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SUMMARY: 29 
This work presents a protocol to enhance prosthetic function after selective nerve transfer 30 
surgery. Rehabilitation interventions include patient information and selection, support of 31 
wound healing, cortical re-activation of sensory-motor areas of the upper limb, training of 32 
selective muscle activation, prosthetic handling in daily life, and regular follow-up assessments. 33 
 34 
ABSTRACT: 35 
Targeted Muscle Reinnervation (TMR) improves the biological control interface for myoelectric 36 
prostheses after above-elbow amputation. Selective activation of muscle units is made possible 37 
by surgically re-routing nerves, yielding a high number of independent myoelectric control 38 
signals. However, this intervention requires the careful patient selection and specific 39 
rehabilitation therapy. Here a rehabilitation protocol is presented for high-level upper limb 40 
amputees undergoing TMR, based on an expert Delphi study. Interventions before surgery 41 
include detailed patient assessment and general measures for pain control, muscle endurance 42 
and strength, balance, and range of motion of the remaining joints. After surgery, additional 43 
therapeutic interventions focus on edema control and scar treatment and the selective activation 44 
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of cortical areas responsible for upper limb control. Following successful nerval reinnervation of 45 
target muscles, surface electromyographic (EMG) biofeedback is used to train the activation of 46 
the novel muscular units. Later on, a table-top prosthesis may provide the first experience of 47 
prosthetic control. After fitting the actual prosthesis, training includes repetitive drills without 48 
objects, object manipulation, and finally, activities of daily living. Ultimately, regular patient 49 
appointments and functional assessments allow tracking prosthetic function and enabling early 50 
interventions if malfunctioning. 51 
 52 
INTRODUCTION: 53 
High amputations of the upper limb provide a challenge for prosthetic replacement1. Aside from 54 
elbow joint function, active prosthetic systems should include opening/closing of the prosthetic 55 
hand and ideally also pronation/supination and/or wrist extension/flexion. However, the control 56 
of standard myoelectric devices usually relies on the input signals from two muscles only2. These 57 
are traditionally the biceps and triceps muscles after transhumeral amputations and the 58 
latissimus dorsi and pectoralis major muscles after glenohumeral amputations3. To control all 59 
prosthetic joints, amputees need to switch between the active joints (e.g., by using a co-60 
contraction of the two muscles)1. While this provides a stable control paradigm, a significant 61 
restriction ensues with resulting slow and unintuitive control, which does not allow simultaneous 62 
movements of two or more prosthetic joints4. This limits the functionality of the prosthesis and 63 
is one of the reasons for high prosthetic abandonment rates after above-elbow amputations5. 64 
 65 
To overcome limited and unintuitive control for these types of prosthetic fittings, selective nerve 66 
transfers can be utilized. This approach, also known as Targeted Muscle Reinnervation (TMR), 67 
consists in surgically establishing myo-control signals by re-routing nerves that initially served the 68 
amputated hand and arm to different target muscles within the residual limb6,7. After successful 69 
reinnervation, more selective activation of the reinnervated muscle units becomes possible8. The 70 
resulting electromyographic (EMG) activity can then be used for prosthetic control and can yield 71 
up to six control signals. 72 
 73 
While there is a broad agreement that TMR can significantly improve prosthetic function9, 74 
selective activation and appropriate control of multiple muscles in the stump pose a challenge to 75 
patients, especially in the early post-operative period. This enhanced complexity of prosthetic 76 
control paired with the reduced multisensory feedback following amputation requires a specific 77 
rehabilitation to fully benefit from the surgical procedure. Here, a step-by-step guideline for the 78 
therapy interventions is provided based on recent recommendations10. An overview of the 79 
interventions and the estimated time they take in an ideal setting can be found in Figure 1. 80 
 81 
[Place Figure 1 here] 82 
 83 
PROTOCOL: 84 
The protocol was developed within a European Delphi study10. The assessment of its application 85 
on patients was approved by the local research ethics committee of the Medical University of 86 
Vienna and carried out according to the Declaration of Helsinki. If not mentioned otherwise, the 87 
steps described here should be carried out by an occupational therapist or a physiotherapist. 88 



 

 89 
1. Pre-surgical interventions 90 
 91 
1.1. See the patient for a multidisciplinary consultation. 92 
 93 
NOTE: The medical core team should include a surgeon, an occupational therapist and/or 94 
physiotherapist, a prosthetist, and a psychologist. 95 
 96 
1.2. Collect the patient history (reason and date of amputation, previous medical/therapeutic 97 
interventions after amputation, co-morbidities, general medical history, prosthetic satisfaction) 98 
and ask about expectations for prosthetic rehabilitation and demands for a prosthetic system in 99 
daily life. 100 
 101 
1.3. Check for relevant inclusion and exclusion criteria. 102 
 103 
1.3.1. Consider the patient for TMR if they fulfill the following criteria: amputation above the 104 
elbow, good general health, personal desire for good prosthetic function, willingness to 105 
participate in post-surgical therapy for up to 15 months. 106 
 107 
1.3.2. Exclude patients who have any untreated psychological co-morbidities. 108 
 109 
1.4. Perform a physical examination of the residual limb, focusing on skin and soft tissue 110 
problems, neuromas, range of motion, and possible additional nerve injuries. 111 
 112 
NOTE: If surgical interventions for the residual limb are needed (e.g., soft tissue corrections), the 113 
surgeon addresses them during TMR surgery. 114 
 115 
1.5. Evaluate the patient's general fitness regarding whether they will be able to carry a 116 
myoelectric prosthesis after TMR (~3 kg) and determine further interventions they may need 117 
during rehabilitation (such as strengthening the limb, exercises for endurance, or trunk stability). 118 
If the patient has a prosthesis, assess its function, preferably with standardized assessment 119 
instruments. 120 
 121 
1.6. Evaluate the patient's mental well-being and recognize psychiatric diseases, such as 122 
depression or post-traumatic stress disorder (psychologist). If the evaluation shows the need for 123 
treatment, ensure as a team that the patient receives it. 124 
 125 
1.7. Based on the patient's wishes, patient history, and examination, discuss available 126 
prosthetic options with the patient. Ensure that the patient understands that TMR involves a 127 
lengthy rehabilitation, where active involvement is needed. 128 
 129 
1.8. Try to understand whether TMR is the best option for the patient. Give the patient enough 130 
time to consider different options and/or discuss them with friends and family. 131 
 132 



