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Figure 14. Study Flow Chart 
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3.2 ETHICAL CONSIDERATIONS AND 
APPROVALS 

 

The studies comply with all applicable institutional and governmental 
regulations concerning the ethical use of human volunteers and were followed 
during the course of this research project. All studies were reviewed and 
approved by an internal review board (EGKF “Entscheidungsgremium für 
klinische Forschung”) consisting of the board of directors of the Swiss 
Paraplegic Centre and Swiss Paraplegic Research. 

 

Study 1 provided a theoretical overview about the different effects and 
alterations of ES and the possible supplementation with rTHAS. Based on 
clinical evidence examples were described. No ethical approval was needed 
according to the internal review boards decision (see footnote). 

 

Studies 2 and 3 both addressed an existing clinical routine for ES testing that 
was optimized by the development of two standardized mapping systems. 
These studies were included in the project “The effect of functional electrical 
stimulation in tetraplegia reconstructive surgery of the upper limbs” (approved 
by the internal review board 08.07.2014). Because of the interventional part of 
this project it was also reviewed and approved by the national ethical 
committee of Switzerland and registered under Project ID 2016-02104. The 
interventional part of the project is still ongoing and detailed under chapter 
“Future directions”.  

 

Study 4 was an interventional study with a treatment protocol, approved by 
the internal reviewer board on 05.06.2018. Thereafter, the study was approved 
by the national ethical committee of Switzerland and registered under Project 
ID 2018-01238 BASEC and in ClinicalTrials.gov NCT03698136.  

 



Upper and Lower Motoneuron Lesions in Tetraplegia  

56 

Study 5 comprised a retrospective data analysis which was based on a data 
collection used in clinical practice to document the treatment efficacy of a 
robot device. The use of data for analysis was approved by the internal review 
board on 09.10.2008 as a part of the study “Characterization of the changes in 
signaling pathways during spinal cord injury – induced skeletal muscle 
atrophy”. 

 

 

 

 

 

 

 

 

 

 

 

 

Footnote: According to the Swiss Human Research Law (2014) all data that are 
collected during the rehabilitation process may be used anonymized for research and 
publications. To guarantee the protection of data privacy, all patient received either a 
letter or were asked in the Swiss Paraplegic Centre if she/he agreed that their 
anonymous clinical data are used for research. The information about study 
participation and data management is handled by the Clinical Trial Unit of the Swiss 
Paraplegic Centre within the first 6 weeks (in case of a primary rehabilitation) after 
admission. If a patient neither wants to participate in a study nor wants to provide the 
collected data, a flag occurs in the clinical documentation system.  
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3.3 STUDY 1 
 

Methods 

In a standardized and regularly performed consultation, all inpatients with 
tetraplegia are examined by a specialized interdisciplinary team within three 
months after injury as well as before discharge, typically nine months post – 
injury. The team consists of three hand surgeons, two physiotherapists and 
three occupational therapists. In case of eligibility for a tendon or nerve 
transfer the patients are informed about reconstructive arm – and hand surgery 
and an individual reconstruction plan for each patient is outlined.  

Based on the results of the clinical screening process for reconstructive surgery 
the patients were therapeutically prepared for surgery, where ES was used as 
an integrated but not standardized treatment tool. So only few patients received 
FES before and/or after reconstructive surgery. According to the preconditions 
that are required for the donor muscle before rTHAS and the therapeutic 
treatment goals after surgery, a stimulation schedule was designed. This 
schedule is based on scientific articles and clinical evidence (29,150,151,152, 
33,85). The stimulation protocol focuses on muscle strength and endurance 
(Table 4 – 6). To address fine motor skills and motor learning, EMG-triggered 
stimulation is applied after surgery 30 minutes daily for 2 weeks. The aim is 
to relearn a new function of a muscle that had originally another task. For 
example, after the transfer of the M. brachioradialis (BR) to the M. extensor 
carpi radialis brevis (ECRB) to gain wrist extension without concomitant 
elbow flexion and forearm rotation (the original functions of the BR). This 
motor learning process can be supported by EMG – triggered stimulation in 
functional task specific movements (104) (31). By executing a certain task, in 
this case wrist extension, the brain sends an order via the efferent pathways to 
the executive region (wrist). If the impulses achieve a sufficient threshold in 
the BR, the muscle contracts and a voluntary wrist extension occurs. As soon 
as the activity of the BR is detected by EMG, FES starts and supports and 
intensifies the contraction. Afferent nerves lead the information of BRs 
activity to the brain where the information is processed in terms of “activating 
the BR now leads to wrist extension”, which is the purpose of this exercise 
besides muscle strengthening.  
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Table 4. Stimulation schedule 

Elbow extension 

Before 
surgery 

Donor 
muscle 

DEL  

Recipient 
muscle 

TRI 

FES training Loaded with resistance in function, 30 minutes/day, 
3 times/week, 8 weeks 

Stimulation 
parameters 

300 μs 20 – 
50  
Hz 

20 – 
70 
mA  

10 sec on 
time 

10 sec off 
time  

After 
surgery 

FES training  

Onset after 4 
weeks 

Arm – cranking or movements without resistance, 
30 minutes/day, 3 times/week, 2 weeks 

Stimulation 
parameters 

300 μs 20 – 
35  
Hz 

20 – 
40 
mA 

10 sec on 
time 

(not arm – 
cranking) 

10 sec off 
time 

(not arm – 
cranking) 

Onset after 6 
– 8 weeks 

Arm – cranking against increasing resistance or 
functional movements against resistance or with 
load, 30 minutes/day, 3 times/week, 12 weeks  

