO et al. 2000). The only observable dif-
ference between symptomatic and asymptomatic
patients is the size of the lesion, with neuromas less
than 5 mm in diameter considered asymptomatic
(ZANETTI et al. 1997).

The treatment of Morton’s neuroma ranges from
the use of orthotic devices and local steroid or alco-
hol injections to surgical resection in cases resistant
to conservative management (LLANOS et al. 1999).
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6.5.1.2
Sonography

REDD and coworkers (1989) first reported on the
potential of sonography for the detection of Morton'’s
neuroma. Meanwhile various clinical studies have
confirmed their initial experience with reported
sensitivities for the sonographic detection of neu-
romas between 93% and 98% (QUINN et al. 2000;
REDD et al. 1989; SHAPIRO and SHAPIRO 1995).

Recommendations on the best sonographic
examination technique vary among authors: While
the initial results of REDD and coworkers (1989) have
been achieved with the patient in a sitting position
scanning from the dorsal aspect of the foot, recent
studies more commonly favor a plantar approach
with the patient lying prone on the examination
couch. The reasoning for the dorsal approach may
derive from the commonly favored dorsal approach
in surgery for Morton’s neuroma, and was thought to
yield betterimage quality, as the thick fibrotic plantar
pad resulting in some amount of sonographic arti-
facts can be avoided. However, the dorsal approach
is only effective with vigorous plantar flexion of the
toes, which enables delivery of the neuroma into the
intermetatarsal space. Like other researchers we use
the dorsal approach only in cases where the plan-
tar approach results in equivocal findings. With the
plantar approach we use a good amount of transmis-
sion gel together with a standoff pad, which substan-
tially improves image quality. With the non-imag-
ing finger pressure is exerted on the dorsal aspect
of the scanned intermetatarsal space splaying the
metatarsals, which allows for a better sonographic
access to the intermetatarsal tissues. A 12-MHz or
higher linear array transducer is recommended.

The typical sonographic appearance of Morton'’s
neuroma is a well defined, hypoechoic, fusiform
mass in relation with the plantar neurovascular
bundle classically of the third digital interspace.
As the plantar digital nerve courses plantar to the
intermetatarsal ligament, the typical location for
neuroma is in the lower aspect of the intermetatarsal
spaceandinbetween the metatarsalheads (Figs. 6.13,
6.14) (PEER et al. 2002; QUINN et al. 2000).

However, according to QUINN and coworkers
(2000) there is some amount of variation in the local-
ization of intermetatarsal mass lesions found with
sonography. In their sonographic study of 27 patients
with surgically confirmed neuromas, they detected a
mass either located plantar with dorsal extension or in
a completely dorsal location in 18 patients. Only nine

Fig.6.13. Transverse sonogram in a patient with typi-
cal symptoms for Morton’s neuroma. At the level of the
metatarsal heads (MH) a small 0.6-cm globular mass with
hypoechoic echotexture is seen, consistent with a small
Morton’s neuroma (arrow)

Fig.6.14. Transverse sonogram in another patient with
symptoms suggestive for Morton’s neuroma reveals a small
nodular lesion with only 4 mm diameter (arrow) adjacent to
the third metatarsal head (MH). Despite its small size this
lesion was symptomatic

surgically confirmed neuromas where entirely plan-
tar. This seems anatomically counterintuitive at first
sight, given the location of the neurovascular bundle.
Two possible explanations for this finding have to
be considered: Firstly, according to the early work
of MULDER (1951) a neuroma may be located more
dorsally because of coexisting abnormal metatarsal
mobility with subsequent splaying of metatarsals and
widened digital interspaces. Secondly, the dorsally
extending mass may be an enlarged intermetatar-
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sal bursa, which because of its equal echotexture is
sometimes difficult to discern from a neuroma. This
bursa is present in each interspace dorsal to the deep
transverse intermetatarsal ligament and is found to
be intimately related with Morton’s neuroma during
surgery. Inflammation of the bursa has also been pro-
posed to be a causative factor in the pathogenesis of

Morton’s neuroma and associated clinical symptoms

(MULDER 1951; BossLEY and CAINEY 1980). Accord-

ing to SHAPIRO et al. (1995) the enlarged fluid filled

bursa maybe discerned if alesion with anechoic center
and posterior acoustic enhancement is revealed in
the dorsal compartment of an intermetatarsal space.

SHAPIRO and coworkers (1995) found an association

between an enlarged bursa and a small 2- to 4-mm

diameter neuroma in 10% of patients. So we have to

keep in mind that a hypoechoic mass in the intermeta-
tarsal space visualized with sonography in a patient
suspected for having Morton’s neuroma may in fact
be: (a) a true neuroma, (b) a neuroma with an asso-
ciated enlargement of the intermetatarsal bursa, or

(c) an enlarged bursa in association with a small size

neuroma (less than 5 mm), which is not distinguished

separately from the bursa. This has some implications
for the sonographer on examination technique:

@ Always try to establish a continuity between the
neuroma and a digital nerve, as this will raise
the specificity of the sonographic examination.
However, this is not always accomplished due
to the small size of the plantar nerves (in 55%
of true neuromas in the study of QUINN et al.
2000). But with state of the art equipment (i.e.
high frequency transducers) this will probably be
achieved in a higher percentage of patients.

FR 13Hz
R1

Fig. 6.15. Longitudinal scan in a pa-
tient with long standing numbness in
the inner side of the thumb. The digi-
tal nerve shows irregular thickening
(arrows) over an extent of 1 cm. Color
Doppler sonography shows increased
vascularity within the skin and sub-
cutaneous soft tissues

® Give a close inspection to the echotexture of an
intermetatarsal mass and search for liquid com-
ponents, or posterior acoustic enhancement sug-
gesting a fluid filled bursa. In contrast, the neu-
roma itself is of hypoechoic or mixed echotex-
ture, sometimes it may even show hyperechoic
areas consistent with interspersed fat.

@ A larger mass should always raise the suspicion
of an enlarged bursa (normally a neuroma only
rarely exceeds 20 mm in length) (QUINN et al.
2000).

® Because of the intimate relationship of Morton’s
neuroma and an enlarged intermetatarsal bursa
the actual size of the neuroma may be overesti-
mated.

In conclusion, sonographyis valuable for the diag-
nosis of Morton’s neuroma, with a sensitivity close to
MR imaging, if a tailored examination is performed.
Besides its diagnostic capabilities sonography may
also serve as a tool for the guidance of local corticoid
or alcohol instillation.

6.5.2
Friction Neuroma

Lesions (friction neuroma) similar to Morton’s neu-
roma are sometime found along the nerves in the
hand (WEiss and GoLpBLuM 2001). They are very
much related to occupational injuries to the nerve
in patients who repeatedly perform the same finger
movement. Typically they are found along the digi-
tal nerve of the thumb.

3.0-
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The appearance of a friction neuroma in the hand
is similar to a Morton’s neuroma. The friction neu-
roma shows a fusiform swelling when scanned along
the course of the digital nerve (Fig. 6.15) and round
shaped in a transverse scan.

6.5.3
Traumatic Neuroma

6.5.3.1
Clinical Introduction

Depending on their pathogenesis neuromas may be
divided into posttraumatic and postsurgical lesions
(see also Chap. 4). Traumatic neuromas develop after
complete or partial transection of a peripheral nerve,
and regarding their location this group may further
be divided into intraneural or terminal neuromas.
While intraneural traumatic neuromas develop in
an otherwise intact nerve trunk because of minor
trauma (mainly traction injuries), or as a result of
chronicirritation and friction, terminal neuromasare
always a result of severe trauma with partial avulsion,
disruption or total transection of a nerve. Postsurgi-
cal neuromas most commonly appear in the lower
extremities after leg amputation and in the head and
neck region related to tooth extraction, or after surgi-
cal nerve reconstruction. Neuromas develop within
1-12 months after the initial event and vary in size,
depending on the size of the involved nerve and the
amount of impaired nerve tissue.

Fig. 6.16a,b. Longitudinal (a) and transverse (b) sonogram
in a patient with traumatic amputation of the arm in a motor
vehicle accident. The ulnar nerve (arrowheads in a) tapers
in a bulbous hypoechoic mass consistent with stump neu-
roma. In the transverse plane the diagnosis is not readily
established, however a localized enlargement of the nerve is
seen (arrows in b)

The typical clinical findings in patients with
neuroma are a localized soft tissue mass and pain,
which is in most cases reproduced with tapping on
the mass (positive Tinel’s sign). At histologic analy-
sis neuromas show a mixture of various cellular ele-
ments including Schwann cells, axons, endo- and
perineural elements, wrapped in dense collagenous,
fibrotic tissue (KRANSDORF and MURPHEY 1997).
The disorganization of the neural tissue allows for
histologic differentiation of neuroma from neurofi-
broma.