 

1.9. See the patient again (either in the full interdisciplinary team or as a rehabilitation 133 
professional with the surgeon) to plan the procedure unless the patient had already decided on 134 
TMR during the initial consultation. 135 
 136 
1.10. If the medical team and the patient agree that TMR should be performed, ensure that 137 
financial reimbursement of the whole process is guaranteed and that rehabilitation and 138 
prosthetic fitting will be organized. 139 
 140 
1.11. See the patient for therapy sessions before surgery. According to the patient's need, 141 
include exercises for pain treatment, endurance, body symmetry, trunk stability, strengthening 142 
of the limb and posture, and motor imagery tasks. 143 
 144 
1.11.1. Additionally, train one-handed activities and support the patient with assistive devices, 145 
which can be helpful to support independence in activities of daily living. 146 
 147 
NOTE: At least one pre-surgical therapy session is recommended. More may be needed to 148 
address specific problems. If only a short time before surgery is available, include particular 149 
interventions in the post-surgical therapy. 150 
 151 
1.12. Perform the TMR surgery (surgeon)9. 152 
 153 
2. Early post-surgical interventions 154 
 155 
2.1. In the first days after surgery, mobilize the patient and ensure that they regain their 156 
physical fitness. Once more, remind the patient that reinnervation might take ~ 3–6 months. 157 
 158 
NOTE: Early post-surgical interventions should happen once or twice daily while the patient is 159 
hospitalized. If the patient can perform the below-listed interventions by themselves after initial 160 
explanations, a therapy session once a month is sufficient and can also happen as teletherapy in 161 
an online setting. Otherwise, seeing the patient twice a week for 30–60 min is recommended. 162 
 163 
2.2. Treat possible edemas in the area of the surgery by bandaging, using custom-made liners, 164 
propping up the residual limb and/or offering lymphatic drainage. Ensure that the patient 165 
receives adequate pain medication. 166 
 167 
2.3. Start with scar treatment (scar cream application and scar massage) when the wounds 168 
are fully closed. Improve the range of motion in the shoulder joint for transhumeral amputations 169 
by passively moving the arm and instructing the patient to perform active exercises using the full 170 
range of movement. 171 
 172 
NOTE: The patients are asked to use the scar cream available to them; nothing specific is 173 
recommended. 174 
 175 
2.3.1. Communicate all interventions with the surgeon and/or see the patient with the surgeon 176 



 

at least once. 177 
 178 
2.4. If the patient had a prosthetic fitting before surgery, evaluate whether it can be re-fitted. 179 
If needed, have a prosthetist change the socket or replace the electrodes in a myoelectric fitting. 180 
 181 
NOTE: In some cases, a re-fitting of the socket might not be feasible. 182 
 183 
2.5. Facilitate the reinnervation process on a cortical level: Use methods such as mirror 184 
therapy11,12, imagined movements13, or lateralization training14 (or follow the structure of Graded 185 
Motor Imagery, which includes these interventions15) to activate the sensory-motor cortex areas 186 
responsible for the upper limb. 187 
 188 
NOTE: This enables the patient to activate reinnervated muscles more efficiently at a later point 189 
in therapy. 190 
 191 
2.5.1. For mirror therapy, set up a mirror in front of the patient and ask them to hide the residual 192 
limb behind the mirror. Instruct them to perform different movements with the healthy hand 193 
while watching its reflection in the mirror. 194 
 195 
2.5.2. Ask the patient to imagine different movements of the amputated hand and arm while 196 
keeping their eyes closed. If helpful, ensure that the patient can do this in a quiet, undisturbed 197 
environment. 198 
 199 
2.5.3. For lateralization training, present the patient with cards that show either left or right 200 
hands and arms. Ask the patient to name the side and give the patient feedback on their choice. 201 
 202 
NOTE: If the patient prefers novel technologies, introduce the patient to computer programs or 203 
apps that provide the same function. 204 
 205 
2.6. Continue any pre-surgical interventions depending on the patient's needs. 206 
 207 
3. Signal training 208 
 209 
3.1. Study the surgery report to understand which muscle parts are reinnervated and which 210 
nerves were transferred. Understand that the transferred nerve determines the motion(s) the 211 
patient needs to think of to activate the reinnervated muscles (e.g., any muscle innervated by 212 
the ulnar nerve can be activated by imaging hand closing or wrist flexion after successful 213 
reinnervation). 214 
 215 
NOTE: If anything is unclear, meet the surgeon to discuss the nerve transfers and the 216 
rehabilitation plan. 217 
 218 
3.2. Three months after surgery, start testing for the first volitional contractions of the 219 
reinnervated muscles. If an activity can be found, continue with the steps below, and aim to see 220 



 