Stimulation 
parameters 

300 μs 20 – 
50 
Hz 

50 – 
70 
mA 

10 sec on 
time 

(not arm – 
cranking) 

10 sec off 
time 

(not arm – 
cranking) 

Abbreviations: DEL = Deltoid, TRI = Triceps 
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Table 5. Stimulation schedule 

Wrist extension 

Before 
surgery 

Donor muscle BR  

Recipient 
muscle 

ECRB 

FES training With resistance in function, 30 minutes/day, 3 
times/week, 8 weeks 

Stimulation 
parameters 

300 μs 20 – 
50 Hz 

15 – 50 
mA  

10 sec 
on time 

10 sec 
off time  

After 
surgery 

FES training  

Onset after 4 
weeks 

Dynamic movements without resistance, 30 
minutes/day, 3 times/week, 2 weeks 

Stimulation 
parameters 

300 μs 20 – 
35 Hz 

15 – 
30 mA 

10 sec 
on time 

 

10 sec 
off time 

Onset after 6 
– 8 weeks 

Functional movements against resistance or load, 
30 minutes/day, 3 times/week, 12 weeks 

Stimulation 
parameters 

300 μs 35 – 
50 Hz 

40 – 50 
mA 

10 sec 
on time 

 

10 sec 
off time 

 

Abbreviations: BR = Brachioradialis, ECRB = Extensor Carpi Radialis Brevis 
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Table 6. Stimulation schedule 

Key pinch 

Before 
surgery 

Donor muscle BR  

Recipient 
muscle 

FPL 

FES training Loaded with resistance in function, 30 
minutes/day, 3 times/week, 8 weeks 

Stimulation 
parameters 

300 μs 20 – 
50 Hz 

15 – 40 
mA  

10 sec 
on time 

10 sec 
off time  

After 
surgery 

FES training  

Onset after 4 
weeks 

Dynamic movement without resistance, 30 
minutes/day, 3 times/week, 2 weeks 

Stimulation 
parameters 

300 μs 20 -35 
Hz 

15 – 20 
mA 

10 sec 
on time 

 

10 sec 
off time 

 

Onset after 6 
– 8 weeks 

Functional movements with resistance or load, 30 
minutes/day, 3 times/week, 12 weeks 

Stimulation 
parameters 

300 μs 35 – 
50 Hz 

30 – 40 
mA 

10 sec 
on time 

10 sec 
off time 

 

Abbreviations: BR = Brachioradialis, FPL = Flexor Pollicis Longus 
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Results 

Twenty patients could be identified who received either pre – and/or 
postoperative FES (Table 7).  

Two patients who received a posterior deltoid to triceps transfer were 
stimulated before the reconstruction. They were able to increase the strength 
of the donor muscle and improved the preoperative functional condition. Thus, 
the loss of strength of the transferred muscle during the postoperative period 
of immobilization was less noticeable. The preoperative muscle strength 
before and after 12 weeks of FES training was assessed by manual muscle 
testing and the self-reported stability of the arm during bed to wheelchair 
transfers. Three patients who received a triceps reconstruction exclusively 
used FES after surgery to build up muscle strength. The therapists documented 
a fast regaining of strength. They experienced the combined therapy of 
strength training supported by FES as more effective and faster than the 
strength training alone.  

The 11 patients with grip reconstruction were trained after surgery with EMG 
– triggered stimulation to facilitate the transferred muscles new function. After 
two to three treatments, including grasping supported by FES, the patients 
were able to reach, grasp and manipulate an object twice as fast as observed in 
the same task specific training without FES.  

The four patients, who had the combination of hand and triceps reconstruction 
received post operatively FES for strengthening but did not train regarding the 
recommended stimulation schedule illustrated in Table 4.  Based on the reports 
of the clinical documentation system, FES was applied after therapy neither in 
function nor with resistance and additionally not regularly. Hence no 
comments were documented.  
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Table 7. Patient characteristics  

Patient Gender Diagnosis AIS Procedure 

1 F C5 C triceps reconstruction 
2 M Plexus lesion   hand reconstruction 

3 F C6 A hand reconstruction 

4 M C6 C triceps and  
hand reconstruction 

5 M C4 A triceps reconstruction 

6 M C5 A triceps and  
hand reconstruction 

7 M C5 C hand reconstruction 

8 M C5 B triceps reconstruction 

9 M C4 B triceps and  
hand reconstruction 

10 M C5 A triceps reconstruction 

11 M C7 C hand reconstruction 

12 M C5 A hand reconstruction 

13 M C5  D hand reconstruction 

14 M C5 B hand reconstruction 

15 M C6 A triceps reconstruction 

16 M C6 C hand reconstruction 

17 M L3/TBI C hand reconstruction 

18 M C6 B triceps and  
hand reconstruction 

19 M C4 D hand reconstruction 

20 F LIS   hand reconstruction 

Abbreviations: M = male, F = female, C = cervical, L = lumbar, TBI = traumatic brain injury, 
AIS = Asia Impairment Scale, LIS = Locked-in-syndrome 
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3.4 STUDY 2 AND STUDY 3 
 

Methods 

Development of a standardized ES mapping system in forearm muscles 

The classification of UMNLs and LMNLs in forearm and hand muscles is 
crucial for the understanding for the development of hand function in 
tetraplegia. Furthermore, it might serve as a predictor for the expected outcome 
regarding hand position and function. It allows to determine the treatment 
effect of splinting and positioning of fingers and hand, physio – and 
occupational treatment strategies and finally to opt for the convenient 
operative method to restore grasp function either by tendon or nerve transfers. 
Hence, for the two elaborated forearm cartographies, the motor points of those 
muscles were chosen that are either key actuators for tenodesis grasp or are 
critical for nerve transfers. 