6.5.3.2
Sonography

Given a patient’s history the sonographic diagnosis
of neuroma is straightforward and the differential
diagnosis hardly problematic. In the typical clinical
setting a bulbous mass in association with a nerve
stump (Fig. 6.16) or arising from the lateral aspect
of a nerve with partially discontinuous fascicles
(Fig. 6.17), or a spindle shaped mass inside a nerve
(Fig. 6.18) is consistent with neuroma. The diagnos-
tic clue is the demonstration of a nerve in direct
continuity with the mass.

The echotexture of neuromas is hypoechoic
and more or less homogeneous, lesion margins are
generally well defined, however some irregularity,
which is probably due to multidirectional cell prolif-
eration, has been reported (MARTINOLI et al. 1996).
Also scarring around the nerve stump may cause
irregular margins.




166

G. Bodner and S. Peer

Fig. 6.17. Longitudinal sonogram through the distal portion
of the sciatic nerve in a patient with a femoral shaft fracture
and traumatic lesion of the sciatic nerve. A spindle shaped
neuroma (long arrows) is seen located in the lateral bundle
of the sciatic nerve (arrowheads) with otherwise continu-
ous nerve fascicles in the lower aspect of the nerve (short
arrow)

Fig. 6.18a-c. Transverse (a) and longitudinal (b) sonogram
through the lower thigh in a female patient, who received
resection of a sciatic nerve neurofibroma with end-to-end
anastomosis of nerve stumps. The patient suffered from
burning pain in the lateral aspect of the foot and the fifth toe
with hypaesthesia, and electrophysiologic testing revealed
a lesion of the suralis portion of the sciatic nerve. There is
marked enlargement of the sciatic nerve (large arrowheads
in a and b) due to a fusiform, hypoechoic intraneural mass
(small arrowheads in a and b) consistent with postoperative
neuroma. Compare normal appearing sciatic nerve proxi-
mal to the lesion (). GM, gluteus muscle; AMM, adductor
magnus muscle
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Based on the nonspecific intrinsic echotexture
of neuromas alone a differentiation against other
lesions is hardly possible, which is why the demon-
stration of continuity with a nerve and knowledge
of patient history is of the utmost importance. The
latter, however, may sometimes be difficult if very
small nerves at the fingers or toes are involved.

Sonography is especially helpful in patients with
phantom pain after amputation, because of its abil-
ity to identify an underlying neuroma and thus rule
out other reasons for the development of phantom
pain, such as recurring tumor and localized inflam-
mation or abscess formation among others. In
addition, sonography may guide local therapy with
instillation of corticoids, analgesics or phenol (see
also Chap. 7).
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Sonography is able to detect peripheral nerve lesions
smaller than 1 cm, which is the critical size to be
detected with MR or CT. THOMAS et al. (1999) proved
not only the unrivaled resolution power of sonog-
raphy but also the precision by which interventions
can be performed at the peripheral nerves. Due to
this and to the fact that sonographic interventions
are always real-time procedures, where the sonogra-
pher watches and controls the situation at any time,
sonography is presented here as the state-of-the-art
modality to perform accurate interventional proce-
dures in peripheral nerve system.

VA
Sonographically Guided Biopsy of
Neural Lesions

Patients often present with palpable soft-tissue
masses of very different characters. In this context
tumors of the peripheral nervous system are not that
rare as assumed (KRANSDORF 1995a). Kransdorf
showed that, of the malignant soft tissue masses,
up to 6% are malignant peripheral nerve tumors
and about 10% of the benign soft tissue masses are
neurofibromas or schwannomas. In the 16- to 25-
year-old patient group about 25% of the soft tissue
masses are originating from peripheral nervous tis-
sue (KRANSDORF 1995b).

Even small peripheral tumorous lesions may be
highly symptomatic as they tend to alter the func-
tion of the according peripheral nerve. If such tu-
mors are located in the retroperitoneum they tend
to produce more unspecific and diffuse symptoms
which lead - before all in malignant cases - to rather
bad early detection-rates.

As good therapy must always be based on an ac-
curate diagnosis, fine-needle aspiration biopsies
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are procedures which are very simple to perform
but with clear restrictions (SINGH et al. 2004). It is
reported that in experienced hands an accuracy of
up to 95% can be expected. Referring to our institu-
tional pathologists these results are very question-
able as a high diagnostic uncertainty remains in
many cases of fine-needle aspiration biopsies. Thus
we prefer percutaneous core needle biopsies (PCNB)
by which much more tissue is gained which is at least
partially preserved in its tissue structure. Also for
this procedure a sufficient palette of biopsy-material
- i.e. coaxial needles, cutting needles - at different
lengths and sizes is available. As this procedure is
also less invasive than open biopsy, at least a very
low complication rate is to be expected (OGILVIE et
al. 2006). If performed image-guided, it proves to be
a very accurate diagnostic tool (DUPUY et al. 1998)
and if guided sonographically it becomes - as well as
very accurate in even tiny structures - a very simple
and time-sparing procedure (TORRIANI et al. 2002).

Like sonographically guided PCNB in other dis-
orders, for the biopsy of neural lesions aseptic mea-
sures are also mandatory: after a relaxed position-
ing of the patient with a preserved accessibility to
the lesion of interest, we begin with skin cleansing
with a suitable disinfectant. Thereafter the cover-
age with sterile drapery follows. Under sonographic
real-time control, extensive local anesthesia is per-
formed subcutaneously along the planned approach
for the aiming biopsy device and at the neural lesion.
Subsequently a coaxial core needle - of a suitable
size for the size of the nerve tumor - is advanced to-
wards the lesion of interest and the central mandrin
is removed. The relative positioning of this needle
should be cleared with the responsible surgeon so
that no additional area is contaminated unnecessar-
ily. This additional pre-interventionally positioned
“channel” for the biopsy-gun produces a most atrau-
matic biopsy-procedure, which is more comfortable
for the patient, and if biopsy is performed in a ma-
lignant lesion (which is often unknown in advance),
a needle tract seeding with often untoward conse-
quences for the patient can be prevented (HANSEN et
al. 1995). By subsequent use of a suitable biopsy gun
we then obtain tissue samples of the tumor under
sonographic real-time control (Fig. 7.1). The tissue
fragments are immediately preserved in a container
for subsequent assessment by the pathologist. How-
ever, it must be kept in mind that PCNB carried out
even by experienced investigators, may involve sam-
pling error due to biopsy of non-diagnostic tumor
parts in up to 80% of the cases (SHIVES 1993). Thus

Fig.7.1a,b. Sonographic guided biopsy of nerve tumor. a
Vascularized schwannoma (arrowheads) of a muscle nerve
(long arrow) within soleus muscle. b Core needle biopsy
(short arrows) of the schwannoma (arrowheads) using 14 G
coaxial biopsy system

an adequate number of tissue samples must be ob-
tained and samples should be extracted from vital
- usually visibly vascularized - tumor sites.

Finally, after removal of the coaxial-needle, a
band-aid for the cutaneous puncture and a mild lo-
cal compressive dressing is usually sufficient.

7.2

Sonographically Guided Regional
Anesthesia

Anesthesiologists primarily use anatomical land-
marks and nerve stimulators to perform regional
anesthesia. According to the motto “No paresthesia,
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no anesthesia” (MOORE 1954) the needle is advanced
blindly as close as possible to the nerve. Nerve stim-
ulators have been an important - and for a long
time the only - tool to control the advancement
of the needle to the nerve. However, they are only
applicable for anesthesia of nerves with sensory ele-
ments, whereas mere motor nerves without sensory
function, such as the femoral nerve, will not produce
sufficient paresthesia induced by nerve stimulation.
However, such guidance procedures deal with the
risk of intraneural injections. The potential harmful
effect on the nerve fibers is the reason why Moore’s
motto is still under debate (GRAF and MARTIN 2001;
BUCKENMAIER and BLECKNER 2005).

Sonographic guided regional anesthesia can be
performed on any nerve, which can be depicted
clearly by sonography (MARHOEER et al. 2005). The
clinical use of sonographic guidance for regional an-
esthesia became very popular among anesthesiolo-
gists in the last few years and is no longer limited to
regions with a complex topography. Sonography is
applied to delineate the nerve structures themselves
and to administer anesthetic under direct, visual
control, and should avoid unintended complica-
tions such as intraneural injection or punctures of
vessels and organs. It increases the success rate of
the block and leads to a faster block onset compared
to conventional techniques (CHAN et al. 2003). The
minimum effective dose of anesthetic used can be
significantly reduced, which leads to reduced sys-
temic toxicity (MARHOEFER et al. 1998; SANDHU et al.
2006a).