the patient for weekly or bi-weekly therapy sessions until sEMG control is mastered. If no activity 221 
can be found, continue with the early post-surgical interventions, and perform another test a few 222 
weeks later. 223 
 224 
3.2.1. For evaluating volitional muscle activity, set up a system for surface EMG (sEMG) 225 
biofeedback. 226 
 227 
NOTE: Here, a system that can display up to six EMG signals and allow an individual amplification 228 
of each channel is preferred. 229 
 230 
3.2.2. Prepare the patient's skin to reduce impedance by removing excessive body hair, dead 231 
skin flakes, oil, or skin cream16. Explain the goal of the assessment and the functionality of the 232 
system to the patient. 233 
 234 
NOTE: Plan therapy sessions for 30 min or less at this stage. Otherwise, muscles may become 235 
easily fatigued, and the patient may lose needed focus. If short sessions are not possible, mix 236 
different therapy interventions (EMG and posture training) to avoid fatigue. Figure 2 displays a 237 
standard setup for EMG biofeedback training. 238 
 239 
[Place Figure 2 here] 240 
 241 
3.2.3. Instruct the patient to perform hand and arm movements depending on the original 242 
function of the donor's nerves (e.g., hand closing if the ulnar nerve was used) and try to palpate 243 
the muscle. 244 
 245 
3.2.4. Place a surface EMG electrode on the skin above the muscle. Consider reinnervation to 246 
be successful if the signal amplitude during activation is 2–3 times higher than during relaxation17. 247 
 248 
3.2.5. If such activation is not possible, instruct other movements connected to the donor's 249 
nerve (e.g., flexion of the wrist or pinkie finger, if the ulnar nerve is the donor) and move the 250 
electrode slightly above the recipient's muscle. 251 
 252 
3.2.6. Repeat the evaluation for volitional activation with all nerves based on the surgery reports 253 
and note which muscles can be activated and with which motor command. Ask the patient to 254 
train the motor commands at home. 255 
 256 
3.3. Train the selective activation of the reinnervated muscles. 257 
 258 
3.3.1. Use EMG biofeedback to display the activity of one muscle. Ask the patient to think of the 259 
previously evaluated movement patterns and use an sEMG electrode (see Table of Materials) to 260 
pick up the recipient's muscle signals. 261 
 262 
3.3.2. Use the notes from the previous evaluation. If easier for the patient, ask them to perform 263 
the desired movements bilaterally. 264 



 

 265 
3.3.3. As soon as the patient can repeatably activate the muscle, train muscle relaxation as well. 266 
 267 
NOTE: Muscle relaxation corresponds to EMG amplitudes close to zero and is sometimes hard to 268 
achieve. 269 
 270 
3.3.4. Ask the patient to activate the muscle and fully relax it repeatedly. Make sure that there 271 
are 5–10 s of break in between the activations. 272 
 273 
3.3.5. Instruct the patient to perform different movements and vary electrode positions to find 274 
the combination leading to the highest amplitude (hotspot). Take a photo of the best position or 275 
mark it on the skin. 276 
 277 
3.3.6. If more muscles can already be activated, train the activation and relaxation of each 278 
muscle individually. 279 
 280 
3.3.7. After a reasonable control of the single muscles is possible, display the activity of two 281 
muscles. Start with antagonistic muscles/movements such as hand opening and closing. Instruct 282 
the patient to activate one muscle while the other one should be as relaxed as possible. 283 
 284 
3.3.8. Try different movement cues for both muscles if such a selective activation is not possible. 285 
Explain to the patient that selectivity needs some training and make enough time for this step. 286 
 287 
3.3.9. As soon as the selective activation of two muscles is achieved, add a third muscle and 288 
repeat the previous step. In the same way, add one muscle at a time until the patient can 289 
selectively activate each one. Plan several therapy sessions to train this. 290 
 291 
NOTE: To allow direct simultaneous prosthetic control at a later stage, the patient needs the 292 
ability to repeatedly activate each muscle while maintaining a deficient activation of all others. 293 
Figure 3 shows a schematic drawing of the excellent separation of six different signals in an EMG 294 
biofeedback system. 295 
 296 
[Place Figure 3 here] 297 
 298 
3.4. Once the selective activation of all signals is established, introduce a table-top prosthesis 299 
as shown in Figure 4. 300 
 301 
NOTE: Some systems allow to display EMG signals while moving the prosthesis simultaneously. 302 
These systems are prefered for training as they enable more precise feedback. 303 
 304 
[Place Figure 4 here] 305 
 306 
3.4.1. First, only enable one prosthetic joint, e.g., the hand, and ask the patient to control it 307 
while carefully watching the prosthesis. If the prosthetic hardware allows it, explain to the patient 308 



 

that a low EMG amplitude corresponds to slow movement while fast movement is achieved 309 
through a high signal. Let them test different movement speeds. 310 
 311 
3.4.2. Change the active prosthetic joint (e.g., elbow joint or wrist) and let the patient control 312 
these levels with their EMG signals. 313 
 314 
3.4.3. Once a good control of the single levels is possible, switch on all prosthetic joints and 315 
enable simultaneous control. Instruct the patients that unwanted prosthetic movements are 316 
normal at this initial stage of prosthetic control. 317 
 318 
NOTE: A light activation of their muscles may support selective control of single prosthetic joints. 319 
 320 
3.4.4. When this is mastered, give the patient a first impression of grasping with a prosthetic 321 
device (the table-top prosthesis) by holding objects (small balls, tubes of bottles) close to the 322 
open prosthetic hand and asking them to close. 323 
 324 
3.4.5. If they want, let the patient play with grasping and releasing objects they hold with their 325 
unaffected hand (for unilateral amputations). Let the patient know that sometimes failing to 326 
grasp or release objects is normal but should improve with training. 327 
 328 
3.5. Ensure that a certified prosthetist provides a test-fitting with all electrodes for 329 
myoelectric control placed in the socket correctly. 330 
 331 
3.5.1. To support the correct electrode placement in the socket, mark the EMG hotspots on the 332 
patient's skin and note the prosthetic movements for each hotspot. 333 
 334 
3.5.2. If possible, see the patient with the prosthetist for the plaster casting and answer any 335 
questions the prosthetist might have regarding electrode placement. 336 
 337 
3.5.3. When the first (test-) socket is ready, check its fit together with the prosthetist. Ask the 338 
patient to wear it and report any issues with the fitting (such as too much pressure at specific 339 
points). Check the electrode positions by connecting the electrodes in the socket to an EMG 340 
biofeedback system or a table-top prosthesis and asking the patient to control it. 341 
 342 
3.5.4. If no sufficient control of the table-top prosthesis is possible when wearing the socket 343 
while it can be done with electrodes mounted on the skin, re-assess the electrode positions in 344 
the socket with the prosthetist and change them (and/or the socket) if needed. 345 
 346 
4. Prosthetic training 347 
 348 
4.1. Once the (test-)socket fits well and the patient can control a table-top prosthesis with the 349 
electrodes embedded in the socket, ask the prosthetist to assemble the complete prosthetic 350 
fitting. 351 
 352 



