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STUDY DESIGN: Case Series.

OBJECTIVES: To describe the donor activation focused rehabilitation approach (DAFRA) in the setting of the hand closing nerve
transfers in cervical spinal cord injury (SCI) so that therapists may apply it to treatment of individuals undergoing this procedure.
SETTING: United States of America—Academic Level 1 Trauma Center.

METHODS: We reviewed the records of individuals with cervical SCI who underwent nerve transfer to restore hand closing and
post-surgery DAFRA therapy at our institution. The three post-surgery phases of DAFRA included (1) early phase (0-12 months)
education, limb preparation, and donor activation exercises, (2) middle phase (12-24 months) volitional recipient muscle activation
and (3) late phase (18 + months) strengthening and incorporation of motion in activities of daily living.

RESULTS: Subtle gains in hand closing were first observed at a mean of 8.4 months after hand closing nerve transfer surgery.
Remarkable improvements including discontinuation of assistive devices, independence with feeding and urinary function, and
measurable grip were observed. Function continued to improve slowly for one to two more years.

CONCLUSIONS: A deliberate, slow-paced (monthly for >2 years post-surgery) and incremental therapy program—DAFRA—can be
used to improve outcomes after nerve transfer to restore hand closing in cervical SCI.

SPONSORSHIP: This work was made possible by funding from the Craig H. Neilsen Foundation Spinal Cord Injury Research on the

Translation Spectrum (SCIRTS) Grant: Nerve Transfers to Restore Hand Function in Cervical Spinal Cord Injury (Pl: Ida Fox).
Spinal Cord Series and Cases (2022)8:47 ; https://doi.org/10.1038/s41394-022-00512-y

INTRODUCTION

Nerve transfers are a novel method to restore thumb and finger
flexion—hand closing—in mid-cervical spinal cord injury (SCI).
Most importantly, they can help expand the treatment options for
individuals with more caudal patterns of injury who are not
candidates for traditional tendon transfer surgery. The hand
closing nerve transfer enhances tenodesis (passive grip force),
reduces the need for adaptive equipment and enables some
individuals to maintain hand control regardless of wrist position.

The past decade has seen increasing interest in nerve transfers
as a novel therapeutic option to improve hand function in people
with spinal cord injury (SCI) [1-18] Nerve transfers do not require
extended periods of non-weight bearing or long-term changes to
wheelchair transfer techniques, which may deter individuals from
seeking tendon transfer surgeries [19]. The transfer re-routes an
expendable donor under volitional control to a recipient that is
not working because of the intervening SCI.

The nerve transfer from the donor musculocutaneous nerve
(brachialis muscle branch) to branches of the recipient median
nerve has been used to restore hand closing in people with SCI
[20-22]. In addition to reinnervating flexor pollicis longus (FPL)

and the flexor digitorum profundus of the index finger (FDPi) via
the anterior interosseous nerve (AIN), additional branches to flexor
digitorum superficialis (FDS) and/or flexor carpi radialis (FCR) may
be included as recipients to enhance grasp function. The nerve
transfer is performed proximal to the elbow, requiring axons to
grow 12-18cm at approximately 1 mm per day to reach the
recipient motor end plates and restore function [2, 23, 24].

This is in contrast to the nerve transfer of supinator to posterior
interosseous nerve, which has been used to successfully restore
hand opening function. This hand opening surgery and its post-
operative therapy have been previously described [25]. Surgical
techniques for the hand closing nerve transfer have been
previously described but the results have been mixed [1-3, 26].
We believe this is in part due to the critical role of a long duration,
donor focused, motor re-education therapy program. The donor
activation focused rehabilitation approach (DAFRA) is a strategy
for rehabilitation after a nerve transfer originally developed for
brachial plexus and peripheral nerve injury populations to
maximize functional outcomes [27]. It recognizes the altered
neural pathways created by nerve transfers and attempts to
strengthen these pathways through patient education, cortical
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plasticity and exercise. We believe DAFRA also has an essential
role in improving outcomes in people with cervical SCl who have
had nerve transfers, particularly for transfers with a greater
regeneration distance from donor to recipient muscle where the
recovery time is protracted.