The type of transducer used depends on the region
of concern and the depth of the nerve to be anesthe-
tized (MARHOFER and CHAN 2007). The needle can
be inserted in two ways, but actually only one mode
can be recommended: at the short side of the trans-
ducer and advanced parallel to the sonographic sec-
tion plane (in-plane needle approach), which always
results in a complete depiction of the needle at its
path towards the nerve. The insertion perpendicu-
lar to the transducer (out-of-plane needle approach),
is a very unreliable and potentially harmful proce-
dure as the needle tip becomes visualized just be-
fore reaching the target unless the transducer is not
continuously tilted in relation to the tip of the needle
(Fig. 7.2). Thus to avoid unintended puncture of ves-
sels, muscles or organs, a test-bolus of local anes-
thetics or saline often has to be injected repeatedly
during needle insertion. Such deposits allow less
harmful advancement of the needle to reach the in-
tended neural parts by this insertion technique.

b

Fig. 7.2a,b.Injectiontechniques.alIn-plane needleapproach:
The needle is inserted at the small side of the transducer (as-
terisk) and advanced diagonally within the sonographic sec-
tion pla ne. b Out-of-plane needle approach: If the needle
is inserted perpendicular to the transducer, it needs to be
tilted continuously following the tip of the needle
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In addition to better technical results of sono-
graphic needle guidance, reports in the literature
showed, thatin comparison with non-guided blocks,
the amount of local anesthetics used can be signifi-
cantly reduced under sonographic guidance. This is
because the application of the anesthetics at the in-
tended nerve is much more precisely (MARHOFER et
al. 1998; YANG et al. 1998). Soft tissue compartments
which are defined by connective tissues sheaths
are most helpful for blind insertions as they favor
a “natural” distribution of the anesthetics around
and along the segments of peripheral nerves or
plexus elements. Nevertheless, in some regions this
is considered to be less effective than assumed and
therefore precisely guided punctures are mandatory
(MARHOEFER et al. 2000).

7.2.1
Regional Anesthesia of the Upper Limb

Complications of brachial plexus anesthesia per-
formed without sonographic guidance include, be-
sides unintended intraneural injections, punctures
of the subclavian artery resulting in hematoma
(25.7%), pneumothorax (0.6%-5%), and block of
the recurrent laryngeal or phrenic nerve as well as
the stellate ganglion (1.3%) (BRIDENBAUGH 1988).
The success rate for complete block is between 70%
and 80% depending on the technique and the type
of local anesthetic used (GOLDBERG et al. 1987; BED-
DER et al. 1988).
According to WINNIE (1993) the blind brachial
plexus block can be performed in four regions:
® In the interscalene region (Interscalene perivas-
cular brachial plexus block)
® In the supraclavicular region (Supraclavicular
perivascular brachial plexus block)
® In the infraclavicular region (Infraclavicular
perivascular brachial plexus block)
@ In the axillar region (Axillary perivascular bra-
chial plexus block)

7.2.1.1
Interscalene Perivascular Brachial Plexus Block

For sonographic guided interscalene block the bra-
chial plexus is imaged between the anterior and
middle scalene muscles, where in transverse sec-
tions it appears as a chain of hypoechoic nodules
(KAPRAL et al. 1994) representing the spinal roots
in the superior and the trunks of the plexus in the

inferior interscalene region (YANG et al. 1998).The
position of the transducer for sonographic access
to this region is depicted in Figure 7.3. The known
success rate blocks under real-time sonographic
guidance ranges from 95% (KAPRAL et al. 1994) to
100% (TING and SIVAGNANARATNAM 1989) without
any severe complications reported. Compared to so-
nographically, only controlled procedures success is
more accurate and frequent (98% vs 77%) including
a prolonged duration of anesthesia (JANDRASITS et
al. 1998).

YaNG et al. (1998) report unintended incom-
plete blocks in 6 of 15 patients, but with analgesia
achieved in all patients postoperatively. However
non-guided techniques are known to allow for a suc-
cess rate of 75% for postoperative anesthesia at most
(TuoMINEN et al. 1989).

7.2.1.2
Supraclavicular Perivascular Brachial Plexus Block

Inthesupraclavicularregion the hypoechoicnodules
representing the fascicles of the plexus accompany
the subclavian artery (Fig. 7.4). For the approach to
the plexus the patient lies supine with the arm in a
neutral position and the head turned slightly to the
opposite side (KAPRAL et al. 1994). In contrast to
non-guided techniques with a success rate of 72% at
most (MOORTHY et al. 1991), sonographic guidance
succeeds in 95% of patients (KAPRAL et al. 1994).

7.2.1.3
Infraclavicular Perivascular Brachial Plexus Block

For infraclavicular block the brachial plexus is
scanned with a perpendicular transducer-position
directly below the clavicle depicting the fascicles
surrounding the axillary artery (Fig. 7.5). OOTAKI et
al. (2000) reported here a success rate for a complete
block in 95% of patients. Complete sensory and mo-
tor blocks were achieved in 100% in the musculocu-
taneous and medial antebrachial cutaneous nerves,
in 96.7% in the median nerve and in 90%-95% in
the ulnar and radial nerve, respectively. SANDHU
et al. (2006b) retrospectively analyzed 1146 cases
of infraclavicular blocks and reported successful
blocks in 99.3% (n=1138). Six patients had incom-
plete blocks, two patients needed additional local
anesthetic supplementation. Subtotal blocks may
be due to variations in the anatomy of the brachial
plexus, concerning the individual organization and
branching of the subsequent peripheral nerves.
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Fig. 7.3a-c. Sonographic guided interscalene brachial plex-
us block. a Sonogram. b Corresponding line drawing and
recommended position of needle (arrow). ¢ Position of the
transducer in transverse plane with site of needle insertion
medial to the transducer (asterisk). Posterior to the sterno-
cleidomastoideus muscle (1) and proximal to the clavicle (2)
the brachial plexus is depicted between the anterior (3) and
the middle scalene muscle (4). The roots forming the plexus
appear between the tubercles of the transverse process (5) of
the cervical vertebra (6). Vertebral artery (7), internal jugu-
lar vein (8), common carotid artery (9)

Fig.7.4a-c. Sonographic guided supraclavicular brachial
plexus block. a Sonogram. b Corresponding line drawing
and recommended position of needle (arrow). ¢ Position of
the transducer in transverse plane with site of needle inser-
tion medial to the transducer (asterisk). Sternocleidomas-
toideus muscle (I). Just above the clavicle (2) the forming
fascicles of the brachial plexus are accompanied by the sub-
clavian artery (3). Ventral border of the trapezius muscle (4),
parietal pleura (5)
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7.2.1.4
Axillary Perivascular Brachial Plexus Block

Low risk for complications is reported in general for
the non guided axillary perivascular approach to the
brachial plexus (WINNIE et al. 1979; BRIDENBAUGH
1988). The most common disadvantage in this tech-
nique is an incomplete block because the musculo-
cutaneous and axillary nerves often leave the plexus
proximal to the site of the block (WINNIE et al. 1979).
The same may be true for the median, radial and
ulnar nerve which usually begin to form after pass-
ing the minor pectoralis muscle (RETZL et al. 2001).
For a sonographic guided axillary block the patient
is best positioned supine with the upper arm ab-
ducted about 90°, the shoulder rotated externally,
and the elbow flexed at 110° (“Cleopatra position”,
Fig. 7.6). It has to be kept in mind that abduction
to 90° may lead to compression of the axillary ves-
sels and the brachial plexus, which may result in

Fig.7.5a-c. Sonographic guided infraclavicular brachial
plexus block. a Sonogram. b Corresponding line drawing
and recommended position of needle (arrow). ¢ Position of
the transducer in transverse plane with site of needle inser-
tion medial to the transducer (asterisk) or in the middle of
the transducer (circle). Sternocleidomastoideus muscle (I).
Just below the clavicle (2) the axillary artery (3) is the land-
mark to depict the fascicles of the brachial plexus. Orienta-
tion is more difficult in this region because the clavicle inter-
feres with tilting of the transducer to gain scanning planes
perpendicular to the fascicles. Parietal pleura (4)

an insufficient spread of the applied anesthetics. If
this is suspected a slight adduction of the upper
arm is recommended to improve a better spreading
after injection. KAPRAL et al. (1994) in their series
reported no severe complications and a complete
block in 95% of the patients.

7.2.2
Regional Anesthesia of the Lower Limb

At the lower limb sonographic guidance is described

for following regions:

® Psoas compartment block (KIRCHMAIR et al.
2001, 2002)

® 3-in-1 block in the inguinal region (MARHOFER
et al. 1997, 1998)

@ Sciatic nerve block

® Pudendal nerve block in the gluteal region
(GRUBER et al. 2001; Kovacs et al. 2001)
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Fig.7.6a-c. Sonographic guided axillar brachial plexus
block. a Sonogram. b Corresponding line drawing and
recommended position of needle (arrow). ¢ Position of the
transducer in transverse plane with site of needle insertion
medial to the transducer (asterisk) or in the middle of the
transducer (circle). Distal to the pectoralis minor muscle and
deep to the pectoralis major muscle (I) the brachial plexus
and the axillary artery (5) enter the groove between the bi-
ceps brachii (2) and the triceps brachii muscle (3). Note ab-
duction in shoulder joint and position of forearm (4)

7.2.21
Psoas Compartment Block

The psoas compartment block is used to reach the
spinal nerve roots forming the lumbar plexus within
the psoas major muscle and is usually performed at
the level of L4-5, because non-guided anesthetic in-
stillations at the levels L2-3 and L3-4 often result in
unintended renal punctures with consecutive sub-
capsular and intrarenal bleeding (AIDA et al. 1996).
KIrRcHMAIR et al. (2002) showed that a sonographic
guided advancement of the needle into the psoas
major muscle can be done at negligible risk in the
L2-3 and L4-5 level. The instillation is performed at
the sitting patient and the needle is inserted into the
skin 4-5 cm lateral to the spinous processes, guided
through the erector spinae muscle into the posterior
part of the psoas major muscle under real-time con-
trol (Figs. 7.7 and 7.8). In cadaver specimens only 1
out of 48 attempts failed.