 

4.2. See the patient with their new prosthetic fitting together with the prosthetist and 353 
surgeon. Check the fit of the prosthesis, discuss with the team whether the changes are needed, 354 
and answer any questions the patient might have. 355 
 356 
4.2.1. Explain the basic functionality of the prosthesis to the patient, such as degrees of 357 
freedom, how switching between the active joints works (if needed). Also, explain whether the 358 
prosthesis is waterproof and how it should be cleaned. 359 
 360 
4.3.  Train donning and doffing of the prosthesis. 361 
 362 
NOTE: The duration and frequency of prosthetic training depends on the complexity of the 363 
prosthetic fitting, the therapist's experience, and the patient's motor learning ability. Needed 364 
changes in the socket (e.g., for electrode positions) may delay the training. In optimal settings, 365 
the patient attends therapy twice a week for 30–60 min in the first few weeks and has the option 366 
of using the test fitting for home training in between. 367 
 368 
4.4. Train prosthetic movements without external objects. 369 
 370 
4.4.1. Ask the patient to perform easy movements of the prosthesis, such as opening/closing of 371 
the hand. If possible, connect the prosthesis via Bluetooth to its software to display EMG signals. 372 
 373 
NOTE: If the prosthesis does not react to the patient's motor commands or perform unintended 374 
movements, use the EMG biofeedback to figure out the reason for this. If the problem is 375 
hardware-related (socket-fit or electrode placement), contact the prosthetist to solve this. 376 
Otherwise, try adapting the software settings and/or instruct the patient to adjust the motor 377 
commands (e.g., slighter contraction). 378 
 379 
4.4.2. Continue with training single movements of all prosthetic joints as described in step 3. If 380 
the prosthesis allows different movement speeds, instruct the patient to vary the speed of 381 
movement. Ensure that the patient is precisely doing what they intend to do. 382 
 383 
4.4.3. To add more complexity, ask the patient to control the prosthesis in different positions 384 
(standing, sitting, or with varying shoulder positions for transhumeral amputees) and combine 385 
more degrees of freedom simultaneously (e.g., closing the hand flexing the elbow at the same 386 
time). 387 
 388 
4.5. Train object manipulation 389 
 390 
4.5.1. Provide the patient with different objects such as stress balls or wooden blocks. Explain 391 
that the manipulation of objects adds another layer of complexity. 392 
 393 
NOTE: Normally, the patient needs to train for a while to have complete control over the 394 
prosthesis while working with external objects. 395 
 396 



 

4.5.2. Ask the patient to use their healthy hand (for unilateral amputees) to put the object into 397 
the prosthetic hand. Then, close the prosthetic hand, move the prosthetic elbow and/or wrist 398 
joint, and, finally, release the object. 399 
 400 
4.5.3. As a next step, place the objects on the table/shelf/etc. Ask the patient to pick them up 401 
with the prosthetic hand and place them somewhere else. 402 
 403 
4.5.4. Finally, tasks that require more precision, such as stacking wooden blocks or grasping a 404 
ball rolling on a table, can be trained. 405 
 406 
4.6. Train activities of daily living 407 
 408 
4.6.1. Ask the patient which common activities (such as carrying a bag, doing the laundry, 409 
cooking, dressing, eating with cutlery, opening/closing a door, etc.) they regularly do in their daily 410 
life. Prioritize a few of them and train them in therapy. 411 
 412 
NOTE: Discuss that for bathing and showering, the prosthesis cannot be used. 413 
 414 
4.6.2. For training daily activities, suggest performing them with the prosthesis based on the 415 
experience (e.g., with some prosthetic hands, it is easier to pick up small objects if the hand is in 416 
a maximum pronated position). Let the patient perform the tasks based on suggestions provided. 417 
If they have other ideas on how to perform them, let the patient try their approach and 418 
encourage them to try many strategies and be creative. 419 
 420 
NOTE: It is essential to explain to patients that prosthesis training takes time and patience. 421 
 422 
4.6.3. Give the patient feedback on the performance during task completion. The feedback 423 
should be based on compensatory movements (little to none is preferred) and the patient's time 424 
to perform the task. If you or the patient are dissatisfied with how the task could be completed, 425 
try different strategies. 426 
 427 
4.6.4. Ask the patient which further, more specific activities are essential in their daily lives (e.g., 428 
sports, leisure activities, childcare or specific tasks required for their jobs) and discuss how they 429 
can use the prosthesis within these tasks. 430 
 431 
NOTE: If possible, directly train a few of these tasks with the patient during the therapy sessions 432 
(either in the clinic or at the patient's home environment). Not all tasks can be performed with a 433 
prosthesis. In some cases, specific prosthetic fittings or assistive devices are needed (e.g., for 434 
some sports or playing instruments). Although there were significant advances in recent years, 435 
prosthetic devices are still far from equivalent to human hands in function18. 436 
 437 
4.6.5. Ask the patient to use the prosthesis at home and make notes (or photos and videos) of 438 
tasks they are doing or they feel they cannot do. 439 
 440 



 

