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CASE REPORT

Using electrodiagnostics to define injury patterns amenable to nerve
transfer surgery in tetraplegia: an illustrative case report
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Abstract
Introduction Spinal cord injury is a devastating condition affecting a person’s independence and quality of life. Nerve
transfers are increasingly used to restore critical upper extremity function. Electrodiagnostic studies guide operative planning
but the implications for clinical outcomes is not well defined. This case study delineates how clinical examination and
electrodiagnostics can define the varying patterns of neuronal injury to guide timing and strategy for optimal outcomes in
nerve transfers.
Case presentation We discuss a 20-year-old man with a C6–7 spinal cord injury (SCI). We illustrate how history, physical
examination, and electrodiagnostic studies predicted patterns of upper and lower motor neuron injury, confirmed intrao-
peratively via direct nerve stimulation. We undertook brachialis nerve transfer to the median fascicles supplying flexor
digitorum superficialis and anterior interosseous nerve (to restore digit flexion), and supinator nerve transfer to posterior
interosseous nerve (to restore digit extension). Preoperative electrodiagnostics of the right upper extremity demonstrated a
pure upper motor neuron injury to median innervated muscles, and mixed upper and lower motor neuron injury to radial
innervated muscles. These findings were confirmed via intraoperative direct neuromuscular stimulation. The preoperative
studies provided important information regarding the anatomic basis and time sensitivity of the proposed nerve transfers.
At 2 years post operatively the reconstructed digit flexion and extension resulted in improved hand function and
independence.
Discussion Upper and lower motor neuron injuries can coexist in individuals with SCI. This example provides proof-of-
concept that preoperative electrodiagnostic studies predict LMN injury, and surgery can achieve positive outcomes if
completed soon after SCI.

Introduction

Nerve transfers have transformed the management of per-
ipheral nerve and brachial plexus injury and have allowed

remarkable restoration of motor function [1, 2]. This inno-
vative surgery has been used in people with cervical spinal
cord injury (SCI), in whom hand function is essential to
undertaking activities of daily living (ADLs), and influences
level of independence [3–5]. Nerve transfers offer more fine
dexterity, and avoid the prolonged immobilization asso-
ciated with traditional tendon transfer surgery, as well as
broadening the reconstructive options available [5, 6].

Nerve transfer in SCI involves coapting an expendable
donor nerve above the spinal level of the injury, over which
the individual has volitional control, to a nerve within or
below the level of injury. Importantly in SCI, a person’s
weakness may be due to a combination of injury to upper
motor neurons (UMN) in the spinal cord’s descending
motor tracts, and lower motor neuron (LMN) injury at the
level of the anterior horn cell. An essential step in the
preoperative evaluation is differentiating the pattern of
motor neuron injury. This is important because LMN injury
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presupposes a time window in which successful surgery
may be undertaken. Irreversible denervation atrophy occurs
12–18 months after a LMN injury, and a nerve transfer will
be unsuccessful. This is in contrast to isolated UMN injury,
where recipient muscles remain intact [7]. In this situation,
the nerve transfer is not time sensitive.

We have previously published our work showing that
nerve transfer can successfully restore function in SCI with
isolated UMN injury [8]. Others have shown better success
in doing early nerve transfer within 12–19 months post SCI
[5]. Recently, we published work showing how electro-
diagnosis (EDX) can accurately predict the presence or
absence of UMN and LMN injury [9].

This clinical case demonstrated how EDX predicts the extent
of LMN injury at the level of the recipient nerve and shows
how function can be restored in different patterns of UMN and
LMN injury if surgery is completed in a timely fashion.

The Washington University Institutional Review Board
approved this case review project, and we obtained written
informed consent to report these findings. We reviewed the
medical records of people with SCI to find a clear illustrative
example of the use of EDX studies to aid in operative plan-
ning for nerve transfer, and compared preoperative clinical
examination and EDX findings to recorded values from
intraoperative nerve stimulation. To illustrate the learning
points from the case, we developed a narrative review of how
preoperative EDX, intraoperative neuromuscular stimulation
and timing of surgery were used to develop an individualized
treatment strategy, and present postoperative outcomes. All
applicable institutional and governmental regulations con-
cerning the ethical use of human volunteers were followed
during the course of this research.