The development of the cartography for five muscles on the dorsal side and 
the three muscles of the palmar side of the forearm was carried out in two steps 
before it was used for ES testing in patients. First, the diagonal line on the 
dorsal forearm from the most prominent part of the lateral epicondyle to the 
most prominent part of the radial styloid for the extensor muscles was 
determined. The other diagonal line for the muscles on the palmar side of the 
forearm stretched from the most prominent part of the medial epicondyle to 
the most prominent part of the radial styloid. Both lines served as landmarks 
to detect the stimulation points of the selected muscles (Figure 15 and 16). The 
location of the stimulation points of each muscle in relation to both lines was 
based on and defined after repetitive test measurements in able body 
population for its reproducibility. The mean forearm length in the able body 
test population was determined and served as the reference length for the 
calculation of the motor points. For the extensor mapping 20 able body (eight 
males and 12 females) adults and for the flexor mapping 48 (27 males and 21 
females) were bilaterally tested.  
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Figure 15. Reference line for the extensor muscle motor points 

Figure 16. Reference line for the flexor muscle motor points 

 

  

All distances of the stimulation points were generated in relation to the forearm 
length. The selected muscles on the dorsal forearm side were M. extensor carpi 
ulnaris (ECU) and radials (ECR), M. extensor digitorum communis (EDC), M. 
extensor pollicis longus (EPL) and abductor pollicis longus (APL) (Figure 17) 
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One self-adhesive electrode was placed on the lateral epicondyle for the 
muscles innervated by the radial nerve or over the medial epicondyle for the 
muscles innervated by the median nerve. The corresponding electrode was a 
pen-electrode with a diameter of 0.5 cm. With the pen – electrode the motor 
points of the selected muscles were detected at the calculated stimulation 
points.  

The testing of the able body reference group showed a reliable reproducibility.  

Based on the testing results, the mapping systems were transferred to clinical 
routine. Up to this time the ES testing of motor points already was performed 
in clinical practice but not standardized so that a large variability between 
therapists and clinicians occurred. The most common inaccuracy arose 
between identifying muscles as denervated or partially denervated.  

In patients, the standardized testing for the defined extensors and flexors was 
performed during rehabilitation and ambulatory consultation at the department 
of Tetraplegia Hand Surgery. The cartography was transferred by drawing the 
reference line either on the dorsal side and/or palmar side and the distances to 
the motor points were calculated. Subsequently, the ES testing could be 
performed easily, reliably and fast.  

Results 

In study 2 the data of 63 hands were analysed. 20 (31.7%) hands developed a 
tenodesis grasp. The remaining 42 hands (66.6%) showed no shortening of the 
finger flexors despite of consistent splinting and positioning. One hand was 
excluded by reason of a fracture. In all hands that developed a tenodesis grasp 
the EDC was not excitable by electrical nerve stimulation. One hand that had 
a partially denervated EDC developed no tenodesis grasp. Two patients 
developed unilateral tenodesis grasp and showed no tightening of the finger 
flexors on the contralateral hand. 

A similar appearance could be seen in the position of the thumb to the index 
finger. 16 hands (25.4%) that showed a denervated EPL and APL could 
perform a passive movement of the thumb by dorsiflexion of the wrist, so that 
a lateral pinch could be performed. The stimulation matrix in Table 8  
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In study 3 the data of 44 arms were analysed. The muscles on the palmar side, 
innervated by the median nerve presented a higher number of partially 
denervated muscles than those on the dorsal aspect. In 16% the PT, in 23% the 
FDPIII and in 27% the FPL was partially denervated (Table 9). In contrast 
only 11.1% of the muscles, innervated by the radial nerve were partially 
denervated. The distribution was 1.6% each ECU and EDC and 8.0% the APL 
(Figure 20).  

Figure 20. Proportions of partially denervated and denervated muscles 

Abbreviations: FDPIII = M. flexor digitorum profundus III, FPL = M. flexor 
pollicis longus, EDC = M. extensor digitorum communis, EPL = M. extensor 
pollicis longus, APL = M. abductor pollicis longus 

Most denervated muscles were found in the group with lesions at the levels C6 
to C8. The denervated muscles corresponded to the level of lesion and their 
segmental spinal innervation (Table 10). Still, there were 4 patients where an 
unexpected denervation or partial denervation in at least one muscle occurred. 
In one C3 patient the PT was partially denervated. In another C3 tetraplegic 
patient the FDPIII was partially denervated and the FPL denervated. Both 
bilaterally. In two other C4 patients unilaterally once the FPL was denervated 
and once partially denervated (Table 9).  
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3.5 STUDY 4 
 

Methods 

Stimulation of denervated muscles in the upper extremities and especially in 
forearm and hand muscles in people with SCI is rarely applied in practice and 
less investigated scientifically. The present investigation intended to monitor 
the effect of direct muscle ES on the muscle structure expressed by the 
pennation angle and the muscle thickness from baseline to the end of the 
stimulation period. The overall hypothesis was that direct muscle ES can 
preserve the function of the motor endplates and muscle excitability over the 
denervation process. The chosen two outcome parameters are combined to 
each other and can be imaged and measured by ultrasound (Figure 21) in 
clinical practice (153-155).  

Figure 21. Ultrasound performed on the IOD1 and ECU 

Abbreviations: IOD1 = first dorsal interosseus muscle, ECU = M. extensor carpi 
ulnaris 
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The study protocol was set up as illustrated in Figure 22. 