4.6.6. Use these notes to discuss different strategies for prosthetic use in the following therapy 441 
sessions. 442 
 443 
4.6.7. Repeat prosthetic training within the therapy sessions and at home until the therapist and 444 
the patient understand that the prosthesis can be used well in daily life. 445 
 446 
4.6.8. Discharge the patient from therapy. 447 
 448 
5. Follow-up assessments 449 
 450 
5.1. Invite the patient to a multidisciplinary medical consultation at 3 months after discharge 451 
from rehabilitation. 452 
 453 
5.1.1. Ask the patient how they use their prosthesis at home and work and discuss any 454 
problems. 455 
 456 
5.1.2. If the patient reports any problems, discuss/provide solutions for them. 457 
 458 
5.2. Assess the patient's prosthetic function by using standardized tests (such as the 459 
Southampton Hand Assessment Procedure (SHAP)19, the Action Research Arm Test (ARAT)20,21, 460 
or the Assessment of Capacity for Myoelectric Control (ACMC)22,23). Ask the patient to fill out 461 
standardized questionnaires for quality of life and hand use in daily life (such as Short Form 36 462 
(SF-36)24 and Disabilities of Arm, Shoulder and Hand (DASH)25).  463 
 464 
5.3. If the test results show a problem, discuss this with the patient and offer solutions for 465 
their problems (if possible). 466 
 467 
5.4. After the first follow-up consultation, invite the patient every 6 months to a 468 
multidisciplinary consultation and structured assessments to ensure ongoing good prosthetic 469 
function. 470 
 471 
REPRESENTATIVE RESULTS: 472 
The described rehabilitation protocol was implemented in a clinical setting at the Medical 473 
University of Vienna, and its feasibility and outcomes were assessed in a clinical study, which was 474 
recently published9. As reported9, 30 patients participated in the trial to evaluate the feasibility 475 
of TMR surgery and subsequent rehabilitation. Figure 5 displays that out of these 30 patients, 11 476 
underwent TMR as a pain treatment rather than a means to improve function via prosthetic 477 
fitting. Out of the remaining 19 patients originally aiming for a prosthetic fitting, five decided 478 
against it due to the high costs of the fitting (estimated between 75,000–150,000 €), insufficient 479 
time for rehabilitation, or high weight of the prosthesis. In one patient, intra-operative 480 
exploration revealed a global brachial plexus injury, making further nerve transfers impossible. 481 
This patient kept using his body-powered device. Of the remaining 13 patients undergoing 482 
prosthetic rehabilitation, 10 were available for a follow-up assessment. 483 
 484 



 

[Place Figure 5 here] 485 
 486 
Outcomes were assessed using the Southampton Hand Assessment Procedure (SHAP)19, the 487 
Action Research Arm Test (ARAT)20,21, and the Clothespin-Relocation Test (CPRT)6,26. These 488 
assessments are commonly used tests to evaluate prosthetic function. The evaluation took place 489 
at least 6 months after the final prosthetic fitting. Additionally, patients were asked about their 490 
prosthetic wearing habits. 491 
 492 
As described by Salminger et al.9, assessment of the 10 patients after TMR surgery revealed a 493 
SHAP score of 40.5 ± 8.1 (with a healthy upper extremity having a score of about 100) and ARAT 494 
score of 20.4 ± 1.9 (with 57 being the maximum score and 0 representing no upper extremity 495 
function) (Table 1). In the CPRT, patients were able to complete the tasks within 34.3 ± 14.4 s. 496 
They reported wearing their prosthesis daily with a wearing time ranging from 3–10 hours per 497 
day. 498 
 499 
FIGURE AND TABLE LEGENDS: 500 
 501 
Figure 1: Overview of stages within the rehabilitation process, including the milestones that 502 
mark the start of a new stage. 503 
 504 
Figure 2: Setup for surface EMG biofeedback. The therapist places an electrode on the patient's 505 
skin where the EMG signal is expected while explaining the needed movement cue (making a 506 
fist). The patient and therapist can see the patient's muscular activity (EMG) on the computer 507 
screen and use this feedback for finding the best electrode position and movement cue. 508 
 509 
Figure 3: Schematic drawing of the EMG signals displayed via biofeedback. Every channel (with 510 
a different color) is mapped to a specific muscle part and will later be responsible for a particular 511 
prosthetic movement. Good separation, as depicted here, ensures that the prosthesis only makes 512 
indented movements. 513 
 514 
Figure 4: Patient controlling a table-top prosthesis with surface electrodes mounted on his 515 
residual limb. 516 
 517 
Figure 5: Flowchart showing the patients included in the feasibility study. 518 
 519 
Table 1: Prosthetic function of patients following TMR surgery and rehabilitation. In the SHAP 520 
and ARAT, higher scores mean a better function, which is also indicated by less time needed in 521 
the CPRT. Total patient assessed: n = 10. Adapted with permission from Reference9. 522 
 523 
DISCUSSION: 524 
In recent years, selective nerve transfers have been increasingly used to enhance prosthetic 525 
function27. Experienced clinicians in this field have come to appreciate that rehabilitation is 526 
essential to enable amputees to use a prosthesis after the surgical procedure skilfully27. However, 527 
there is a lack of structured therapy programs. The current protocol aimed to provide the 528 



 

occupational and physical therapists with the tools and structure to guide the patients 529 
throughout the long TMR process. In contrast to previous suggestions for therapy (developed for 530 
less complex nerve transfers)28, there is a stronger focus on pre-prosthetic training and the use 531 
of EMG biofeedback to allow selective muscular control. 532 
 533 
As shown in the feasibility study9, discussing the patient's expectations is essential for post-534 
operative success. The inclusion of highly motivated patients certainly helped to achieve the 535 
described excellent outcomes. Less compliance to the described protocol might result in reduced 536 
prosthetic function. Additionally, not all patients wish to receive a prosthetic fitting (or can afford 537 
to get one). However, TMR may still be feasible to improve neuroma or phantom limb pain since 538 
recent studies have shown the potential of nerve transfers to alleviate these conditions29–31. For 539 
such cases, the rehabilitation program is foreshortened. Still, we have experienced that regular 540 
training of controlled activation of the reinnervated muscles and a prosthesis can further improve 541 
the pain situation32. Here, shared decision-making is essential as some patients might wear a 542 
prosthesis for its potential to reduce pain in the long term32, while others might not be interested. 543 
 544 
In our experience, a detailed discussion with the patient is essential to evaluate future 545 
compliance. Depending on the reinnervation time, motor learning capacity, and the patient's 546 
availability, the rehabilitation process is likely to take between 9–15 months. Suppose a patient 547 
does not strive toward the improvement of upper limb function or might make better use of 548 
another device (e.g., body-powered prosthetics). In that case, one might not consider the time 549 
(and possibly financial) commitment worth it. To save resources, we strongly recommend only 550 
including patients who express a strong interest in the procedure and only perform the surgery 551 
for functional purposes when the full rehabilitation procedure is anticipated. Finally, the costs 552 
for the surgery, therapy, and fitting should likely be covered at that point. 553 
 554 
The described study protocol needs to be adapted for each individual based on clinical reasoning 555 
to meet their specific needs. Physical and psychological co-morbidities need to be considered 556 
and adequate treatment (e.g., psychotherapy) offered in addition to the interventions described 557 
here. In patients receiving TMR immediately after amputation, a closer screening for 558 
psychological conditions developing overtime may be needed. Apart from this, no change in the 559 
protocol is required for this group of patients. They might even progress faster in motor learning 560 
as they might still be used to bimanual activities. Within this protocol, the nerve transfers 561 
operated by the surgeon define, which motor commands need to be trained and are expected 562 
for which muscle parts. The choice of the prosthetic end device influences prosthetic training. 563 
For multi-articulated prostheses, switching between different grasp types and how to use them 564 
needs to be included in therapy, if necessary. 565 
 566 
For patients living far away from the clinical center or those who cannot attend in-person 567 
rehabilitation regularly, adoptions in the rehabilitation protocol are needed. They include a 568 
stronger focus on home training, the possible involvement of a therapist near the patient's home, 569 
and telerehabilitation sessions via online video calls. Solutions for telerehabilitation need to 570 
provide a stable video and audio connection while fulfilling all data protection requirements. In 571 
these patients, a first visit to the clinical center should be planned at 6–9 months after surgery 572 