7.2.2.2
3-in-1 Block

The so-called 3-in-1 block is used to block off the
femoral, the lateral femoral cutaneous and the obtu-
rator nerve by the administration of a single injection
of local anesthetics in the inguinal region (WINNIE
et al. 1973). The sonographic guidance for this block
is performed with the patient positioned supine and
the leg rotated externally about 15° The needle is
inserted 2 cm distal to the inguinal ligament and
advanced through the intermuscular fascial space
(MARHOEFER et al. 1997, 1998), which separates the
femoral nerve and the iliopsoas muscle from the fem-
oral vessels (Fig. 7.9), to meet all intended nerves. In
contrast to the stimulator guided technique - with
a success rate lower than 80% - sonographic guid-
ance succeeds in 95% of cases and allows one to
administer less volume of local anesthetics (MAR-
HOFER et al. 1998). The needle tip positioned eas-
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Fig. 7.7a-c. Sonographic guided psoas compartment block
(L2-L3). a Sonogram. b Corresponding line drawing and
recommended position of needle (arrow). ¢ Position of the
transducer in transverse plane with site of needle insertion
medial to the transducer (asterisk) and dotted line through
spinous processes. Through the erector spinae muscle (I) the
posterior part of the psoas major muscle (2) is reached lateral
to the third lumbar vertebra (3). Note the close relationship
to the kidney (4). Quadratus lumborum muscle (5)

Fig. 7.8a-c. Sonographic guided psoas compartment block
(L4-L5). a Sonogram. b Corresponding line drawing and
recommended position of needle (arrow). ¢ Position of the
transducer in transverse plane with site of needle insertion
medial to the transducer (asterisk) and dotted line through
spinous processes. Erector spinae muscle (I), psoas major
muscle (2), fifth lumbar vertebra (3), quadratus lumborum :;
muscle (5) .
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ily and a direct visualization of the spread of local
anesthetic ensured additionally (MARHOFER et al.
1997). Nevertheless, only the femoral nerve is infil-
trated directly, whereas the lateral femoral cutaneous
nerve is reached indirectly by lateral spread, and the
anterior branch of the obturator nerve by medial
spread of the local anesthetics. However, the pos-
terior branch of the obturator nerve is reached nei-
ther by guided nor non guided blocks (MARHOFER
et al. 2000). In children ultrasound guided femoral
(and sciatic) nerve blocks are also approved to be a
safe technique leading to longer duration of sensory
blockade although smaller amounts of anesthetic are
administered (OBERNDORFER et al. 2007).

7.2.2.3
Sciatic Nerve Block

The non-guided block of the large sized sciatic nerve
is successful in 87%-97%, but subtotal anesthesia is
reported, which may be due to anatomic variations

Fig. 7.9a-c. Sonographic guided 3-in-1 block. a Sonogram.
b Corresponding line drawing and recommended position
of needle (arrow). c Position of the transducer in transverse
plane with site of needle insertion medial to the transducer
(asterisk) or in the middle of the transducer (circle). Anterior
superior iliac spine (I), quadriceps femoris muscle (2). Just
distal to the inguinal ligament (3) the femoral nerve is aimed
at between the iliopsoas muscle (4) and the femoral artery
(5). Great saphenous vein joining femoral vein (6), head of
femur (7). The dotted arrows indicate supposed spreading of
anesthetic to reach the lateral femoral cutaneous and obtu-
rator nerves (gray area in c)

in separation of the tibial and the common fibular
nerve. The nerves may separate in the distal thigh,
the proximal thigh or even inside the pelvis. These
variations are visible sonographically leading to a
modified needle position during administration of
anesthetic.

The sciatic nerve and its branches may be reached
in the subgluteal region (KARMAKAR et al. 2007), the
midfemoral region (DoMINGO-TRIADO et al. 2007),
or the popliteal fossa (MCCARTNEY et al. 2004; GRAY
et al. 2004). In the subgluteal region the patient is
positioned laterally and a low frequency transducer
is used. In the mid-femoral and popliteal region
the high frequency linear transducer is placed on
the posterior thigh, whereas the needle is advanced
from thelateral thigh anterior to the tendon of biceps
femoris muscle to administer anesthetic around the
nerve (Fig. 7.10). In a prospective, randomized study
Domingo-Triado et al. found complete sensory block
in 96.7% of ultrasound guided and in 71% of non-
guided procedures.
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7.2.2.4
Pudendal Nerve Block

Instead of non-guided techniques or computed to-
mography guidance (THouMaAs et al. 1999), sono-
graphic guidance can also be used to depict the site
of injection for the pudendal nerve block (Kovacs et
al. 2001). In a prone position, the ischial spine, the
sacrospinous ligament, and the internal pudendal
artery, which accompanies the pudendal nerve at its
course, can be delineated by sonography although
the nerve itself can in most cases not be seen clearly.
The needle should be advanced under sonographic
control almost to the level of the sacrospinous lig-
ament about 5 mm medial to the artery or about
8 mm medial to the tip of the sciatic spine (Fig. 7.11).
Direct depiction of the pudendal nerve is only rarely
possible in 47.2% (Kovacs et al. 2001). This is due
to the adipose and connective tissue which wrap
the nerve and hamper its sonographic depiction

Fig. 7.10a-c. Sonographic guided sciatic nerve block. a So-
nogram. b Corresponding line drawing and recommended
position of needle (arrow). ¢ Position of the transducer in
transverse plane with sites of needle insertions (asterisks)
lateral just dorsal to the tendon or through the belly of femo-
ral biceps muscle (broken line, I in b). Semitendinosus and
semimembranosus muscle (2)

(GRUBER et al. 2001). However, a clear sonographic
depiction of the region mentioned above suffices as
the anesthetics spread if administered in the correct
fascial space also around the nerve and provoking a
highly effective block.

7.3
Sonographically Guided Therapy

As sonography proved a safe and accurate real-time
modality for interventions, there are also increasing
applications in the field of guided therapies for pe-
ripheral nerve pathologies. Such interventions can
easily be made during daily routine without compli-
cated or time consuming preparations and may also
be repeated. As these procedures have evolved just
over the last few years, evaluations on the clinical
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Fig. 7.11a-d. Sonographic guided pudendal nerve block. a Sonogram. b Corresponding line drawing and recommended
position of needle (open arrow). c Position of the transducer in almost transverse plane with site of needle insertion medial
to the transducer (asterisk). The needle should be advanced through the gluteus maximus muscle (I) close to the ischial
spine (star) and the sacrospinous ligament (arrowheads). Using color coded Doppler sonography the internal pudendal ar-
tery (red) and vein (blue) can be identified as guidance to the pudendal nerve (arrow). d Almost longitudinal sonogram of
the internal pudendal artery (changing from red to blue due to flow to and from the transducer) crossing the sacrospinous
ligament (arrowhead)

evidence for these therapies are often still work-in-
progress and only case series and pilot studies are
published, which are often promising indeed. In the
following we try to figure out the “what” and “how”
and give hints on clinical and therapeutic problems
emerging with concerned patients.

7.3.1
Therapeutic Agents

7.3.1.1
Steroids

Steroids decrease inflammatory reactions and re-
duce edema at the site of, e.g., neuroma formations
and help to loosen the connective tissue surround-
ing the nerve, thereby reducing compression of the
nerve by encasing connective tissue. Depending on
the galenic preparation they are more or less long

acting drugs. However, applications should never be
performed intraneurally (AL-NASSER 2007). Steroid
injections may be used both to treat painful lesions
in large nerves, such as the sciatic nerve (HANANIA
and KiTa1n 1998) and for painful neuromas of small
nerves, such as in treatment of Morton’s neuroma of
interdigital nerves (RASMUSEN et al. 1996). However,
localized applications of rather high steroid-doses at
the site of, e.g., a neuroma formation is not known
to cause critical systemic reactions, whereas local
problems, such as local atrophy of fat tissue may
develop (FREDBERG 1997).