Figure 22. Schematic study plan  

The patients were tested for eligibility during a standardized ES testing 
(described in Study 2 and 3). If an in – or outpatient fulfilled the inclusion 
criteria, he/she was informed about the study. After the defined time for 
consideration of 24 h the patient signed the informed consent.  

No stimulation protocols exist regarding the intensity (mA) of stimulation of 
denervated muscles in the upper limbs. To elicit a contraction in a denervated 
muscle a long pulse duration is required. To induce a tetanic contraction the 
frequency should be at least 20 Hz. Pulse duration and frequency can be 
compared to the stimulation parameters for the large denervated muscles in the 
lower limbs, whereas the amplitude for small muscles has lower values. Based 
on the stimulation protocols that were used in the RISE project (125,133,156) 
the stimulation protocol was defined in the following way:  

 

Screening 
ES testing of target muscles

Baseline mesurement T1:
Ultrasound - Determination of PA 

and muscle thickness

12 weeks stimulation period 5 
times per week

Completion measurement T2:
Ultrasound - Determination of PA 

and muscle thickness
Questionnaire
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Depending on the number of muscles to be studied, 45 to 75 minutes of 
stimulation per session were required over a 12 weeks period. Two muscles 
could be stimulated simultaneously by using the Stimulette 2den, a two-
channel device. For inpatients daily ES was embedded in the rehabilitation 
program and performed by the study staff (Figure 23). 

Figure 23. Stimulation of the IOD1 

Abbreviation: IOD1 = first dorsal interosseus muscle 

 

Outpatients performed the stimulation independently at home or with the help 
of their relatives or caregivers. The latter were supported by weekly telephone 
calls and had the possibility to call at any time if extra support was necessary.  

A questionnaire about the perception and the effectiveness of the treatment 
was used as a secondary outcome. 
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Results 

The data of six male and one female patients with a median age of 46 (25/72) 
(min/max), AIS A, B and D with a median time since lesion of 0.5 (0.5/42) 
years could be analysed (Table 11). Seven EDC muscles and nine IOD1 
muscles were stimulated. 

Table 11. Patient characteristics  

ID Gender Age Ethiology Level of lesion AIS Time since 

injury (years) 

1 m 46 traumatic C7 A 1.5 

2 m 47 traumatic C7 B 0.5 

3 m 42 non 

traumatic 

CMT nt since birth 

4 m 71 non 

traumatic 

C7 D 2 

5 m 25 traumatic C6 A 0.5 

6 m 34 traumatic C6 A 0.5 

7 f 72 traumatic C6 D 0.5 

Abbreviations: AIS = ASIA impairment scale, m = male, f = female, nt = not tested, CMT = 
Charcot-Marie-Tooth disease, C = cervical 

There was only a statistically significant increase in the median muscle 
thickness of 6 mm (1.4 mm/10 mm) to 10.7 mm (6 mm/12.3 mm) (p=0.016) 
and in the PA 6° (2°/8°) to 11.4° (9°/17°) (p=0.022) of the IOD1 (Figure 24). 
In contrast, there was neither a statistically significant change in the median 
muscle thickness of the ECU 10 mm (8.4 mm/12 mm) to 9 mm (4.4 
mm/11.3mm) (p=0.469) nor in the PA 8.8° (1°/12°) to 11.5° (7.5°/18°) 
(p=0.125) (Figure 25). 
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The results of the questionnaire showed that the users’ convenience regarding 
the device as well as the time expenditure was assessed positively. Four of the 
seven patients could imagine using the ES as a long – term treatment (Figure 
26). 

 

Figure 26. Questionnaire about participant perception of treatment  

 

 

 

 

5 - fair

4 - yes

4 - easy

2 - high

3 - no

3 - difficult

0 1 2 3 4 5 6

Time expenditure

Long term utilisation

User convenience
of the device

Number of response
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Subsequently the FES-supported force is measured as described before. The 
pulse duration was 300 µsec and the frequency 35 Hz whereas the amplitude 
was individually determined for each patient. These parameters remained 
unchanged throughout the training period.  

The primary outcome was the improvement in force (N) of the legs from the 
first to the last training session during FES – induced as well as voluntarily 
induced flexion and extension. The secondary outcome was the sum score of 
active muscle function of seven lower limb muscles before and after the 
training period. 

Results 

Data of 32 patients with acute and subacute SCI were analysed. The median 
lesion time was 67 days. The number of the completed training sessions ranges 
from 3 to 25, with a median of 13 sessions. 

There was a significant increase in median force from 2.38 to 3.48 N for FES 
induced extension (p<0.001) and from 1.29 to 3.03 N for voluntary extension 
(p<0.001). The FES induced flexion force increased significantly from 1.96 to 
2.62 N (p<0.018) as well as the voluntary flexion force from 0.91 to 1.89 N 
(p<0.001). No significant correlations were found between FES induced and 
voluntary flexion (r=0.275, p=0.128). In contrast, the extension demonstrated 
significant correlations between FES induced and voluntary movements 
(r=0.592, p=0.00) (Table12). The median muscle sum score was 17 points at 
baseline and 24 points at the last session. 

 

Table 12. Correlation of FES – induced force and voluntary muscle force 
for leg extension and flexion 

Correlation between FES – induced and voluntary muscle force 

Extension r = 0.592 p < 0.001 

Flexion r = 0.275 p < 0.128 
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4 DISCUSSION 
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4.1 STUDY 1 
 

The aim of this first overview article was to clarify wherein FES could support 
and supplement rTHAS. Therefore, principles of FES within the meaning of 
stimulation parameters regarding muscular physiology, activation and 
recruitment of muscle fibres, fatigue effects and principles regarding the 
improvement of muscle strength were explained. These criteria were 
contrasted with the prerequisites for rTHAS. Concurrently, existing data of 
patients that already received FES in combination with rTHAS were collected 
and analysed. Before surgery the muscle strength of the donor muscle could 
be improved by FES. Despite only two patients reported a subjective increase 
in strength, there is evidence that a combination of resistance training and FES 
is superior to training alone (63). Muscles which are not powerful enough to 
fulfil the criteria of becoming a potential donor could be strengthened with 
FES to make them suitable.   