The purpose of this case series is to describe the application of
DAFRA to individuals with SCI who underwent both nerve transfer
surgery and therapy to restore hand closing.

METHODS

Overview

We retrospectively reviewed the therapy and medical records of
individuals with cervical level SCI who underwent nerve transfer surgery
and therapy at our center from August 2013 to August 2018 and had at
least 18 months of follow-up. One individual (L.CK.) provided all post-
operative therapy adapting the use of DAFRA to this population. During
this time, our routine clinical care included a comprehensive upper
extremity exam and DAFRA therapy with variable collection of the Graded
and Refined Assessment of Strength, Sensibility, and Prehension (GRASSP)
outcome measures [28]. Available data and subjectively reported out-
comes information were collected and summarized. Specifically, we
reviewed information about the gains in movement (results of manual
muscles testing) over time, time to gain in movement, and self-reported
gains in function (this included ability to do new activities of daily living,
changes in use of electronics, assistive devices and subjective report of
gains in strength).

Summary of the post-operative rehabilitation program

The DAFRA used in our practice consisted of 3 phases: early, middle, and
late; Table 1. Early phase therapy included education, limb preparation,
and donor activation exercises. Manual muscle testing of FDPi and FPL was
performed at each therapy session to capture the first volitional
contraction [29]. This was the moment when the first sign of reinnervation
was established. Middle phase therapy began when trace recipient muscle
contraction was noted and, for this hand closing nerve transfer, focused on
elbow flexion co-contraction with assisted thumb and finger flexion. Late
phase therapy began when 3/5 recipient strength was attained. Use of
resistance tools and customized functional activities were incorporated
into the program.

Early phase rehabilitation

The goals of early phase therapy were to prepare the limb for recovery of
function and to educate about relevant anatomy, physiology and DAFRA
concepts. Adequate understanding of the donor/recipient neuromuscular
relationships and the importance of using donor activation to gain
recipient function were essential to this program.

After 2 weeks of post-operative rest, individuals met with a certified
hand/physical therapist. A baseline evaluation of edema, scar, residual joint
contracture, and strength of donor (elbow flexors) and recipient (hand
closing) muscles was performed. Compression sleeves and reduced limb
exertion were recommended to manage edema if present. Thickened or
adherent scars were treated with scar massage.

Both flexion and extension contractures of the fingers are seen in cervical
SCl. Some degree of interphalangeal joint flexion contractures and extrinsic
flexor muscle tightness is useful for holding objects, however, excess flexion
from contracture or muscle shortness in the fingers limits thumb contact
during lateral pinch and grasp of larger objects. Thus, contractures were
treated with passive ROM (PROM) exercises and static progressive or
dynamic finger-based extension orthoses. This was especially important as
reinnervation occurred during later phases; increased flexor tone would
exacerbate flexion contractures. Extension contractures were addressed with
PROM exercises, flexion gloves and Ace wraps.

Motor re-education began with the introduction of donor activation
exercises. Due to the altered innervation pattern following a nerve transfer
control of the recipient muscles was initially activated with co-contraction
of the donor elbow flexors. For this hand closing nerve transfer, a
substantial emphasis was placed on frequent elbow flexion exercises—
termed “firing the donor.” Individuals were instructed to perform 10
repetitions of active elbow flexion with the forearm pronated (to maximize
activation of the nerve to the brachialis versus the biceps muscle) every
hour throughout the day. Expectations were set for these donor activation
exercises to continue well beyond the first year.

SPRINGER NATURE

The second exercise component combines active (donor) elbow flexion
with passive finger and thumb flexion to introduce the concept of co-
contraction of donor and recipient muscles. It was designed to develop
neuroplasticity by strengthening the donor and recipient neuromuscular
connection on a cortical level [30-32]. During the early phase, when there
is no recipient function, individuals were instructed to flex the elbow with
effort while visualizing the hand closing into a fist. If an aide or family
member was available to assist with home exercise the therapist instructed
this person to passively flex the thumb and fingers while the person with
SCI actively flexed the elbow. This ‘patterning’ activity provided neuronal
activation that may have enhanced neural regeneration [33].