Case presentation

A 20-year-old man presented eight months after sustaining a
cervical SCI. His injury was American Spinal Injury
Association A at the C7 level (Fig. 1). He remained
dependent on others for ADL, including intermittent
straight catheterization, and used an electric wheelchair. He
reported no gains or changes in function for 6 months prior
to presentation. His goal was to regain the ability to self-
catheterize and to independently feed himself.

Physical examination revealed absent motor function in
his bilateral hands, relying on tenodesis alone to handle
objects. Detailed upper extremity motor examination results
are in Table 1.

Preoperative EDX were performed. Findings were con-
sistent with a mixed pattern of UMN and LMN injury at the
C7-T1 levels. There were normal median, reduced ulnar and
absent radial compound muscle action potentials (CMAPs),
indicating mixed UMN and LMN injury; the intact median
nerve CMAP indicated an UMN injury with functioning
peripheral nerve, whereas the absent radial nerve CMAP
indicated UMN and LMN injury. There were preserved
sensory nerve action potentials (SNAPs) indicating intact
dorsal root ganglia and distal sensory nerves. Further, there
was electromyogram (EMG) evidence of variable denerva-
tion and absent motor unit potentials at the C7-T1 myo-
tomes (Table 2).

A surgical plan was formed based on the individual’s
goals, his exam and the EDX (Fig. 2). Surgery was com-
pleted under non-paralytic general anesthesia and intrao-
perative nerve stimulation was undertaken to confirm the
functional status of recipient nerves.

Fig. 1 MRI cervical spine from time of injury. Sagittal T1 (left) and T2 (right) weighted c-spine MRI demonstrating C6–7 comminuted burst
fracture with associated spinal cord edema at the C5–7 level.
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Brachialis nerve to anterior interosseous nerve (AIN)
and flexor digitorum superficialis (FDS) nerve
transfer to restore digit flexion

Intraoperative stimulation of brachialis branches showed
excellent motor response. Intraoperative stimulation of the
median nerve motor fascicles produced contraction of flexor
pollicis longus (FPL), flexor digitorum profundus (FDP) to
index and long finger, and FDS. A brachialis nerve transfer
to both the AIN and FDS nerve fascicles of the median
nerve was undertaken (Fig. 3) (Video 1S).

Supinator nerve to posterior interosseous nerve
(PIN) transfer to restore digit extension

Intraoperative stimulation of donor showed a strong
response to the supinator muscle. Intraoperative stimulation
of the PIN induced very weak thumb extension via extensor
pollicis longus (EPL) only and no stimulation of the
extensor digitorum comminis (EDC). A supinator to PIN

transfer was undertaken to restore hand opening (Fig. 4)
(Video 2S).

Outcomes

Postoperatively there was no downgrade in donor muscle
function. At 2 years post operatively recipient muscle EDC
power increased from MRC 0 to 4 and FPL from 0 to 2
(Table 3 and Video 3S) without change in FDS power.
Functionally he achieved his goal of no longer needing
assistance to feed himself (he required a suprapubic catheter
in the interim, so did not achieve his self-catheterization
goals). Although his nerve transfers restored only small
increases in strength (M2 FPL and M4—for EDC—Video
3S), in the spinal cord injured person modest motor gains
can translate to significant functional gains by augmenting
tenodesis and existing function. Based on this individual’s
preferences, nerve transfers were completed instead of the
less dextrous but more powerful traditional tendon transfer
options [2, 5].

Discussion

Here, we present a case of nerve transfer as a surgical
technique to restore upper extremity function in a person
with a mixed pattern of UMN and LMN cervical SCI. We
focus the discussion on how preoperative EDX may be used
as to predict intraoperative nerve stimulation in order to
develop a pathophysiologic and anatomic basis, as well as a
rational timeline, for nerve transfers in such individuals.

The preoperative evaluation of the recipient and the
donor nerves in SCI presents unique challenges. There is
variation in the pattern of neurologic injury for a given
pattern of impairment, and it can be difficult to discern
whether weakness is due to injury of UMN, anterior horn
cell, or a more distal superimposed peripheral nerve injury
[7]. Hence, a multimodal approach to the clinical exam-
ination and preoperative planning is advisable [10]. The role
for EDX in preoperative evaluation of nerve transfer has
been more clearly defined in brachial plexus and peripheral
nerve injury [11, 12]. EDX comprises both nerve conduc-
tion studies (NCS) and electromyography (EMG). EMG is a
qualitative tool and in SCI it has limited utility to predict the
type and degree of motor neuron injury, as mixed UMN and
LMN patterns of injury coexist. Furthermore, extensive
denervation atrophy in those with long-standing SCI can
distort anatomic landmarks, making EMG challenging. By
contrast, the CMAP amplitude measured in NCS adds
quantitative information about the numbers of nerve fibers
within the tested nerve segment. Our case example shows
how the CMAP amplitudes of the distal median (normal)
and radial nerve (absent) segments correlated well with the

Table 1 Upper extremity examination.