7.3.1.2
Phenol

Besides type A botulinum toxin, phenol has been
used for decades to treat muscle spasticity with blind
intramuscular injections (MAHER 1964) and pain
with perineural and intraneural injections (MOONEY
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et al. 1969). In a rat model it was shown that phenol
produces focal swelling after intraneural injections.
It further caused severe demyelination, axonal de-
generation, edema and hemorrhage leading to com-
plete architectural disruption verifiable 1 week after
injection (Lu et al. 1998). By the mainly direct chem-
ical effects of the substance a non-selective disinte-
gration of proteins in proper neural and support-
ing tissue — as Schwann cell tubes (WESTERLUND
et al. 2001) and vascular tissue - produce severe
segmental damage of a peripheral nerve even if
administered extraneurally. An undirected spread-
ing of phenol is promoted additionally by its apo-
lar chemical benzol-structure. In summary, phenol
damages the peripheral nerves in a combined toxic
and ischemic way, but more severely after intraneu-
ral than extraneural administration (WESTERLUND
et al. 2001). Despite this profound and actually ir-
reversible reactions to phenol instillation, signs of
nerve regeneration are detected about 2 weeks after,
when axonal sprouts become visible (WESTERLUND
et al. 2001). In a similar setting TSUKAZAKI et al.
(1993) reported on a significant increase of neuronal
recovery at 4 weeks after phenol injection followed
by total recovery at 8 weeks. This fast and complete
recovery may be the reason for the reports on only
transient effects of imprecise neurolytic blocks with
phenol (MOONEY et al. 1969).

In contrast to surgical neuroma resection, the
development of secondary neuromas is avoided
when axons sprout through the toxic nerve lesion
(MyERs and KaTz 1988). After treatment with phe-
nol WESTERLUND et al. (2001) report broken basal
laminae. Axonal sprouts seem to be guided by the
fragments of basal laminae and the lesion recovers
without significant misrouting of the sprouts.

In the precisely sonographically guided treatment
of painful stump neuromas the damage to conduc-
tion on the peripheral nerve following phenol injec-
tion plays the most important role. Although the
tendency of nerve recovery has to be determined in
follow-up studies (WESTERLUND et al. 2001), where-
as our experiences so far also show at least promis-
ing long time results over 6 months in more than 80
treated persons.

7.31.3
Glycerol

Compared with phenol, glycerol causes similar ef-
fects on the nerve fibers, but never produces isch-
emia with hemorrhagic necrosis and is less effective

in breaking the basal laminae (WESTERLUND et al.
2001). Due to its viscosity it is difficult to be injected
with fine needles and, therefore, more difficult to
handle.

7.3.1.4
Alcohol

In comparison with phenol, alcohol has a slower
action, is more irritating to adjacent tissues and
more likely to cause painful neuritis (MYERs and
Katz 1988). Due to its sclerosing effect alcohol is
used to release pain in cases of Morton’s neuroma.
Dockery used a 4% solution of alcohol administered
3-7 times every 5-10 days. 89 of 100 treated patients
were improved and 82 of them had complete reso-
lution of symptoms (DOCKEREY 1999). MASALA et
al. (2001) described similar results with sonography
guided administration of a 30% solution.

7.3.2
Sonographic Guided Techniques

THOMAS et al. (1999) administered local anesthetic
around neuromas under sonographic control to
confirm the neuroma being the reason for stump
pain. Afterwards they marked the neuroma with
breast localization wires to allow for minimally in-
vasive surgical resection of the lesion.

The great advantage of sonographic guided in-
stillations is the accuracy with which it can be per-
formed: on the one hand due to the resolution power
of sonography, and on the other hand due to the real-
time depiction by which these procedures are real-
ized. At present several applicators with (attachable)
needle-steering devices are available which should
help to find the correct path to intended structure.
This works well for, e.g., amniocentesis where the
structures of interest are in a respectable depth to
the body surface. Peripheral neural structures are
usually found in the immediate near-field on the one
hand, and due to changing topographic situations
very standardized entryways are usually counter-
productive on the other. Thus free-hand puncture
techniques are considered to be more comfortable,
more easily to perform and more accurate although
persistent exercising is essential.

Overall, sonographic guided techniques show a
very low complication rate and are also relatively
comfortable for the patient (HoLm and SKJOLDBYE
1996).
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7.3.3
Indications for Guided Therapy

7.3.31
Instillations at the Spine

Severe pain in the spine - often known as diffuse
back pain - is the most frequent reason for (at least
temporary) disablement in the western world (PELZ
and HADDAD 1989; DiAMOND and BORENSTEIN 2006).
To control the life quality reducing pain symptoms
in the lumbar and cervical spine several strategies
have been defined so far, based on surgical, physio-
therapeutic procedures and on anti-inflammatory
procedures and applications (ALBERT and MURRELL
1999; INDAHL 2004; DiAMOND and BORENSTEIN 2006).
To propose and discuss all these possibilities would
clearly be beyond the scope of this book, but we want
to identify where sonography can be helpful doing
simple interventions.

Most importantly, in the cervical and lumbar
spine - which are usually compromised by radicu-
lopathies or facet joint pain at several levels - it has
been shown thatlocal instillations of anti-inflamma-
tory agents such as corticoid suspensions are often
more effective than systemic medications or surgery
(R1EW et al. 2000; MANCHIKANTI et al. 2006).

GALIANO et al. (2005a,b, 2006) showed that the
sonographic approach to the lumbar and cervical
spine is possible. Using 22G needles (always of a suf-
ficient length) it was shown that sonography is more
than sufficient for the guidance to the according
landmarks at the facet joints or the spinal nerve roots
to administer therapeutic agents at according doses
(Fig. 7.12). It has also been shown that, as well as sav-
ing time, these procedures need no ionizing radia-
tion - as in guidance by fluoroscopy and computed
tomography - and show less complications. This is
due to the fact that sonographic interventions are
always real-time procedures, where the sonographer
watches the needle at all times during advancement.

7.3.3.2
Corticoid Instillations in Compression Syndromes

Peripheral nerve compression due to so called “tun-
nel syndromes” are often not only a challenge in the
diagnostic (see Chap. 3) but also in the therapeutic field
(SPINNER 2006). So far it has been proven that decom-
pression surgery is the gold-standard therapy, whereas
there still seems to be discussion on when is the cor-
rect time for surgery and how it should be performed

(HECKLER and JABALEY 1986; TENNENT and GODDARD
1997; McNALLY and HALES 2003). However, surgery of
decompression syndromes - particularly of the me-
dian and the ulnar nerve - is far from being without
controversy: often even the initial outcome is insuf-
ficient and compression syndromes frequently recur
secondarily, often presumably due to unintended scar
formations (MACKINNON 1991). Actually, in contrast
to the aforementioned, it was also shown by AGARwAL
et al. (2005) that, e.g., in compressions of the median
nerve in the carpal tunnel local instillations of corti-
coid suspensions also are highly effective. They could
show that after 3 months over 90% and after 16 months
about 80% of the treated patients reported a marked
improvement, which could be significantly fortified by
the appropriate conduction parameters. Based on our
own experiences we can approve these data. Using so-
nography in this context assures non-intended injuries
and painful punctures of the nerve. Peri-neural in-
stillations of the corticoid suspensions is thereby very
comfortable and easy to perform (Fig. 7.13).

Fig.7.12a,b.Sonographic guided cervicalinstillation. a Trans-
verse sonogram depicting the anterior (A) and posterior (P)
tubercle of the 6th cervical vertebra and the emerging nerve
root of C6 (arrowhead). b The needle is advanced from lateral
until the tip (arrow) reaches the nerve root (arrowhead)




182

P. Kovacs and H. Gruber

7.3.3.3
Agent Induced Pain Therapy

The formation of neuromas is part of the normal
regeneration process after nerve injury. After am-
putations stump neuromas may lead to pain, such
as stump pain or phantom limb pain. These painful
neuromas may be treated as follows:

® With surgical interventions

® With instillation of therapeutic agents

There is a wide range of possible surgical tech-
niques for treatment of neuroma including nerve-
to-nerve repair after nerve dissection or transec-
tion. After amputations the stump neuroma may be
surgically exposed and capped with some inert ma-
terial, but according to the literature implantation
of the resected nerve stump into the adjacent muscle
or even between muscle and bone is considered to be
the most efficient treatment option (DELLON et al.
1984; DELLON and MACKINNON 1986).

The therapeutic agents used for instillations in-
clude steroids, phenol, alcohol and glycerol.

In this context we performed a study in which
we accurately administered phenol directly into the
neck of painful stump neuromas under sonographic
guidance (GRUBER et al. 2004). According to the re-
ported procedure, local anesthetics are used first to
release pain, by the infiltration of the soft tissues
surrounding the neuroma and the neuroma itself.
If this procedure releases pain sufficiently a subse-
quent setting is performed. In this following session
- after a sufficient local anesthesia - the needle is ad-
vanced into the nerve proximal to the neuroma and
0.3-0.5 ml of phenol are injected under direct sono-
graphic control. During injection swelling of the
nerve fascicles or injected air within the nerve can

Fig.7.13. Sonographic guided cor-
ticoid instillation. Longitudinal so-
nogram of the ulnaris nerve (arrow-
heads) in the “sulcus nervi ulnaris”
showing the advanced needle (arrows)
and fluid with air bubbles around the
nerve (long arrow)

be delineated and visually confirm a successful ap-
plication (Fig. 7.14). After injection the syringe must
be flushed with saline to avoid spreading of phenol
into the adjacent tissue when pulling back the nee-
dle. If necessary, the procedure can be repeated after
several days. Six months after a standardized pro-
tocol of treatment there was either still significant
cessation or at least a remarkable decrease of pain
in these patients.
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Anatomy of the Peripheral Nerve

Operative repair and reconstruction of damaged
nerves presupposes a very clear knowledge of the
gross anatomy of the peripheral nerve. Use of clearly
defined terms is a prerequisite for understanding
and precisely describing the pathophysiological
sequelae and the morphological consequences of
nerve injury.