Moreover, the strengthening effect can be used after surgery when the therapy 
focuses on building up muscle strength to perform activities of daily living 
such as wheelchair to bed transfers and lifting and manipulating objects. If the 
FES strengthening is planned pre- or post-surgery the settings have to be 
considered carefully. If the training should be performed as an in- or outpatient 
setting, devices as stimulators and strengthening equipment as well as 
assistance must be available. If the patient is on her/his own or has only a 
caregiver to provide some help, stimulation and exercise protocols have to be 
adapted individually to make the training feasible. In addition, stimulation 
devices should be easy to handle.  

The EMG – triggered stimulation showed a surprising effect in learning how 
to use the transferred muscle in the new function. To execute the demanded 
task by activating the muscle without compensatory movement strategies 
succeeded after two to three trials. In comparison, patients exercising without 
stimulation trained almost one week to achieve a satisfying result. The ES acts 
as an additional stimulus to the voluntary movement. As soon as some activity 
is detected in the muscle by the surface EMG the ES starts to intensify the 
contraction and thus the movement is enhanced. The initiation of the desired 
movement can be supported by visual and auditive feedback. Furthermore, the  
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device allows to place a second pair of EMG electrodes over the region where 
the donor muscle had its previous function. There the activity can be measured, 
and the device can be programmed to stimulate only if the activity of the 
previous function is lower than that of the actual desired one. A too strong 
activity of the donor muscle may lead to an unwanted movement according to 
its previous function. Hence the stimulation provides two targets, first the 
motor learning process of the new function of the transferred muscle and 
second the inhibition of the previous function. The effect of EMG – controlled 
stimulation on upper limb function and the activation of the sensory – motor 
cortex has been well investigated in stroke patients. Hara and colleagues  could 
show a significant increase in brain cortical perfusion in the sensory – motor 
cortex of the damaged hemisphere by training with EMG – triggered 
stimulation in comparison to voluntary initiated movements alone (104). The 
increase of cortical perfusion is associated with an increase in activation. The 
clinical results in the cited study were a significant increase in the Fugl – 
Meyer score and in grip strength.  

All the reported results have a limitation because they are based on clinical 
observations. These results served as a base and motivated to formulate the 
research plan for the studies II and IV as well as for a still ongoing study.  
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4.2  STUDY 2 AND STUDY 3 
 

Both studies showed that the developed ES mapping systems could help to 
detect an LMNL and UMNL in forearm muscles of the dorsal and palmar 
aspects. In all tested muscles the localization of the stimulation points was 
reproducible in the tested able – bodied population and in the tetraplegic 
persons. In addition, the described mapping of function of defined muscles by 
ES on the forearm can be applied easily in clinical practice by therapists and 
clinicians. This clinical implementation can be supported by providing 
measuring panels, that can be used directly on bedside. The presence of an 
UMNL or LMNL of the key actuators affecting the tenodesis grasp or fine 
motor grasping influences further treatment strategies. First the development 
of a tenodesis grasp, second surgical interventions as tendon and/or nerve 
transfer. The formation of the tenodesis grasp is considered as the classical 
treatment to achieve a grasp and release function of the tetraplegic hand by 
active or passive extension of the wrist. The patients’ group who can benefit 
from the tenodesis grasp are C5 – C7 tetraplegic persons. However, clinical 
experiences reported that despite of splinting, positioning and functional 
exercises the development of a tenodesis grasp is not guaranteed (157-159). 
One determining factor might be the innervation pattern of the EDC. As Study 
2 (82) could emphasize, an UMNL of the EDC is one factor that influences the 
lack in tightening of the finger flexors and hence the closure of the fingers in 
active or passive extension of the wrist. Out of the 63 tested arms, the 
frequency of the tenodesis grasp significantly differed between the UMNL and 
LMNL groups (p<0.0001).  

For therapeutic interventions, this finding indicates a need to modify the 
treatment schedule that most frequently uses splinting and positioning of the 
hand. The fingers are either taped at the palmar side of the hand (ECR < 3 
MRC) or kept in position by using a glove or taping a lope (ECR ³ 3 MRC) 
during day time. The splints or tapes can be taken off during therapeutic 
treatment. During night, an “intrinsic plus” splint is applied.  

 

 



Upper and Lower Motoneuron Lesions in Tetraplegia  

84 

If the innervation pattern of the EDC is mainly responsible for developing an 
usable tenodesis grasp it would be reasonable to assume that in case of an 
UMNL of the EDC taping the fingers could be even counterproductive. 
Thomas and colleagues investigated the motoneuron excitability after cSCI. 
They showed that intrinsic motoneuron excitability could change the 
generation and strength of involuntary muscle contractions. In addition, it is 
mentioned that the excitability is less in the centre of lesion and one to two 
level below but increases further away from the lesion centre (160,161). These 
findings could match with ours that around the centre of lesion the LMN is 
damaged and therefore the motoneuron excitability is reduced. Another study 
investigated the firing rates in muscle spindles in static stretched muscles in 
SCI (162). Muscle spindles are sensitive length – tension receptors in the 
skeletal muscles. A stretch induced activation leads to an excitation of the Ia 
and II afferents in the spindle (163). The discharge of muscle spindle afferents 
is dependent on the resting length of the muscle and can be increased by 
pressure on the muscle belly or tendon or by moving the joint in the direction 
that increases the muscle stretch (164). One can hypothesize that by splinting 
or taping the fingers into a flexed position the stretch onto the finger extensors 
will excite the mentioned afferents, at least transiently. This occurs if the EDC 
has an UMNL. The actual intension to shorten the flexor muscle might be 
hampered by an increased activation of EDC. The result is a missing or 
inefficient tenodesis grasp. In contrast, if the EDC has a LMNL it could be 
useful to tape and splint the hand and fingers in a position to support the 
development of the tenodesis grasp if desired.  