Region Muscle Right Left

Shoulder/upper arm Deltoid 5 5

Biceps 5 5

Brachialis 5 5

Brachioradialis 5 5

Triceps 4 4

Forearm Pronation 5 5

Supination 5 5

Wrist extension Extensor carpi radialis longus 5 5

Extensor carpi radialis brevis 5 5

Extensor carpi ulnaris 0 0

Wrist flexion Flexor carpi radialis 5 3

Flexor carpi ulnaris 0 0

Palmaris 0 0

Finger extension Extensor pollicis longus 0 0

Extensor indicis proprius 0 0

Extensor digitorum communis 0 0

Extensor digiti minimi 0 0

Finger flexion Flexor pollicis longus 0 0

Flexor digitorum profundus 0 0

Flexor digitorum superficialis 0 0

Intrinsic function Thenars 0 0

Adductor pollicis 0 0

Hypothenar 0 0

Lumbricals 0 0

Dorsal interossei 0 0

Palmar interossei 0 0

Detailed preoperative results of manual muscle testing using Medical
Research Council (MRC) scale.
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presence or absence of intraoperative neuromuscular sti-
mulation of the corresponding musculature. This finding is
supported by a recent study correlating normal CMAP
amplitudes with the presence of neuromuscular intraopera-
tive stimulation [9].

We used preoperative EDX to determine the pattern of
motor neuron injury in our intended recipient nerves. The
EDX of the right median nerve showed an intact CMAP and
SNAP with absent activation of the FDS muscle and no
fibrillations or positive sharp waves on EMG. This pattern
was consistent with a purely UMN injury to the descending
corticospinal tract supplying the anterior horn cell bodies of
the median nerve branch to FDS; there was an absence of

Table 2 Preoperative electrodiagnostic testing.

Motor nerve conduction studies

Nerve/site Amplitude (mV) Latency (ms) Segments Distance (mm) Lat. Diff. (ms) Velocity (ms−1)

R Median—APB

Wrist 9.0 3.23 Wrist–APB 70

Elbow 9.0 7.29 Elbow–wrist 215 4.06 52.9

R Ulnar—FDI

Wrist 2.1 3.96 Wrist–FDI

Below elbow 1.9 7.34 Below elbow–wrist 200 3.39 59.1

Above elbow 1.1 9.06 Above elbow–below elbow 87 1.72 50.6

R Radial—EIP

Forearm NR NR Forearm–EIP

Sensory nerve conduction studies

Nerve/site Amplitude (μV) Onset latency (ms) Peak latency (ms) Onset latency (ms) Distance (mm) Velocity (ms−1)

R Median, Ulnar—Digits 1, 3, 5

Median digit 1 31 2.2 2.8 2.2 100 46

Median digit 3 22 3.0 3.0 2.4 140 58

Ulnar digit 5 20 2.9 2.0 2.2 140 63

R Radial—anatomical snuffbox (forearm)

Forearm 19 1.6 2.0 1.6 100 64

Electromyography (EMG)

Muscle Insertional Spontaneous Motor unit action potentials

Activity Fib. PSW Fasc. Dur. Amp. Poly. Recruit. Activ.

R FDS (median) Normal None None None None None

R EDC (radial) Increased 2+ 2+ None None None

Results of the preoperative nerve conduction studies (NCS) and electromyography (EMG) are presented. Note that the amplitude for the motor
NCS across specific tested segments varies for the median, ulnar and radial nerve. For the median nerve, we focus on the amplitude for the wrist to
ABP segment as this provides surrogate information about the number of nerve fibers at the C8/T1 level and suggests continuity of the lower motor
neurons at this level. Although specific testing of the recipient AIN segment may be theoretically possible, this surrogate testing is reliable, easier
to perform and, as illustrated by the intraoperative stimulation, correlates well to the wrist to APB segment NCS amplitude. For the radial nerve, we
test the forearm to EIP segment, which provides direct information about the number of nerve fibers in the recipient PIN. Note that the EMG results
provide only qualitative information about denervation (EDC shows active denervation as indicated by the presence of fibs and PSW’s). The
absence of motor unit action potentials further supports the presence of an upper motor neurons injury.