8.1.1
Nerve Fiber

The basic structural unit of the peripheral nerve
at the microscopic level is the nerve fiber which is
responsible for conducting impulses to and from
the peripheral organs. The nerve fiber has a com-
plex structure. The central core is the axon which
is enveloped in a complex covering of a single layer
of linked Schwann cells - with and without a myelin
component.

8.1.2
Fascicle

Nerve fibers are bundled together to form a fas-
cicle which is a macroscopic unit of the peripheral
nervous system. Endoneurial space refers to tissue
spaces within the nerve fascicle. Each fascicle is
surrounded by the perineurium. It has important
barrier functions, protecting the fascicle from inter-
fascicular tissue fluids and from infection.
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8.1.3
Nerve Trunk

Many fascicles are bundled together by the epineu-
rium to form a nerve. There are monofascicular
nerves composed of a single fascicle, and polyfas-
cicular nerves composed of a few large fascicles or
entirely of small fascicles of the same size or a com-
bination of large and small fascicles. These anatomi-
cal details play a role in determining the severity of
injury and in the choice of the appropriate method
of surgical repair of nerve lesions.

There are three different types of nerve fibers -
motor, sensory and sympathetic. Sensory and motor
nerves contain both myelinated and unmyelinated
nerve fibers. The postganglionic sympathetic nerves
containing unmyelinated fibers innervate the skin,
blood vessels and hair follicles.

8.1.4
Vascular Supply

Extensively interconnected microvascular systems
ensure that the peripheral nerves are adequately vas-
cularized. Intraneural microvessels extend longitu-
dinally within the epineurium, with this system be-
ing reinforced by extrinsic segmental regional blood
vessels. There are vascular plexi within the perineu-
rium and within the fascicles. Intimate knowledge of
the intraneural microvascular system is a precondi-
tion for microsurgical procedures on nerves.

Nerve Injury, Degeneration and
Regeneration

Traumatic injury to a nerve might consist only of
focal demyelination demonstrated by local conduc-
tion block. Regeneration in this case represents local
myelin repair, resulting in restoration of excitability
and conduction of nerve fibers.

Trauma that results in transection of the nerve
fibers sets in motion several pathophysiological
processes. There is focal demyelination at the site of
injury, Wallerian degeneration distally and proxi-
mally (WALLER 1850), and depending on the site
of injury, cell body death (KrisTENssoN 1981). The
more proximal the injury, the greater is the danger of

cell body death. When axons undergo damage, their
transport functions - anterograde and retrograde
- fail, causing structural and functional changes
also in the nerve cell body (GELBERMANN 1991),
and, under certain conditions, death of the neuron.
The process of regeneration consists in the surviv-
ing axons sprouting regenerating units proximally
under the influence of neurotrophic factors (Va-
RON and ADLER 1989), and their establishing con-
tact with the corresponding part of the distal nerve.
This results in functional recovery (sensory, motor,
sympathetic) to a greater or less extent. If the gap be-
tween the transected ends is large, the axon sprouts
may fail to reach the distal stump, or they may be
misdirected. In the former case, painful neuromas
may develop and the peripheral target structures
may suffer irreversible damage (MUMENTHALER et
al. 1998). In the latter case, incorrect reinnervation
of targets will occur.

Classification of Nerve Injuries

8.3.1
Classification of Nerve Injuries According to
Functional Loss and Severity

SUNDERLAND (1951) classified nerve injuries into
five types, according to the extent of damage that
has occurred.

Neuropraxia is first degree injury; axonometsis
consists of axon damage alone (second degree in-
jury); axon severance with damage to endoneurial
sheaths, but with intact perineurium and mainte-
nance of fascicular continuity represents third de-
gree injury; fourth degree injury comprises axonal
severance with damage to the endoneurium and the
perineurium; neurotmesis, the most severe form of
injury with transected nerve trunk and complete
loss of nerve continuity represents fifth degree in-
jury.

Spontaneous and complete regeneration can oc-
cur after first and second degree injuries. Sponta-
neous recovery after third degree injury may also
occur, but is mostly incomplete. The more proximal
the injury, the poorer the prognosis since proximal-
ly, fascicles are mixed, and distally they comprise
either motor or sensory fibers alone. Mismatch of
regenerating fibers is possible in the former case and
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is not likely in the latter case. Spontaneous recovery
cannot be expected in fourth degree injury where
the perineurium is damaged. Fifth degree injuries
involving complete severance of a nerve can only be
managed surgically.

In sixth degree injury (MACKINNON and DELLON
1988), also called neuroma-in-continuity, all five or
varying combinations of the five types of injuries
mentioned above are present within one and the
same nerve.

Nerve injuries are followed by temporary or long-
lasting loss of sensory and motor function and in
some cases by pain. The type of nerve injury will de-
termine both the method of repair to be employed
and the prognosis of recovery of motor and sensory
functions and alleviation of pain symptoms after
surgical repair.

8.3.2
Classification of Nerve Injuries According to
Their Etiology

A nerve injury is defined as any damage caused to

a nerve by a physical force applied externally or

generated by a disturbed internal anatomical situ-

ation. Neuropathy refers to nerve lesions caused

not by physical injury but by underlying systemic

diseases, metabolic and toxic disturbances, and

primary vascular disease. Causes of nerve injuries

include:

® Compression - Compression trauma can occur
with closed or open wounds.

® Acute compression can be caused by exogenous
or endogenous forces (blow from a blunt object,
tight bandages, tourniquet, splints and plaster
casts, dislocated bone, etc. The severity of the in-
jury can vary. Recovery should occur spontane-
ously and completely by six months after injury
at the latest.

® Chronic compression develops slowly and can be
progressive or intermittent. There are irregular
remissions and exacerbations in the signs and
symptoms associated with these lesions. The se-
verity of the injury can progress from first degree
to even fourth degree damage unless the nerve is
decompressed.

Regardless of the cause of the pathology, the in-
jured nerve fibers suffer progressive segmental de-
myelination, axon thinning and destruction of the
axon with Wallerian degeneration.

8.3.2.1
Nerve Entrapment Lesions

Nerve entrapment lesions are mechanically caused
nerve injuries. They develop in anatomical regions
where a nerve runs through a confined space, and
is fixed in some confined position because of adhe-
sions. In compartment compression, the nerve is
not fixed to any tissue, but suffers injury because of
compression. The key pathogenetic factor in entrap-
ment nerve lesions is local inflammatory reactions
to repeated mechanical irritations.

Some classical examples of nerve compression
injuries and entrapment in the upper extremity in-
clude: median and ulnar nerve at the wrist - carpal
tunnel, Guyon’s canal - ulnar and median nerve
compression, and radial sensory nerve entrapment
in the forearm, and ulnar nerve compression and
radial nerve entrapment at the elbow.

8.3.2.1.1
Traction

Traction injury can be acute or chronic. In the for-
mer, an abruptly applied force causes destructive
structural changes in a nerve and results in immedi-
ate loss of function. In the latter, a nerve is stretched
gradually and symptoms of appear only after con-
siderable deformation has taken place.

When anerve has a short free-running course and
is fixed at one or both ends, such as, for instance, the
suprascapular nerve, the elastic limit of the nerve is
rapidly exceeded when it is stretched. The axillary
nerve, the median and ulnar nerves at the elbow
joint and the common peroneal nerve at the knee
joint are particularly vulnerable to traction injuries
after joint dislocation.

8.3.2.2
Ischemic Lesions

These may result from compression, stretch or damage
to the arteries supplying the nerve. The severity of the
consequences of ischemia - disturbances in motor and
sensory functions - will depend on the duration of isch-
emia and whether collateral circulation is available.

8.3.2.2.1
Complete Transection

Injuries resulting in loss of continuity of the nerve
trunk can present in basically three different forms:
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(1) clean severance; (2) severance with lacerated,
crushed and contused nerve ends; (3) trauma caus-
ing destruction of a nerve segment, so that there is
nerve defect that will have to be bridged. In each of
these situations, the methods of nerve repair em-
ployed are distinctly different.

Surgical Nerve Repair and Reconstruction:
Techniques

8.4.1
Nerve-0in-Continuity

8.4.1.1
Neurolysis

Scar tissue can cause compression, adhesion and
thus loss of longitudinal mobility. When the ex-
pected spontaneous regeneration does not take
place within the normal period of time (8-12 weeks)
and the patient complains of pain, exploration is
necessary.

In external neurolysis, a nerve is freed segment
by segment by removing adhesions and by resection
of constrictive scar tissue from around the nerve,
taking care not to injure regional blood vessels. In
epineuriotomy, the fibrotic superficial epineurium
is opened under microscope to decompress the fas-
cicles contained within it.