 

for signal training. The visit is usually for 1 week, with therapy sessions twice a day. In a majority 573 
of cases, good signal separation can be achieved at this time. Otherwise, another stay for signal 574 
training is needed, and the patient may get a simple sEMG biofeedback device for home training. 575 
When good signal separation is established, the prosthetist can fabricate a test socket, and the 576 
signal positions can be defined during the stay. This allows the prosthetist to create the final 577 
fitting when the patient returns home. The final prosthesis can be fitted in a second 1-week visit 578 
1–2 months later, and prosthetic training can be initiated. Advanced prosthetic training and 579 
further follow-up visits can either happen in a remote setting or a further visit to the center, 580 
depending on the patient's needs. 581 
 582 
Furthermore, other surgical interventions, such as osseointegration33 to improve the mechanical 583 
interface for the prosthesis, can be combined with TMR34. If this is the case, specific interventions 584 
must be included (such as the graded weight-bearing training after osseointegration35). 585 
Additionally, while the described protocol is intended for direct prosthetic control systems 586 
(where one electrode corresponds to one movement), its principles remain the same if a pattern 587 
recognition control system is planned. The main difference in rehabilitation is that the selective 588 
activation of single muscles becomes less relevant, while particular and repeatable activation 589 
patterns of several muscles need to be trained36. 590 
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Outcome assesment Score

Expected score 

for healthy upper 

extremity

SHAP 40.5 ± 8.1 100

ARAT 20.4 ± 1.9 57

CPRT 34.3 ± 14.4 s -
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Point-to-point reply to the comments raised by reviewers and editor 
 

Editorial comments: 
Changes to be made by the Author(s): 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

Done. 

 

2. Please revise the following lines to avoid previously published work: 143-144, 163-165, 168-170, 

176-177, 185-186. 

Thank you for making us aware of this. We have revised these lines. 

 

3. Corresponding authors are different in the main manuscript (Oskar C. Aszmann) and the Editorial 

software (A Sturma, where the authors give input while uploading the manuscript). Please clarify. 

While all authors were involved in the preparation and revision of the submitted manuscript, we 

perceived it as the easiest option, if the first author (A Sturma) took the responsibility for the 

organisation of the revision and submission process. OC Aszmann, however, is the senior author of 

the manuscript, who supervised the work, secured the funding, and was deemed the best candidate 

to answer reader’s questions upon publication. Therefore, we chose to name A Sturma as the 

corresponding author in the editorial software and OC Aszmann as the corresponding author in the 

main manuscript. Should this not be possible, we are happy to change the correspondence so that 

OC Aszmann also has this role in the editorial software. 

 

4. Please rephrase the Summary to clearly describe the protocol and its applications in complete 

sentences between 10-50 words: “Here, we present a protocol to …” 

Done. 

 

5. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 

remove all commercial language from your manuscript and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials. Please sort the Materials Table 

alphabetically by the name of the material. 

Done. 

 

6. Please support the statements in the introduction (paragraphs 1, 2 and 3) with more published 

references. 

Thank you for making us aware that we had indeed a limited number of references, which we have 

changed in the revised manuscript. 
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7. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text 

between sections. Please simplify the Protocol so that individual steps contain only 2-3 actions per 

step and a maximum of 4 sentences per step. 

We have revised the protocol accordingly. 

 

8. Please ensure that all text in the protocol section is written in the imperative tense as if telling 

someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 

described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 

such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” However, notes should be concise and 

used sparingly. Please include all safety procedures and use of hoods, etc. 

We have revised the protocol and made sure that most of the protocol is written in imperative tense. 

 

9. Please note that your protocol will be used to generate the script for the video and must contain 

everything that you would like shown in the video. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published material specifying how to 

perform the protocol action. There should be enough detail in each step to supplement the actions 

seen in the video so that viewers can easily replicate the protocol. 

We feel that this should be the case in the revised manuscript. 

 

10. Please add more details to your protocol steps. 

Step 1.1: Please include any patient inclusion/exclusion criteria. 

We have added a new step 1.2 in which we explicitly mention the inclusion and exclusion criteria. 

 

Step 2.2: Please provide details about how the processes of pain control, scar treatment are 

performed. 

Done. 

 

Step 2.4: Please note that to film this step, we need more explicit details. The citation of the 

references cannot be filmed. 

We have added sub steps. 

 

Step 3.2.1: “Prepare patient’s skin to reduce impedance,” how is this done? 

We have added this information. 

 

Step 3.3.2: Please specify the break period. 

Done. 