The distribution of innervated, partially denervated and denervated muscles 
differed from the dorsal aspect to the palmar aspect of the forearms in the 
tested cSCI patients. Whereas, the muscles in the coverage area of the radial 
nerve were mainly either innervated or denervated the number of partially 
denervated muscles of those in the coverage area of the median nerve was 
striking. The reasons for this finding remain unclear.  

The type of motoneuron lesions affecting the key flexor muscles influence the 
early decision – making in nerve transfers. Accordingly, the three muscles PT, 
FDPIII and FPL were selected for the study. The FDP for instance is the key 
muscle to restore finger flexion and thus grasping. A suggested method to 
restore finger flexion is the nerve transfer from nerve branches of the brachialis 
muscle to the anterior interosseous nerve (AIN). The stimulability of the 
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recipient nerves influences if and when a nerve transfer is considered after 
injury. Nerve transfers are performed early even if the recipient nerves do not 
respond to ES. Several studies discuss the unpredictable outcomes and the 
controversial patient selection for this treatment (165-168). However, if a 
nerve transfer is considered it should be performed before the complete 
structural change of the muscle properties from contractile to connective tissue 
occurs. Neuromuscular endplates in denervated muscles degenerate over a 
period of two years (167). The fibre diameter reduction results in an averaged 
30% decrease of CSA of the muscle. The remaining part of the CSA transforms 
into connective and adipose tissue (70,169).  

If the LMN is intact, nerve transfers can be successful a long time after the 
lesion. Until now two methods have been used to test the integrity of the LMN. 
The electrodiagnostic testing consisting of nerve conduction and 
electromyography and intraoperative stimulation. Nerve conduction as well as 
electromyography will show abnormalities in case of denervation, the latter 
not immediately but in state of Wallerian degeneration. Both diagnostic 
assessments provide information about a LMN damage but less about its 
extent. Another method is the intraoperative nerve stimulation that triggers 
muscle contractions by nerves with an intact motoneuron. For this purpose, a 
biphasic current allows repetitive stimulations with low fatigue, Normally, 
those stimulators provide defined amplitudes with a variable pulse duration. 
This intraoperative stimulation is the most reliable assessment, but it is 
performed after the decision for nerve transfer. The electromyographic testing 
gives solid information but is invasive, requires time, equipment and usually 
neurologists to interpret the data. Nevertheless, the unpredictable outcome in 
flexor reinnervation suggests the investigation of clinical and electrodiagnostic 
predictors for the postoperative results (170).   

ES as a diagnostic tool with a feasible, applicable mapping system to reliably 
find the stimulation points serves to determine the innervation pattern of the 
extensor and flexor forearm and hand muscles. It supplements the existing 
methods and is recommended to become standard in clinical rehabilitation.  
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4.3 STUDY 4 
 

The case report of the seven patients shows that direct muscle ES could 
increase the muscle thickness and the PA over 12 weeks of daily stimulation 
(5 times a week, 33 minutes). The small sample size consisted of a mixed 
population of two chronic, one subacute and three acute patients after lesion. 
The data encourage to include a larger sample size to verify if a statistical 
significance can be found in both intrinsic (IOD1) and extrinsic (ECU) 
muscles. Moreover, a correlation between the increase of muscle thickness and 
the PA should be proven as it is described in other studies (171,148,154). In 
addition, the baseline muscle thickness and the PA should be analysed in 
relation to the time after lesion. The latter could provide evidence about the 
denervation and degeneration process in traumatic and non-traumatic SCI and 
illness causing tetraparesis. It might give information about the beginning of 
changes in muscle structure and whether they depend on other factors as age, 
gender or reason for lesion (traumatic, non – traumatic). The results could 
influence the onset of ES according to the time after lesion. 

The results have an impact on treatment strategies. Thus, the clinical relevance 
to start early with direct muscle ES should be taken into account. This applies 
to the upper as well as to the lower extremities. In the upper extremities, direct 
muscle ES should also be focused on the proximal muscle groups, mainly the 
deltoid muscle and the rotator cuff muscles which stabilize the shoulder joint. 
In addition, the M. triceps brachii is a recipient muscle for tendon and nerve 
transfers to regain active elbow extension in people with tetraplegia. For a 
potential nerve transfer the muscle should have preserved contractile elements 
and degeneration should be avoided. Hence an immediate stimulation onset 
should be targeted. An effective direct muscle ES of the upper extremities 
requires current of high amplitudes and pulse durations, that has to be applied 
by relatively small electrodes (3x3cm, 5x5cm or 5x7cm). This elicits often an 
uncomfortable sensation during stimulation. The change of the wave form 
from rectangular to triangular can reduce the painful sensation but spreads out 
the electrical field to the neighbouring muscles (172). The current tolerance is 
individual and might be a limitation in performing an effective stimulation. 
Till now no empirical values for stimulation parameters are available due to 
the lack of studies on denervated muscles with ES in the upper limbs. The 
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applied current, mainly the amplitudes are based on clinical experience in ES 
of denervated muscle of the lower limbs and are adapted to the smaller muscles 
by reducing the intensities required for eliciting a muscle contraction.  