In epifascicular epineuriectomy, the thickened
fibrotic tissue surrounding the nerve is totally or
partially resected to free the nerve from compres-
sion.

Interfascicular epineuriectomy is performed in
cases where deep layers and larger areas of the in-
terfascicular epineurium are fibrotic.

However, internal neurolysis is rarely performed
except where there is no alternative (Fig. 8.1a-h).

Removal of epineural scar tissue will damage the
blood vessels that run on the surface of the super-
ficial and in the deeper interfascicular epineurium
and compromise blood supply to the nerve; addition-
al scar tissue that develops during the healing pro-
cess will again lead to nerve compression (RYDEVIK
et al. 1976; FRYKMAN et al. 1981; LUNDBORG 1988).
The problem of ischemia can be avoided if at least a
part of the longitudinal blood supply is maintained
(MILLESI 1992).

8.4.1.2
Mobilization

Nerves may need to be extensively mobilized so that
they can be transposed to a new bed or for join-
ing nerve ends with a wide gap between them in
tensionless coaptation. Mobilization carries several
risks such as destruction of the complex fascicular
plexus and unintentional severance of nutrient ves-
sels. All mobilization requires stripping of branches
and sacrifice of some nutrient blood vessels. How
much sacrifice is needed for mobilization and how
much is permissible without causing additional le-
sions are issues that an experienced surgeon will
have to decide case by case (SUNDERLAND 1991).

8.4.1.3
Transposition

This is performed in cases where an injured nerve
needs a new bed for regeneration after extensive in-
jury to the original bed, to shorten the course of a
nerve to enable joining the ends of a transected nerve
or to protect a repaired nerve from undue tension.

8.4.2
Nerve Injury with Loss of Continuity

8.4.2.1
Coaptation

8.4.2.1.1
Epineural Repair

Depending on the type of nerve continuity loss, dif-
ferent methods of repair will have to be employed.
If there is clean severance, and the nerve ends can
be brought together without tension, primary repair
with end-to-end coaptation can be performed using
epineural suture. With this method, nerve trunk
continuity is restored and if correct axial alignment
of the nerve ends is established, fascicular continu-
ity can be achieved.

8.4.2.1.2
Group Fascicular Repair

Epineural repair that unavoidably results in op-
posing fascicular tissue at one end of the nerve to
interfascicular tissue at the other end may result
in major loss of regenerating axons that get lost in
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Fig. 8.1a-h. A 43-year-old male patient after surgery performed elsewhere for removal of peroneal nerve cyst. a,b Condition
before revision surgery - foot and toe extensor muscle weakness. ¢,d Condition 4 years after revision surgery - marked
improvement in foot and toe extensor muscle weakness. e Longitudinal sonogram: suspicion of endoneural neuroma. f In-
traoperative view of exploration of the peroneal nerve at the popliteal cavity and proximal lower leg - nerve enveloped by
scar tissue. g Marked compression of the peroneal nerve, neurolysis, intraneural cysts. h After epineurotomy and partial
epineurectomy and intraneural preparation of single fascicle groups, in the cranial part, expelled fascicle caused by cystic
alterations remains
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the interfascicular tissue. If there is great danger
of mismatching of sensory and motor fibers, then
group fascicular repair must be considered in order
to obtain the best possible fascicular apposition. It
is a long and complicated method that calls for high
levels of microsurgical skills and as it involves prep-
aration of the fascicles, there is increased danger of
trauma to the blood vessels and epineurial tissue.

8.4.2.1.3
Sutureless Repair

To obtain a tension-free suture and avoid possible
reaction to suture materials and for maintaining co-
aptation of the nerve ends, many methods are used
- welding with fibrin glue, by laser, using adhesives
such as fibrin, micropore surgical tape, tissue ad-
hesives etc., or performing a tubular or cuff union.
Biological sleeves of arteries and veins have also
been investigated to achieve sutureless nerve repair

(ANSSELIN 1998). All these methods have their ad-
vantages and disadvantages.

8.4.2.2
Nerve Graft

If the nerve is traumatically destroyed or resected and
the nerve ends cannot be approximated and no ten-
sionless end-to-end coaptation can be achieved de-
spite all efforts to gain length such as mobilization
etc., grafting becomes the method of choice (MILLESI
and MEISSEL 1981; Mivamorto and TSUGE 1981;
MILLESI 1986), the sural nerve being the most fre-
quently harvested one for graft purposes. However,
nerve grafts involve sacrifice of functional nerves.
Malignant peripheral nerve sheath tumors (MPNST)
usually present in close proximity of a nerve trunk
(Fig. 8.2a-j). The most common sites include the sci-
atic nerve, brachial plexus, and sacral plexus - or
benign soft tissue tumors such as neurofibromas and

d

>D
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Fig. 8.2a-j. A 9-month-old male patient. a Infantile fibrosarcoma,
left upper arm - CT. b After preoperative therapy consisting of four
cycles according to protocol CWS 96, marked volume reduction in
tumor mass - control CT. ¢ After biopsy and chemotherapy. d Oper-
ation including removal of a skin spindle - radical tumor resection.
e The ulnar nerve runs through the tumor and has to be resected
along with the tumor. f Resection specimen. g Intraoperative - 7-
cm long defect of the ulnar nerve (nerve ends beneath a sheath).
h Reconstruction with 4x7-cm long sural nerve transplant. i Scars
on both lower legs after harvest of the sural nerves. j At 3 years post
surgery - no limitations in mobility of the left hand, the child uses
his hand during play normally




194

H. Piza-Katzer

schwannomas. Resections of these tumors can result
in alarge nerve defect. A surgeon must decide wheth-
er a nerve defect represents a serious handicap or is
a disability with which a patient can live; re-educa-
tional training and reconstructive surgery can help a
patient adjust to certain functional loss, for instance,
irreparable radial nerve lesion. The function of nerve
repair is not just to establish nerve continuity but to
restore lost functions (SUNDERLAND 1991). There are
different kinds of nerve grafts such as full thickness,
cable, group fascicular and free neurovascular.

8.4.2.2.1
Neuromas

Painful neuromas can develop on an injured nerve
in continuity, at the suture site of a repaired nerve, at
the proximal end of a nerve that cannot be repaired
and at the proximal end of a severed nerve in an
amputated stump. If conservative measures fail to
control pain, surgery must be considered, the aim
being to remove the neuroma from an area where it
is subject to pressure and to free it from adhesions.
However, timing of resection is crucial. Premature
resection might result in further suture site neuro-
mas that may be even more troublesome than the
original one.

Onewayto deal with neuromaswould be to disreg-
ulate or prevent such regeneration. However, all the
methods currently available such as fascicle ligation
(BATTISTA et al. 1981) or cross-uniting the stumps of
severed nerves in order to confine regenerating axon
to the anastomotic loop (Woop and MUDGE 1987),
implanting the nerve end directly into a muscle af-
ter cutting it short (SUNDERLAND 1991) are all only
about 80% successful (TuPPER 1986). This is because
axons have an unlimited capacity to regenerate and
can even force their way through dense fibrous tis-
sue. Sealing the severed fascicles to prevent axons
from escaping into the surrounding connective tis-
sue is the best method for preventing the formation
of painful neuromas.

Timing of Nerve Repair

When are conservative methods to be employed and
when is surgical intervention indicated? When is it too
soon for surgical intervention and when is it too late?

When a nerve has been cleanly severed, and there
is loss of nerve continuity without loss of nerve tis-
sue, and the patient presents within a few hours of
injury, immediate primary repair is advisable for
reestablishing continuity. Although primary repair
has the best prognosis under the wound conditions
described above, unless skilled and experienced
surgeons are available for performing primary re-
pair, it is better to perform early secondary repair
even when the conditions of wound would justify
primary repair. A good secondary repair is better
than inefficient primary repair.

In blunt injuries involving massive tissue dam-
age, bleeding and contaminated wounds with dan-
ger of infection, primary nerve repair should not
be attempted. It may take 3-4 weeks before the ex-
tent of nerve damage can be ascertained (ZACHARY
et al. 1987). In most trauma surgery units, often a
skilled surgeon specialized in the microsurgical
techniques of nerve repair may not be available
and, quite simply, the necessary operative condi-
tions for optimal nerve surgery are often fulfilled.
The negative consequences of delay can probably
be reduced by a so-called delayed primary repair
for establishing nerve continuity (MILLESI 1992)
- this means wound closure on the day of injury
and then a few days later, under optimal institu-
tional and personnel conditions, reopening of the
wound which has not yet healed, in order to per-
form nerve repair. If the wound does not permit
such an early repair, the most favorable time for
repair is 3-5 weeks after injury.

Closed injuries require different timing of repair.
The patient is monitored over a period of 3 months.
If at the end of this period, there are some clini-
cal signs of recovery or some electrical evidence of
regeneration, then it would be worth waiting for
complete recovery to take place, while monitoring
the patient carefully. If, however, after a 3-month
waiting period, no signs of recovery are present, the
nerve needs to be surgically explored.