 

11. Line 334: Please mention the approximate cost to be born by the patients. 



While we are aware that there is a high variance of costs depending on geographical location and 

type of prosthesis, we have added approximate costs we would expect for a fitting (between 75 

000€-150 000€). 

 

12. Please include a one-line space between each protocol step and then highlight up to 3 pages of 

the Protocol (including headings and spacing) that identifies the essential steps of the protocol for 

the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. 

Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still 

be available to the reader. 

Done. 

 

13. As we are a methods journal, please revise the Discussion to explicitly cover the following in 

detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

The revised discussion should meet these criteria. 

 

14. Figure 3: Please provide the x and y-axis description. Also, please ensure that the x-axis values 

distinctly visible. 

We have changed figure 3 so that it is now a schematic drawing, including an axis description and 

distinct values (seconds) for the x-axis.  

 

15. Please revise the table of the essential supplies, reagents, and equipment. The table should 

include the name, company, and catalogue number of all relevant materials in separate columns in 

an xls/xlsx file. Please sort the Materials Table alphabetically by the name of the material. 

Done. 

 

16. Please spell out the journal titles in the References. 

Done. 
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Reviewers' comments: 

 

Reviewer #1: 
 

Manuscript Summary: 

This is a step-by-step guideline /protocol for therapeutic interventions and rehabilitation for proximal 

upper extremity amputees after TMR surgery aimed at improved prosthetic control. In this relatively 

young field, such a protocol has been lacking in the literature, and it will indeed be useful for 

multidisciplinary groups dealing with this patient group in general, and for the therapists of these 

group in particular. 

 

The paper is well written, concise, and includes the necessary introductory as well as conclusory 

sections. The protocol is based on a Delphi study as well as the vast experience of the Vienna group 

in this field, and as such is well founded and will surely be accepted and welcomed by groups all over 

the world. 

 

Thank you for taking the time to review our manuscript and thank you for you encouraging feedback. 

 

 

Major Concerns: 

No major concerns. 

 

Minor Concerns: 

There are some minor concerns. Some clarifications and further recommendations are left with the 

reader after taking part of this manuscript. 

 

1) In several instances the protocol is lacking in recommendations of frequency and/or timing of 

interventions. While everyone working in this field realizes that there are no absolutes, the less 

experienced group would surely benefit from the recommendations of the authors' group. 

a) is there a minimum time before surgery that pre-surgical multidisciplinary consultation should take 

place in order to permit enough time for preoperative interventions? 

b) is one multidisciplinary session enough? If the patient is to be given enough time to consider 

different options, are more than one visit required? 

c) regarding therapy sessions before surgery: is there a recommendation on frequency and/or 

number of sessions? If not, how many visits are required on average? 

d) in the early post-operative period, does the therapist meet the patient every day? Again, 

frequency and timing of sessions is of interest to the reader. 

e) in section 3 (Signal training), there is a recommendation on when to start (3mo) and when to try 

again if reinnervation cannot yet be confirmed (a few weeks later). This is very helpful, and more 

such recommendations are needed both regarding the continuation of post-surgical interventions, 

possible visits after post-surgical interventions are finished but before signal training is initiated, and 

especially regarding the frequency of therapy session during the Signal training phase. 

f) the same concern applies to section 4 (Prosthetic training). A recommendation on frequency of 

sessions and expected length of each stage is sorely needed. 

g) based on the above concerns, I humbly suggest that some ideal, or expected averages should be 



given for the frequency of sessions and duration of each stage. I further suggest that figure1 would 

be changed to include these recommendations. 

Thank you giving us such structured feedback on missing information regarding the timing and 

frequency of rehabilitation. We agree that details on timing and intensity are very relevant 

information. We have added recommendations for rehabilitation frequencies, and expected time 

frames in the revised manuscript. Also, we have added the time frames in figure 1. Along with this 

information, we inform the reader that these should be seen as optimal scenarios. 

 

2) In section 4.4.1 the advice to ask the patient to adapt their motor commands seems out of place. 

In my experience problems at this stage are usually hardware-related (socket fit, electrode 

placement) or software/programming-related. 

We agree with you that at this point socket issues or problems with software settings might cause 

problems, and have added this in the manuscript. We sometimes experience that patients perform 

too strong contractions/do not relax when initially working with the prosthesis, which is what we 

meant with “adapt motor commands”. We have now explained this as well. 

 

3) In section 5.1: is this the first multidisciplinary consultation the patient has after their initial 

consultation before surgery? I suspect that at the author's institution, the proximity of training 

facilities, the surgical unit, and laboratory facilities, may blur out the need for multidisciplinary 

sessions, as the surgeon may meet with the patients during their therapy sessions. In my institution, 

the therapists are several kilometres away in another part of town, and I think (the authors may well 

disagree and should then perhaps state so?) there will surely be a need for multidisciplinary or at 

least surgeon involvement between the initial preoperative consultation, and a point three months 

after discharge from rehabilitation. 

Thank you for this very relevant point. We are indeed in the fortunate position to have the full team 

in close proximity, and to have a core team which works together closely. However, you are right 

that in a situation like yours planned multidisciplinary consultations are needed during the 

rehabilitation process. We have added this to the manuscript. 

 

4) Considering that there are not a lot of these patients, and that they often come from far away, 

a) do the authors have recommendations on which kinds of signal and/or prosthetic training could be 

performed at home. Do you provide EMG-biofeedback systems or even table-top prosthesis for the 

patient to take home with them? Or is the first hardware that the patient can bring home the 

complete prosthesis after fitting? 

This is a very good point, and we dedicate a full paragraph to this in the revised discussion. In our 

experience, the early post-surgical interventions can be performed as home training and may be 

supported with video-calls if patients are coming from far away. We feel that the signal training 

should be started as an intense training week at the “TMR centre” at a time-point when we expect 

reinnervation of all muscles. In our experience a majority of patients learns a good signal separation 

in this time. Otherwise, we either recommend that they buy simple two channel sEMG biofeedback 

devices in their home country or provide them with a one (Myoboy). We think that more complex 

systems (or even a table-top prosthesis) are too costly as there is a risk of damage and they might 

overwhelm the patients with their options/settings.  