Lat. Diff. latency difference, APB abductor pollicis brevis, FDI first dorsal interosseous, EIP extensor indicis proprius, Onset Diff. onset difference,
Fib. fibrillation, PSW positive sharp wave, Fasc. fasciculation, Dur. duration, Amp. amplitude, Poly. polyphasia, Recruit. recruitment, Activ.
activation, FDS flexor digitorum duperficialis, ADM abductor digiti minimi, EDC – extensor digitorum communis.

Fig. 2 Preoperative markings. Upper arm: Proximal medial incision
is made at the distal third of the arm between the biceps and brachialis
muscle bellies, to directly approach the brachialis branches of the
musculocutaneous nerve. Forearm: proximal lateral curvilinear inci-
sion is made over the radial tunnel (Reprinted with permission.
Copyright 2018, nervesurgery.wustl.edu).
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UMN voluntary control with a normal LMN. This was
corroborated via intraoperative neuromuscular stimulation,
whereby the median nerve showed excellent motor

responses. Outcomes were acceptable to this individual with
a gain in FPL function that augmented tenodesis (additional
tendon transfer surgery was offered but he declined).

In contrast, the study of the right radial nerve showed an
absent CMAP with intact SNAP, with absent activation of
the EDC and moderate fibrillations and positive sharp
waves on EMG. This pattern was consistent with a mixed
UMN and LMN injury. Again, the lack of voluntary control
(absent activation on EMG) indicated an injured corti-
cospinal tract. However, this time there was evidence of
motor neuropathy and neurogenic muscle changes in the
absence of a sensory injury, which is consistent with a
concomitant LMN injury at the level of the anterior horn
cells within the spinal cord. Again, the intraoperative neu-
romuscular stimulation correlated with preoperative testing,
whereby the radial nerve showed only a very weak EPL and
no EDC response. In this individual, the supinator nerve to
PIN nerve transfer was completed within eight months of
the SCI, enabling the nerve regeneration to reach the target
muscle before terminal denervation atrophy occurred,
resulting in improved finger extension.

This case demonstrates how EDX, and specifically how
quantitative NCS data, may be used to predict intraoperative
nerve stimulation when planning nerve transfers, and should
form part of a comprehensive preoperative assessment for
nerve transfer in individuals with SCI in whom complex,
mixed patterns of injury are common. This example pro-
vides proof-of-concept that preoperative EDX predicts
LMN injury and positive clinical results can be achieved if
surgery is completed in this injury pattern soon after SCI.
Additional study correlating preoperative EDX and timing
of surgery with clinical outcomes will provide further
support to our case report findings.
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Fig. 3 Brachialis nerve to AIN and FDS nerve transfer. Figure
demonstrates the donor brachialis branches of the musculocutaneous
nerve, and the recipient FDS and AIN fascicles of the median nerve.
Intraoperative measurement revealed 14–16 cm of nerve regeneration
required from coaptation to target muscle re-innervation (Reprinted
with permission. Copyright 2018, nervesurgery.wustl.edu).

Fig. 4 Supinator nerve to PIN transfer. Figure demonstrates proxi-
mally the donor supinator nerve and distally the recipient PIN.
Intraoperative measurement revealed 2–4 cm of never regeneration
required to reach target muscle (Reprinted with permission. Copyright
2018, nervesurgery.wustl.edu).

Table 3 Pre- and post-operative motor outcomes.

Pre-Op 2 years

Right Left Right Left

Anterior deltoid 5 5 5 5

Elbow flexors 5 5 5 5

Elbow extensors 4 4 5 4

Wrist extensors 5 5 5 5

Extensor digitorum 0 0 4 0

Opponens pollicis 0 0 0 0

Flexor pollicis longus 0 0 2 0

Finger flexors 0 0 0 0

Finger abductors 0 0 0 0

First dorsal interosseus 0 0 0 0

Preoperative and 2 years post operative outcomes of motor testing
using the MRC scale.
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