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Chapter 1

General Introduction

1.1 Clinical Background

Traumatic transection of forearm nerves has tremendous impact on a patient,
as sensory and motor function of the hand will be impaired for at least several
months, but often permanently. Injury of the median nerve leads to paralysis
of mainly the thumb muscles, as several thenar muscles (the mm. abductor
pollicis brevis, opponens pollicis, the superficial head of the flexor pollicis
brevis and the first two lumbrical muscles) become denervated, while ulnar
nerve injury results in paralysis of all other intrinsic hand muscles (deep head
of the m. flexor pollicis brevis, the m. adductor pollicis, the interosseous
muscles, the flexor and abductor digiti minimi brevis, the opponens digiti
minimi and the third and fourth lumbrical muscles), see also Figure 1.1.
Besides intrinsic hand muscle paralysis, also sensibility of the palmar side of
the hand is impaired by injury to the ulnar and median nerves. The radial
nerve is less frequently affected in forearm trauma (1,2), and only has a sen-
sory function distally in the dorsum of the hand. In patients with a complete
traumatic transection of a peripheral nerve, it is common practice to perform
surgical nerve repair as soon as possible. In such a neuroraphy procedure,
the nerve ends are approximated and sutured together, taking utmost care to
anatomically match the various fascicles. The axons in the distal stump lose
their connection to the cell body in the spinal cord and expire. Subsequently,
axons from the proximal stump will start sprouting towards the distal stump.
At the first week, this process occurs slowly, as the nerve fibers have to tra-
verse the forming scar tissue. When the axons reach the distal nerve end,
they hopefully start growing into the distal stump, towards the sensory end-
organs and target muscles. After the first week, growth rate is approximately
1 mm/day (3-5). For a nerve transection at 15 cm distance from the wrist
crease, the nerve regeneration therefore will take at least 150 days.
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FIGURE 1.1: Anatomy of the superficial intrinsic hand muscles. The muscles
innervated by the median nerve are shown in blue.

Image based on Openstax College, distributed under the Creative Commons Attribution 3.0 license

Despite that surgical techniques have been refined in the last decades, fi-
nal outcome after nerve repair still often is suboptimal, and disappointing
for the patient as well as his physicians. Several studies show that approx-
imately 40% of patients show good recovery after nerve repair, leaving 60%
of patients with permanent disability in some form (6-10). Several studies re-
port that ulnar nerves show even less functional recovery than median nerves
(7,10-12).
If the nerve regeneration process fails, for instance if the axon sprouts can’t
cross the scar tissue or for another reason don’t grow into the distal nerve
stump, surgery can be repeated to resect the scar tissue and re-attach the
nerve ends. It is known that chances of success of such a re-operation are best
when attempted early, within the first six months after initial trauma (13-18),
as degenerative changes fill the distal stump with débris, which in turn hin-
ders axon ingrowth (19,20). Therefore it is of utmost importance, to evaluate
as early as possible whether an adequate number of axons will reach the end

https://commons.wikimedia.org/wiki/File:1121_Intrinsic_Muscles_of_the_Hand.jpg
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organ. Unfortunately, there is no reliable clinical test to determine whether
sufficient axons are growing into the distal stump. The often used Hoffmann-
Tinel sign, by tapping on the nerve trajectory, only supplies limited and crude
information, and therefore is of limited value (21). Consequently, the cur-
rent gold standard is electromyography, which can be used for surface and
muscle conduction examinations, by placing needle electrodes in muscles to
measure action potentials. However, electromyography examinations have
several drawbacks: the examination is time consuming, invasive and painful
(in case of ulnar nerve transection, the needles are placed in the dorsum of the
hand, which is innervated by the still intact radial nerve), strongly temper-
ature dependent and difficult to interpret for clinicians other than specially
trained electrophysiologists (22-30). Therefore, new methods are needed for
early monitoring of nerve regeneration.
Magnetic resonance imaging (MRI) could provide the clinician with new tools
for monitoring nerve regeneration by visualizing axon growth and depicting
signs of reinnervation in the denervated end muscles. Anatomical MRI (MR
neurography) has been used to visualize Wallerian degeneration in the dis-
tal stump and nerve regeneration after surgery (31-38). Similarly, diffusion
MRI (MR tractography) could prove useful in tracking the growing axons
(39). However, the mere presence of newly sprouted axons in the distal nerve
stump does not automatically imply successful function recovery, as in spite
of steady growth of sensory fibers towards muscles, motor neurons could
take a wrong turn towards the sensory end organs or towards the wrong
hand muscles (40). Therefore, novel methods to assess reinnervation of the
end muscles as well as axon growth are needed.
Several MRI sequences have already been used in the diagnosis of muscle
denervation (31,37,41-52). Following a motor nerve lesion, various histo-
chemical changes occur in denervated muscle, including an increase in the
amount of extracellular fluid and in the extent of the capillary bed (43,49-
51,53-55). MRI can be used to visualize these changes (Figure 1.2), as affected
muscles display higher signal intensity than normal muscle in T2 weighted,
short tau inversion recovery (STIR) and gadolinium-enhanced MRI sequences,
thus providing a useful aid in diagnosing nerve injuries. It has been reported
that STIR sequences demonstrate the highest sensitivity in depicting muscle
denervation (44,50,54,56).
Apart from aiding in diagnosis, these changes in denervated muscle may also
provide the clinician with a new, non-invasive and objective tool for monitor-
ing the nerve regeneration process.