 

b) During the COVID pandemic, there have been fast advances in the use of remote meetings and 

video-calls by some therapists. Does the authors' institution have any recommendations on remote 

solutions for the consultations/therapeutic training/follow-up visits? 

As we are explaining in the revised discussion, we consider video-calls a good supplement in the 

rehabilitation of patients who cannot come to the clinic. We use them mostly to supervise home 

training and to support the patient when using the prosthesis at home. In our opinion, any solution 

that provides a stable video and audio connection while fulfilling all data protection requirements is 

fine. In Austria, this is e.g. room4physio. However, as data safety regulations differ between 

countries and the market for these solutions seems very dynamic, we prefer not to recommend any 

solution in the manuscript. 

 

 

Reviewer #2: 
Manuscript Summary: 

This is a review of therapy approach to optimize prosthetic control after TMR. 

 

Major Concerns: 

No major concerns 

Thank you for taking the time to review this manuscript, and for your feedback on how to further 

improve it. 

 

Minor Concerns: 

I would consider the below points to strengthen the manuscript. 

 

1. The authors had excellent outcomes. Some of this is likely secondary to their extensive screening 

process and some is likely a result of selection bias as patients who received prosthetics were highly 

motivated. Possible limitation of the study. 

We agree that the inclusion of highly motivated patients certainly helps to achieve the described 

outcomes. In the revised discussion, we describe this and add that including less compliant patients 

might result in reduced prosthetic function. 

 

2. The authors should discuss whether / how they would modify their technique if TMR is done 

immediately at the time of a traumatic amputation as this is becoming more commonplace. Would 

they make any changes to post-operative therapy regimens? 

Thank you for bringing up this relevant point that we are now discussing in the revised manuscript. 

We think that the psychological screening/support might be of higher importance due to the higher 

risk of developing PTSD etc shortly after amputation. Apart from this, we expect a quicker 

rehabilitation as the cortical representation of the lost arm should be better and as the patient is still 

used to bimanual activities. 

 

3.Line 333. Did the five patients who were excluded because of cost of the fitting undergo TMR? If so 

do the authors believe that these patients should have been identified and excluded earlier based on 

their algorithm (link 114). Would they suggest any changes? 



The five patients did indeed decide against a fitting after undergoing TMR. For three of them, the 

financial burden was the main issue for non-continuation with a fitting. These patients were 

confident that they would receive funding for their fitting when they approached us for surgery. It is 

indeed unfortunate that they were not excluded earlier. However, we decided that patients who 

make it probable or credible that they will have funding for a fitting, should not be excluded, even if 

the full funding is not available at the time of surgery. While we discuss consequence with these 

patients prior to surgery, we feel that the final decision should be up to them. As described in the 

original publication for the clinical study (Salminger, S. et al. Outcomes, challenges and pitfalls after 

targeted muscle reinnervation in high level amputees. Is it worth the effort? Plast Reconstr Surg. 

10.1097/PRS.0000000000006277, (2019)), only about half of the patients approaching our centre 

who would fulfil the medical criteria for TMR receive the surgery due to financial concerns. We 

therefore feel that we are already having sufficiently strict inclusion criteria regarding funding. 



Reprint Permission Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Reprint permission.JPG

https://www.editorialmanager.com/jove/download.aspx?id=1384579&guid=221c6415-2e8e-4959-abfb-fabfb7269854&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1384579&guid=221c6415-2e8e-4959-abfb-fabfb7269854&scheme=1


����������	�
�	������������
�������������
�

��������� ��������� �!�"�#$�%���&�!�%&�����%����'( �� �!�)*�+��&�(����,����-�.���./����

� �$���0���� &$�1��
�
���2��3�41��
�
�
���(��1��2�����2����$�&������2%+���2���%��� %$��'��(%5��%+% $%'$��3%��5��&� '�5�%��
2��#166777�*�+��&�(6#�'$ �24�+ %1�

89��%!5%�5��&&���� � 89�#�!��&&���
�
���(��1�:$�%�����$�&���!���0��2��0�$$�7 !;� ��(�1�

89�2�����2��� ��<=>�%��! ��5���%����;�+��!(�!���(#$�?����
89�2�����2��� ��%��! ��5���%����;�+��!(�!���(#$�?���%!5��2���%��� %$��7����#��#%��5� !��2��
&�������0�2 �����2���5�� ���%��%��! ��5���%����;�+��!(�!���(#$�?����

89�2�����2��� ��%��! ��5���%����;�+��!(�!���(#$�?���'����2���%��� %$��7��������#��#%��5� !��2��
&�������0�2 �����2���5�� ���%��%��! ��5���%����;�+��!(�!���(#$�?����

�
@A>BCDEF@<GFHBGE=FDBCE<IEF@JAEEKE<>F

�
��9 GLMNOLPF>LQRST�������5� !��2 ����� &$��%!5�
 5���
� &�!����;���(�!�"��2��0�$$�7 !;����(���2%$$�2%+���2��
0�$$�7 !;�(�%! !;�1�U@VQLLRLOWU�(�%!���2 ����� &$��%!5�

 5���� &�!����;���(�!�X�U@QWNYZLU�(�%!���2��%�� &$��
�#�& 0 �5��!��2��$%���#%;���0��2 ���;���(�!�"� !&$�5 !;�%!?�
%���& %��5�(%��� %$����&2�%����[��"�0 ;����"��%'$��"�%��7��\"�
%'���%&��"������((%� ���&�!�% !�5��2��� !X�U@]Ŵ_QU�
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��9 jQ_WLYWN_OF_MFŴLF�_QbT��2�����2��3�4�%��2�� g��
i�
������%\�����#�� !��2�����2��3�4�!%(��%!5��!��2� ��'�2%$0�
 0�i�
��'�$ �+�����(���2 �5�#%��?�&��$5�'�� !0� !; !;����
( ;2�� !0� !;���2��&�#?� ;2���0�� �2����2�����2�� ����� &$��
%!56���
 5����
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