In clinical practice it was difficult to implement the treatment into the 
rehabilitation process. In case of stimulating 4 muscles (both IOD1 and ECU) 
the patient was occupied for 75 minutes including setting up the device, 5 times 
per week. It has to be proven if the benefit of the ES justifies the time intensive 
treatment during primary rehabilitation.  
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4.4 STUDY 5 
 

The results of this retrospective study demonstrate the increase in FES induced 
as well as in voluntary force of the lower limbs in patients with complete and 
incomplete SCI after a period of FES. The fact that FES can increase force and 
power output in persons with motor complete and incomplete SCI has been 
described in previous studies (84,63,47,92,173). The present results highlight 
some additional observations. The MotionMakerTM allows to differentiate 
between the increase of the FES induced force of the legs’ extensor muscle 
group and the flexor muscle group. The extensor muscle group gained more 
strength than the flexor muscle group. The FES induced extension increased 
1.1 N while the FES induced flexion increased 0.6 N. Similar turned out 
regarding the voluntary induced strength that increased 1.7 N for extension 
and 0.9 N for flexion. One explanation for this discrepancy could be the 
difference in the number of stimulated muscles. The stimulation in extension 
included M. glutaeus, M. rectus femoris, M. vastus medialis and lateralis and 
M. gastrocnemius. In contrast, the stimulated flexor muscle group contained 
only the hamstrings and the dorsiflexors of the foot.  

It should also be taken into account that based on clinical observations, mostly 
the flexor muscles, namely the hamstrings, show slower and less neurological 
recovery than the extensor muscles during primary rehabilitation. To date, 
there is no neurological explanation for this observation. The correlation 
between FES induced and voluntarily induced movements for extension was 
significant but not for the flexion. This result could affirm the above – 
mentioned suggestion regarding slower and less powerful neurological 
recovery in flexor muscles. The patients could possibly not transfer the gain of 
the FES induced force into their voluntary leg movements in flexion. That led 
to another clinical observation that patients, training with FES on the 
MotionMakerTM reported difficulties to coordinate their voluntary muscle 
activity with the FES triggered activity, especially during flexion movements. 
One possible explanation that ES of the extensors is better transferred into 
voluntary activity could be found in a study by Gerasimenko and colleagues. 
They described a neuromodulatory effect by plantar pressure stimulation and 
the excitatory effects on locomotor activity (118).  By stimulating the 
extensors during the MotionMakerTM training, the activation of the M. 
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gastrocnemius is included. Plantar flexion pressure stimulation was shown to 
activate the primary sensorimotor cortex that is associated with load – bearing  
stepping (118). This observation might explain the lack of correlation of the 
FES induced force and the voluntary force for the leg flexors.  

The results of the study justify the application of this method to the upper limbs 
too. There is evidence that rhythmic and alternating locomotor output, such as 
leg or arm cycling is mediated by spinal central pattern generators (CPG) 
(120).  

Forman and colleagues could demonstrate that the corticospinal excitability of 
the M. biceps brachii increased in dependence of the arm cycling cadence 
(122). This underlines the importance of the corticospinal pathway as a 
descending motor pathway involved in the voluntary control of motor output. 
It is suggested that by combining arm cycling with FES, the effect could be 
intensified. Bisio and colleagues demonstrated that motor training in 
combination with action observation and peripheral nerve stimulation could 
increase the excitability of motor cortical areas, mainly the primary motor 
cortex (59). Based on clinical experience FES supported arm cycling under 
action observation in the acute and subacute phase after SCI might enhance 
motor learning and thus motor recovery. Systematic clinical trials are required.  
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5 GENERAL CONCLUSION  
 

The current studies have shown that two well established methods in SCI 
rehabilitation – rTHAS and ES – can supplement each other. ES can be applied 
as a diagnostic tool as well as for improving of functionality and muscle 
structure. In diagnostics, ES serves to differentiate between LMN lesions and 
UMN lesions by testing the motor points of selected muscles. The tested 
muscles are key actuators for further treatment options as nerve and tendon 
transfers and serve either as recipient or donor muscles. The early knowledge 
about the type of lesion might help physio – and occupational therapists to 
optimize their treatment like positioning and splinting of fingers and hand 
regarding the expected outcome of the hand shape and its functionality in 
tetraplegic patients. The early knowledge about a LMNL enables the early start 
of direct muscle ES to avoid the transformation from contractile muscle tissue 
into connective tissue and fat. This in turn prolongs the time axis for nerve 
transfers without impairment of the outcome. The positive results of the 
neuromodulatory effect in the lower limbs by increasing the voluntary as well 
as the FES induced force with a robot – assisted training may facilitate the 
recruitment of motor units and support the motor learning process in the upper 
limbs as well. 
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6 FUTURE PESPECTIVES 
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6.1 ES IN DENERVATED MUSCLES OF THE 

UPPER LIMBS 
 

The results of the case series showed the effect on muscle thickness and PA in 
the IOD1 but less in the ECU. To verify a possible different effect of direct ES 
in long fibered extrinsic muscles to short fibered intrinsic hand muscles a 
higher number of participants is required. Furthermore, the influence of direct 
muscle ES on other muscle properties need to be addressed. Under ES, the 
muscle contracts and a mechanical tension occurs in the muscle fibres. If this 
is activated more by the structural fibre parts (e.g. molecule titin) the fibres 
increase under training in volume mainly by gaining length because the 
sarcomeres are added in series. If the tension in the muscle fibres is produced 
more by active actin – myosin – crossbridges, the fibres increase in diameter 
by adding the sarcomeres in parallel (162,163). Both alternatives lead to a 
muscle hypertrophy. How a muscle gains hypertrophy depends amongst other 
factors on its length and the lengthening velocity. If the applied stimulation 
releases a small range of motion, it is comparable to a strength training and 
results in increases of CSA, hence muscle thickness. In contrast, a full range 
of motion training regains more fascicle length (174). In the present study the 
ECU performed a full range of motion training during ES whereas the IOD1 
executed only a partial range of motion under stimulation, caused by the 
patients’ inability to extend their fingers and the thumbs. This might be an 
explanation for the differences between the increase in muscle thickness 
between the ECU and IOD1.  