Elbow flexion exercises were advanced during this early phase by
adding resistance with weights or bands. Use of a grip wrap device such as
Active Hand Grip Wrap (Active Hands Company, Solihull, UK) provided the
passive positioning of the fingers and thumb in flexion to hold the band or
weight. (Fig. 1) An Ace wrap or a home-made device was also used. These
devices eliminated the need for an assistant to perform the passive thumb
and finger flexion component of the exercises and facilitated independent
donor activation and donor/recipient co-contraction exercises.

Isometric elbow flexion (in forearm pronation to activate the brachialis
donor and not the biceps) exercises were also used. The elbow was actively
flexed with the forearm blocked by a table, the contralateral limb, or the arm of
the wheelchair. Individuals were encouraged to perform some form of these
resisted elbow flexion with passive hand closing exercises 2-4 times per day.

When available, the BTE Primus Simulator (Baltimore Therapeutic
Equipment Co. Hannover, MD, USA) was used. This combined tool
simulation with computerized tracking and visual feedback. Initially,
subjects required a grip assist device to hold the tools, but as flexor tone
increased during middle and late phases, their ability to hold tools
improved and many could manage some tools without the device. Ideal
tools are those which required simultaneous grip and elbow flexion (i.e.,
lever #802). The BTE tracked gains in strength with immediate feedback
that many found motivational. Such devices were not necessary, but
creative programs that improved participation and provide motivation by
incorporating objects such as a hammer or steering wheel may have
augmented recovery.

Weekly visits were recommended for those with joint contractures until
they demonstrated understanding of the home exercise program (HEP).
Otherwise, monthly visits were used to assess passive and active ROM. The
therapist demonstrated and performed a variety of manually and/or
mechanically resisted elbow flexion exercises with and without passive
hand closing to reinforce the motor re-education program.

Recovery of hand closing was assessed during early phase therapy visits.
Recipient muscle (FDS, FPL and FDPi) reinnervation was checked by
positioning the wrist in neutral and holding the finger or thumb in
extension while resisting elbow flexion in forearm pronation. Flexor tone
and active motion were assessed with the elbow in flexion and extension
to appreciate any early change due to donor activation. The wrist was
blocked to prevent contributions from tenodesis.; Supplementary informa-
tion video 1.

Middle phase rehabilitation

The first appearance of volitional movement in a recipient muscle marked
the beginning of the middle phase of rehabilitation. The goal of this phase
was to establish volitional control of hand closing. Early on subjects may have
been unaware of progressive motor recovery, which presented as subtly
increased flexor muscle tone and/or augmented tenodesis function. Motor
control of the recovering thumb and finger flexor muscles was enhanced by
functional hand closing activities. Therapeutic interventions in this phase
included use of built-up handles on functional objects that have the shape
and size to enable successful pinch and grip activities with incomplete
flexion. ltems such as foam cylinders, cones and theraputty were used to
promote grip while the therapist provided manually resisted elbow flexion.

Frequent, short bouts of isolated thumb and/or finger flexion with resisted
elbow flexion were performed; ideally 5-10 repetitions, several times per day.
Some formal exercises were replaced by functional activities of daily living
(ADLs) that included combined hand closing activity with concomitant elbow
flexion. Self-feeding without an assistive device was a common goal for many
people thus creating a program that involved retrieving, holding, and
bringing a food item to the mouth was a useful example.

Muscle fatigue was a hallmark of newly reinnervated muscles.
Individuals were advised to “respect fatigue” by limiting recipient muscle
activity when fatigue was evident. This was achieved by encouraging a
high frequency of low repetition exercises throughout the day and during
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Fig. 1 Grip aid devices are helpful during Early Phase Rehabilita-
tion. A grip aid device such as Active Hand Grip Wrap (Active Hands
Company, Solihull, UK) enables individuals to hold resistance tubing
or a hand weight with the involved hand in flexion and perform
resisted donor activation (elbow flexion) exercises independently.

therapy sessions. Initially, 5 repetitions may be all that is capable of the
weak, reinnervated muscle. Typically, muscle fatigue decreased gradually
as muscle reinnervation continued and strength improved.