The maximum tolerated interval between in-
jury and recovery of function depends on whether
the loss involved is motor or sensory. This can vary
depending on the muscles involved. The smaller in-
trinsic muscles in the hand must be innervated even
sooner than that in order to reinstate motor func-
tion. But the time interval between injury and repair
should never exceed 4-5 months. The time limits on
sensory return are different from those of motor; re-
turn of sensation can be achieved many years after
repair of injury to the nerve.
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The situation is different when the closed nerve
injury is in an area which has a known predilection
for compression of nerves. In such cases, it is rec-
ommended that surgery be performed immediately
in order to decompress the nerve. For instance, in a
patient presenting with traumatic injury to the hand
or forearm associated with deficits in sensory and
motor functions, one should suspect an acute carpal
tunnel syndrome and immediate decompression of
the nerve involved should be performed.

Prognosis

The success of nerve repair depends on a large num-
ber of factors that have to do with the kind of nerve
injured (monofascicular, polyfascicular), the level of
injury, the kind and severity of injury, factors operat-
ing at and below the site of repair, the time between
injury and repair, the skill of the surgeon carrying
out the microsurgical procedures and the techniques
employed, to name just a few (LUNDBORG 2000). One
extremely critical factor is that of timing. The lon-
ger a nerve injury is left untreated, the greater are
the chances of endoneurial tube atrophy, fascicular
shrinkage and intrafascicular fibrosis, end organ at-
rophy because of denervation and consequently the
poorer is the chance of recovery of function.

Generally speaking, the more proximal the lesion,
the poorer is the prognosis. Age is also a relevant
factor. Better recovery can be achieved in younger
than in older patients, and the very young have a de-
cided advantage.

Post-operative procedures also contribute signifi-
cantly to recovery. Training and practice do contrib-
ute to improvement of motor performance and the
sharpening of sensory perceptions. Even if nerve
repair is followed by residual sensory and motor
deficits, it should be kept in mind that with training
(for instance, with sensory reeducation consisting of
desensitization, early phase discrimination and lo-
calization and late phase discrimination and tactile
gnosis), a patient can be helped to learn to deal with
new and altered patterns of innervation (LUNDBORG
and RoseN 2001). The role of cortical plasticity in
regaining function after nerve injury should not be
underestimated (LUNDBORG 2000, 2003).

Furthermore, the condition of the patient is im-
portant - whether he is a smoker, an alcoholic or has

underlying systemic diseases etc. are factors that
will affect the final results of nerve repair.

8.7
latrogenic Nerve Injuries

Iatrogenic nerve injuries are lesions caused to the
central or peripheral nervous system during simple
or complex surgical procedures performed for diag-
nostic or therapeutic purposes.

It is estimated that nearly 10% of all peripheral
nerve lesions are iatrogenic in character. One can
distinguish between direct and indirect injuries.

Direct injuries are, for example, severance of a
nerve, injury caused by fixing screws, nails, traction
caused during coaptation of nerves, puncture of a
nerve during an injection etc. (P1za-KATZER et al
1994, 1995).

Some examples of indirect injuries are those
caused by postoperative hematomas, scar tissue re-
sulting in nerve compression (Fig. 8.3a-h), or isch-
emic injuries to the nerve caused by blood vessel
damage or compression caused by malpositioning
of a patient during surgery.

The clinical symptoms of injuries depend on the
kind of nerve fibers affected.

Loss of sensation (for example, of position, vibra-
tion, temperature, surface sensibility) after injury
occurs to sensory fibers, muscle weakness and loss
of motor function after injury to motor fibers. Re-
flex sympathetic dystrophy and pain can also oc-
cur. Clinical assessment of peripheral nerve lesions
consists in determining the severity and cause of
lesions, interval between injury and diagnosis and
also functional significance of the affected nerves.

Asaresult ofan information campaign addressed
to our professional colleagues who are responsible
for referring patients to us regarding possibilities of
surgical revision after nerve lesions, we have seen
and treated an increasing number of iatrogenic nerve
lesions. Patients were referred to us by surgeons
(33%), by GPs (30%), by neurologists (13%) and by
other specialists (13%). We have no information on
9% of cases, and 2% were referred to us by the pain
clinic. Over a period of 3 years, we repaired seven le-
sions in the face and neck region (three facial nerves
and four cases of the accessory nerve lesion).

In the upper extremity, 44 lesions were repaired:
one brachial plexus injury, one musculocutaneous
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Fig.8.3a-h. A 12-year-old male patient. Fall during excursion - distal forearm fracture left - closed repositioning and
plaster cast; 3 days after the accident, K-wire fixation of the distal radius and ulna. a,b At 4 weeks after the accident, massive
ulnar paresis with atrophy of intrinsic muscles of the entire hand, loss of sensibility in digits IV, V; EMG shows complete
conduction block with acute denervation. No evidence of reinnervation. ¢ At 12 weeks after the accident - surgical release
of the ulnar nerve at the distal forearm -debridement of scar tissue compressing the ulnar nerve (the adhesive band had
developed along the path of the K wire). d Compression of the ulnar nerve by the scar. e After removal of the adhesive band
and external neurolysis and epineurotomy of the ulnar nerve. f-h Control 1 year after neurolysis of the ulnar nerve; very
good regeneration of sensibility and motor function. Gross grip right 29 - left 23 kg, key grip right 6.5 - left 5.6 kg, pinch
grip I/II right 3.6 - left 3.5 kg, 90° flexion in the MP joints, powerful finger abduction and adduction

nerve lesion, four radial, 18 ulnar, 17 median and
three finger nerve injuries.

In the lower extremity, 45 nerve lesions were re-
paired: two cutaneous femoral, 13 femoral, six sci-
atic, nine tibial, 13 peroneal, and two sural nerve le-
sions.

We used the following treatment methods: in
50 cases, neurolysis was performed, in six cases
epineurotomy, in two cases epineurectomy, in two
cases intraneural neurolysis, in three cases direct
nerve coaptation, in 23 cases nerve transplantation

and neurotisation in three cases. Neuromas were
resected in nine cases and five cases were treated
conservatively.

Surgeons must keep in mind the possibility of
iatrogenic nerve injuries in their patients. Although
avoiding them is the best policy, the next best is to
recognise them by adequate follow-up care and take
prompt steps to get them treated by colleagues with
special training in nerve repair procedures. Failure
to do so may result in irreversible damage to pa-
tients.
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8.8
Future Directions in
Peripheral Nerve Surgery

Successful nerve repair is based on how issues of
proper axial alignment and fascicular approxima-
tion are resolved. Atraumatic surgical techniques
currently offer the only method to keep scarring
to the minimum. Several in vitro experiments have
shown that survival of nerve cells and axon growth
depend on biomolecules such as nerve growth fac-
tor, fibroblast growth factor (MoRrRISON et al. 1986)
etc., which are produced by peripheral target cells
and transmitted via the retrograde axonal transport
along the axon to the nerve cell body and exert a

trophic influence on them (HaNssoN et al. 1986).
Promotion and acceleration of nerve regeneration
and selective reinnervation after injury might be
achieved by altering the microenvironment with the
help of various neurotrophic factors administered in
the region between the nerve stumps. Gene therapy
holds out the promise of delivering a gene together
with its necessary regulatory elements to the cell
surface, using a vector to mediate the transfer across
cell membrane and in some cases into the nuclei.
This might prove to be useful in stimulating the
growth of adult nerve cells. Thus, despite the re-
markable advances in peripheral nerve repair made
in the past five decades, several problems remain to
be addressed in the future.
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Summary and Conclusion

Decision making in the clinical management of nerve
injury and repair is a complex and difficult task. A
patient presenting with nerve injury must be carefully
investigated with appropriate methods in order to de-
termine the exact site, accompanying tissue involve-
ment, the nerve affected, cause, severity and time
elapsed since injury, prior interventions, underlying
systemic diseases if any, and consequences in terms of
functional disturbance of injury. All these factors will
play a role in recovery of function and will determine
the surgeon’s approach to the case.

A compartment entrapment syndrome will have to
be dealt with by decompression of the nerve by surgi-
cally releasing the compartmentit is trapped in, adhe-
sions and fibrosis should be dealt with by the appro-
priate form of neurolysis etc. Complex nerve lesions
where different fascicles have suffered injuries of dif-
ferent grades of severity present a great challenge to
even the most experienced and skilled surgeon.

Where there is no evidence of recovery after a pe-
riod of 3 months following injury, the need for surgi-
cal intervention must be considered. What form this
should take will depend on the causes that are arrest-
ing or preventing recovery and regeneration. Since
every such intervention represents additional trauma
and causes scar tissue, surgery should be an option
only when no spontaneous regeneration can be ex-
pected. Furthermore, the longer the period of de-
nervation of end organs and distal receptors, the less
complete will be the recovery. Surgical nerve repair is
an extremely demanding and skillful task - it should
be undertaken only by a surgeon with deep knowl-
edge of the complex and often variable anatomy of the
peripheral nervous system, special training in micro-
surgical techniques and extensive experience.
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