The recruitment of patients for this study will be continued until 20 patients 
are included.  
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6.2 ES AFTER NERVE TRANSFER TO 

PROMOTE NERVE REGENERATION 
 

The early stimulation of denervated forearm muscles that might be eligible as  
recipient muscles for a nerve transfer showed a positive impact on muscle 
properties. It should be considered if a continuing stimulation might promote 
the nerve regeneration after nerve transfer as well. There is some evidence for 
a positive effect on motor and sensory function by applying ES in combination 
with exercise after peripheral nerve injury and surgical repair (134,175-178). 
To date all studies were performed in animals, except one, that investigated 
the effect of ES immediately after carpal tunnel release surgery in 21 persons 
(179). Only patients with distinct axonal loss of the median nerve were 
included. The participants were randomized in a stimulation and control group. 
The ES was performed with 4 – 6 V, 0.1 – 0.8 ms and 20 Hz on the median 
nerve as a single treatment for one hour after decompression surgery. All 
patients in the stimulation group showed an earlier and complete reinnervation 
of the thenar muscles in comparison to the control group. It was shown that 
the delay in regeneration of axons crossing the repair site was reduced so that 
a greater number of axons could reinnervate the target muscle. The positive 
effect of ES is explained by the increase of the expression of neurotrophic 
factors and their receptors in chronic and acute axotomized neurons (134). The 
latter findings and those of the stimulation effects on denervated muscles and 
their properties (129,180) might emphasize an additional treatment strategy 
after nerve transfers in the upper limbs of patients with cSCI. This implies the 
early start of the direct muscle stimulation of denervated muscle that may be 
considered for a nerve transfer and the immediate stimulation of the transferred 
nerve after surgery for one hour. Three to four weeks later when the nerve 
suture is resistant to mechanical traction, EMG – triggered stimulation can be 
applied to train the target muscle in its new function (181). In addition, it is of 
interest to determine if the representation of the regained function activates the 
corresponding area in the motor cortex that was reduced because of disuse.  
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6.3 TRANSCUTANEOUS CERVICAL SPINAL 

CORD STIMULATION 
 

Transcutaneous spinal cord stimulation (tSCS) moves into the focus of clinical 
application since improvements regarding lower limbs functions in persons 
with chronic SCI have been reported (182,118,183). The influence at different 
levels of the lumbo – sacral spine by tSCS was shown (184). The activation of 
sensory and motor roots by tSCS triggered leg movements and improved 
muscle strength and function beyond the treatment session (185). 
Consequently, tSCS was applied on the cervical spine to investigate similar 
effects regarding upper limb function. Two case series reports on chronic SCI 
showed improvements in motor and sensory function mainly in the hand and 
forearm (186,187). These effects remained as well after the treatment period.  

Interestingly, those patients who initially had a higher motor score could 
achieve better results regarding grip strength than those starting with a lower 
motor score (186). There is some evidence for reorganization of supraspinal 
networks and hence the recruitment of motor units. However the whole 
mechanism is poorly understood to date and it remains unclear if tSCS 
activates more the sensory afferent system at the level of the dorsal roots or 
the post – synaptic motor fibres belonging to the upper limbs (188). The latter 
would reflect a similar mechanism as in FES but less specific for function. 
Nevertheless, the development of this method should be followed. The future 
rehabilitation of SCI might combine the cervical tSCS to stimulate the residual 
functions by neuromodulation and promote neuroplasticity, followed by ES 
via nerve or muscle to regain more specificity. In addition, both techniques 
should be accompanied by task specific exercises whether manually or robot 
supported to regain known and automatized motor functions.  
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6.4 THE EFFECT OF FES IN RTHAS  
 

Information about a current study 

The current study “The effect of functional electrical stimulation in 
tetraplegia reconstructive surgery of the upper limbs” will provide 
information if FES before and after reconstructive tetraplegia hand and arm 
surgery combined with traditional physio – and occupational therapy 
supports the improvement of functional outcome after surgery. The primary 
objective is to investigate the effect of FES in terms of force and power 
output in innervated and transferred muscles before and after surgery. Both 
force and power output are measured as a surrogate for muscle strength. The 
secondary objectives are the performance and satisfaction of the participants 
measured by the COPM and grasp release test (GRT) before and after 
surgery. The muscle volume measured by US and the EMG should provide 
information about the activation of the transferred muscle in its new function 
during the motor learning process. Eligible are patients who will receive a 
tendon transfer either at the arm (elbow extension) or at the hand (e.g. wrist 
extension). 30 patients will be included in this randomised control trial. A 
block randomisation ensures that to each tendon transfer in the intervention 
group a counterpart in the control group exists.  
FES is supposed as an add on therapy embedded in the standard therapy. The 
control group receives the standardized treatment after surgery. The flow chart 
illustrates the study process (Figure 28).  
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Figure 28. Flow chart of the study 
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