During this phase some individuals benefitted from orthoses to position
the thumb and index finger for more successful pinch. A hand-based
thumb opposition orthosis (with the IP joint free) supported the
hypermobile thumb, improved opposition to the index finger, and allowed
for isolated thumb IP joint flexion exercises. Those with excess index finger
flexion posturing were given a finger-based extension orthosis, such as a
prefabricated Oval 8™, to improve index finger positioning for lateral pinch
against the thumb.

Frequency of therapy visits during the middle phase was ideally 2-4
times per month.

Late phase rehabilitation

The late phase of therapy was initiated once the person demonstrated full,
active flexion in the thumb and fingers. The hallmark of this phase was the
introduction of resistance exercises and strengthening of the recipient
muscles.

Theraputty, pinch clips, and weighted cones or spheres were used to
encourage pinch and grip with increased resistance. (Fig. 2) (Supplemen-
tary info. 2).

Resisted donor muscle activation continued to play a role in maximizing
recipient muscle performance during this late phase and was incorporated
in the activity or manually applied by the therapist to increase the strength
of finger and thumb flexion contractions. For example, a Hand Helper™
(grip strength device) was outfitted with a resistance band attached to a
doorknob to advance co-contraction exercises of hand closing with elbow
flexion. (Fig. 3) Ultimately, some individuals performed resisted hammer
curls with a foam handle attached to the resistance band, as demonstrated
in (Supplementary info. 3).

Individuals were challenged to incorporate activities that required active
grasp into their daily routine. Utensils and toothbrushes were used to gain
strength and confidence in self-care without an assistive device. Work or
hobby-related tasks were also incorporated into the program.

The ability to hold and manipulate light objects with the wrist flexed was a
useful goal that enhanced hand function. As volitional grip strength improved
reliance on tenodesis wrist extension to maintain grip decreased. The ability
to grasp and place items with the wrist neutral or flexed equated with
improved control and less dropping of grasped items. For this reason, wrist
extension eccentrics were introduced to strengthen finger flexion when the
wrist was lowered out of end-range extension. An example of the wrist
extension curl set-up is shown in (Supplementary info. 4). Training for this
began with a hand wrap to assist grip and was removed as strength
improved. It was not uncommon for this to take two or more years to achieve.

Ideal frequency of treatment during the late phase was 2-4 times per
month until individuals demonstrated a clear understanding how to

SPRINGER NATURE

Fig. 2 Resistance is introduced during Late Phase Rehabilitation.
During late phase therapy, weighted spheres may be used for
strengthening the finger and thumb flexor muscles and improving
functional strength.

Fig. 3 Combined resisted donor and recipient muscle exercises
are introduced in the Late Phase Rehabilitation. During late phase
therapy, combining use of a hand exerciser with an exercise band
attached to a doorknob enables one to practice combined resisted
recipient finger flexion with resisted elbow flexion for strengthening
at home.

perform active finger and thumb flexion activities and their home exercise
program. At a minimum, monthly visits were used to guide incorporation
of new activities as strength, endurance and abilities improved.

RESULTS

Nine males had both surgery and therapy at our institution and
met criteria for inclusion in this case series. Demographic and
surgery information are provided, Table 2. Post-operative follow-
up averaged 40 months (range: 18.5-86). One had a 9-month
unscheduled gap in therapy during which time their new function
appeared, and another reported no change in function. There was
missing GRASSP data for two.

Volitional trace movement of recipient musculature most often
appeared between 6 and 10 months post-surgery and required
strong co-contraction of elbow flexors. At that point, the subtle
change was often not recognizable to the individual.

Our subjects’ mean operative hand total GRASSP score
improved by 15.7 (standard deviation 9.7) points above the pre-
operative mean total GRASSP score of 40.7 (standard deviation
10.7) points. Eight subjects had gains in hand closing function.
Measurable grip was present in four of the subjects. Four reported
discontinuance of assistive devices for eating at an average of
12 months post-operatively. Three mentioned new independence

Spinal Cord Series and Cases (2022)8:47
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and flexor digitorum profundus to index finger). FDS Flexor Digitorum Superficialis. FCR Flexor Carpi Radialis. FDP Flexor Digitorum Profundus. PIN Posterior Interosseous Nerve (innervates thumb and finger

extensors).
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with self-catheterization at an average of 14.5 months post-
surgery. Finally, six described new ability to hold bottles or cups at
an average of 16 months post-surgery (Tables 2, 3).