6 Chapter 1. General Introduction

FIGURE 1.2: STIR MRI slice of the midhand in a patient with an ulnar nerve
transection. The signal intensities of the interosseous muscles, the adductor
pollicis, the third and fourth lumbrical muscles and the hypothenar mus-
cles are increased, while the median nerve innervated thenar and first and

second lumbrical muscles display normal signal intensity.

1.2 Aim of this thesis

The aim of this thesis is to investigate whether STIR-MRI sequences can be
used as a new quantitative tool for monitoring nerve regeneration after pe-
ripheral nerve transection and subsequent nerve repair, by comparing mus-
cle signal intensities over time and correlating their changes to functional
outcome.

1.3 Outline of the thesis

Changes in MRI signal intensities over time can be quantified by the measure-
ment of T2 relaxation times. STIR sequences, while considered most sensitive
for depicting nerve denervation, are generally considered less suitable for
quantitative measurements. This especially applies to the comparison of sig-
nal intensities over time, as the high quality, good contrast images obtained
with today’s clinical MRI scanners are influenced by all kinds of noise and
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shifts originating from electronic components, RF coils, magnetic field and
the object being examined. Therefore several prior studies, mainly in rodents,
focused on T2 relaxation time measurements for comparison of sequential
scans (32,42,43,51,56-58). However, since STIR sequences have higher sensi-
tivity in depicting muscle denervation (44,50,54,56) compared with T2 relax-
ation time measurements, STIR imaging promises to be a superior tool for
monitoring nerve regeneration.
Previous studies have shown that reproducibility of T1 and T2 relaxation
time measurements varies between 4% and 9%, measured over a period of
15 months (59). However, at the start of this research project, no literature
was available on the reproducibility of STIR signal intensities over longer pe-
riods of time. In order for STIR measurements to be used for comparisons
over time, a strict imaging protocol had to be developed and validated by
determining the long term reproducibility of these measurements.
Additionally, the clinical setting may also result in sub-optimal scanning con-
ditions, due to patient movement, and suboptimal patient positioning in the
MRI bore or coil. These suboptimal conditions, along with technical difficul-
ties like field-inhomogeneity and susceptibility artifacts may result in consid-
erably diminished reproducibility of measurements. Therefore, in order to be
able to measure (semi)quantitatively, images have to be corrected for signal
non-uniformity in three dimensions, and the influence of patient positioning
on long term reproducibility of STIR signal intensity measurements has to
be determined as well. In none of the aforementioned sequential studies in
rodents or humans these factors were considered.
Documented in Chapter 2 is an investigation of the aforementioned factors,
to determine an optimal, yet practical calibration and image correction strat-
egy and determine long term reproducibility of the corrected STIR signal in-
tensity measurements.
Measuring the large number of signal intensities needed for this research
project also posed a challenge. Ideally, instead of taking only a few samples,
measurements of all separate muscles in all slices are acquired, preferably
automatically. However, at the start of this research project (and even at cur-
rent time), no automatic muscle segmentation software for STIR-MRI scans
existed. Also lacking was efficient software for manually drawing, quantita-
tive measurement and storage of a large amount of regions of interest (ROIs).
As it was expected that at least several tens of thousands contours had to
be drawn, first software had to be developed and validated to process such
a large quantity of measurements, minimizing the amount of user actions.
Using this highly optimized software (MRICheck for Windows, developed
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in Visual C/C++ 6) and a commercially available drawing tablet (Wacom
Graphire 1), it became possible to draw and store over 50.000 contours within
a period of six months. Also, at the time, no generic software was avail-
able for non-uniformity correction of MRI-examinations in three dimensions,
therefore software had to be developed for this purpose as well.
After tackling these technical challenges and validating the imaging and post-
processing protocols, another possible influence had to be investigated. Den-
ervated muscles show higher STIR signal intensity than normal muscle. As
in traumatic forearm injuries, especially in more extensive trauma, it is to be
expected that wound edema will be present, the comparison between den-
ervated and non-denervated muscle may be influenced. Therefore, featured
in Chapter 3 is an investigation of the influence of wound edema on non-
denervated muscle over time.
Studies in rodent models of denervation and reinnervation have shown that
muscle T2 signal increases within the first weeks after denervation, with sus-
tained high signal in the case of irreversible neurotmesis and return to nor-
mal after successful nerve repair (42,43,51,56,58). However, it is not clear yet
how these experimental findings translate to the situation in humans. Also,
in these studies T2 relaxation times were measured instead of the preferable
more sensitive STIR sequences (44,50,54,56). Moreover, it is not clear within
what period of time the STIR sequence can be used to differentiate between
denervated and reinnervated muscles, as due to the inherent fat suppression
in STIR sequences, it is to be expected that signal intensity will drop over
time, due to fat cell invasion taking place in denervated muscle (60-63). To
determine whether STIR MR measurements can be used for monitoring nerve
regeneration in humans, scans were performed in patients with a complete
transection of the ulnar or median nerve in the forearm, at five fixed inter-
vals in the first year after surgical nerve repair, and muscle signal intensities
were correlated to functional outcome. Preliminary results are addressed in
Chapter 4.
The results of the full data analysis are presented in Chapter 5. Also, in
this chapter the long term follow-up of several patients is addressed, as well
as follow-up of six patients with transection of both the median and ulnar
nerves.
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