DISCUSSION

Therapy is critical to care of the upper extremity cervical SCI [34]
and, particularly, to improving outcomes in the setting of novel
nerve transfer surgery to restore hand closing function in cervical
SCl. There is little in the literature about rehabilitation after nerve
transfer surgery, [35] particularly in the setting of SCI [25]. The
hand-closing nerve transfer in SCI has unique challenges that
affect outcomes. This case series allowed us to provide preliminary
guidelines about education, timing, frequency, and exercises that
may improve outcomes; future work should incorporate these
suggestions and the collection of formal, outcomes measures that
are applicable to this unique population.

It is crucial that everyone (the individual with SCI, caregivers, and
therapist) appreciates the deliberately slow pace of this rehabilitation
protocol, have realistic expectations about the incremental gains in
function and long timeline of recovery, and appropriately schedule
the frequency and duration of therapy. Multiple factors, including the
long-distance from coaptation to recipient muscle, contribute to
gains in function that are obtained over years after surgery [36].
Indeed others have also suggested that results after nerve transfer
and repair do continue to improve for years after surgery [37].

We recommend therapy for a minimum of once a month for >2
years post-surgery. This is considerably different from the current
practices for rehabilitation following tendon transfers in the
tetraplegic population where therapeutic intervention is often
complete within 5 months following surgery [38]. One challenge
to the protracted rehabilitation after nerve transfer, is to maintain
motivation; it may take up to 10 months or more before new
function is noted in the recipient muscle. The subtle appearance
of volitional movement can be difficult to appreciate. Monthly
therapy visits enable the therapist to identify the earliest sign of
motor recovery and appropriately adjust the therapy regimen to
strengthen the newly innervated muscle. Creating and recursively
modifying a home program that reflects the individual's interests
and goals is imperative to success.

Pairing movements that incorporate resisted donor (elbow
flexion) and recipient (hand closing) muscle activation remains a
dominant theme throughout as functional activities are woven
through the program. Simplifying the home program with realistic
options for resisting donor activation with hand closing tasks that
are meaningful to the individual can be helpful—for example,
weight-lifting using small hand held weights to do biceps curls.
Functional gains develop slowly throughout the second year and
monthly visits can be adequate to provide input regarding
advancements to their programs.

The individuals in our series saw substantial improvements in
function as assessed by total GRASSP score. Compared to other
spontaneous recovery studies reporting GRASSP score improve-
ments in people with SCI [39, 40], the observed increase in our
population is notable and clinically significant [41]. In this
population, hand closing can improve to the day-to-day self-
reported gains in functional independence despite the lack of
measurable grip strength achieved by over half of the individuals.

There are many limitations to our case series. The same
therapist provided therapy and assessed outcomes, providing a
potential source of bias. Future studies should include a
prospective data collection that better captures the exercises that
improve achievable participant goals. They should also incorpo-
rate the rigorous collection of outcomes measures such as the
International Standards for Neurological Classification of SCI
(ISNCSCI), International Classification for Surgery of the Hand in
Tetraplegia (ICSHT) [42], Spinal Cord Independence Measure llI
(SCIM-IIT), and the Canadian Occupational Performance Measure
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COPM) and other validated outcomes scales [43, 44]. Future work
should also consider the identification and/or development of
simplified outcomes measures that can be tracked by therapists,
other clinicians, and the person living with SCI to clearly show the
gains that are achievable with these surgical interventions and
comprehensive long-term DAFRA therapy.

CONCLUSION

Supervised rehabilitation with a therapist familiar with the
concepts of DAFRA should continue through the second post-
operative year to maximize outcomes after nerve transfers to
restore hand closing function in individuals with cervical SCI.

DATA AVAILABILITY
The authors confirm that the data supporting the findings of this study are available
within the article and its supplementary materials.
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