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Purpose: In the adult literature, allograft reconstruction of gapped peripheral nerve injuries has gained
popularity over autologous nerve grafting. Allografts have demonstrated similar recovery while elimi-
nating donor site morbidity. There is no well-defined incidence or treatment of such injuries in children.
Our study explores the epidemiology and outcomes of traumatic pediatric peripheral nerve injuries
treated with allograft.
Methods: This is a retrospective case series of a prospectively maintained database of all pediatric pa-
tients who underwent nerve allograft reconstruction at a Level I trauma center between September 2011
and July 2021.
Results: We identified 24 allograft nerve reconstructions in 18 patients, average age 12.9 years (range 1.5
e17.0) and 78% male. Five patients (28%) were injured in a motor vehicle accident, and four were injured
by sharp laceration, machinery, and blast injury (22%). The most injured nerve was digital (n ¼ 10, 42%)
followed by 8 (33%) ulnar, and 4 (17%) median. The average gap length was 30.3 ± 23.8 mm (range 4e87
mm). Fifteen nerves were repaired within 24 hours (63%). Average follow-up was 13.7 ± 14.5 months
(range 1.6e46.8 months). At final follow-up, 9 (38%) had full sensory recovery, 6 (25%) protective
sensation, 2 (8%) deep pressure, and 1 (4%) no sensation but a positive Tinel’s sign.
Conclusions: Allograft reconstruction is a viable option for the treatment of traumatic pediatric pe-
ripheral nerve injuries with gaps not amenable to direct repair.
Type of study/level of evidence: Therapeutic IV.
Copyright © 2024, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Traumatic peripheral nerve injuries can result in sensory and
motor deficits that cause lifelong functional impairment. These
permanent disabilities can affect meaningful participation in
important life activities.1 The literature addressing traumatic pe-
ripheral nerve injuries in adults has rapidly evolved with regard to
optimal treatment algorithms. When direct repair of a nerve injury
is not feasible because of tension or gapping, options for treatment
and reconstruction include nerve conduits, autologous nerve
grafting, and processed or acellular human nerve allograft
reconstruction.2e4
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Although nerve conduits have been used for gaps up to 15 mm,
they are generally used alone to repair gaps less than 10 mm in
length; autografts have historically been used to address larger
defects.3,5,6 Given the inherent risk of donor site morbidity and
increased operative time required for autograft harvest, novel al-
ternatives have been developed to address shortcoming of auto-
graft repair.7,8 Several studies have shown allograft reconstruction
can result in good recovery with outcomes comparable to that of
autografts in adults.2,7,9 Standards of nerve repair in pediatric
populations have been extrapolated from the adult literature sec-
ondary to the lack of pediatric-specific research.10e12

The current body of evidence on allograft nerve reconstruction
in pediatric patients focuses on brachial plexus injuries and repair
of sensory nerves after maxillofacial intervention with promising
results.7,9,13e15 Other peripheral pediatric allograft literature is
limited to case reports.16 There is currently no well-defined inci-
dence of traumatic peripheral nerve injuries or treatment in the
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pediatric population despite its importance. The purpose of this
study is to investigate the epidemiology, treatment, and outcomes
of traumatic peripheral nerve injury treated with processed nerve
allograft transplant.

Materials and Methods

This is a retrospective review of a prospectively maintained
database that was approved by our center’s Institutional Review
Board and follows Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines. Consent for treat-
ment, participation in the study, Health Insurance Portability and
Accountability Act, and media was obtained from each patient’s
respective guardian(s) as all patients were less than 18 years old at
the time of the index procedure. All patients 17 years of age and
younger who underwent nerve allograft reconstruction at a single,
Level I trauma center between September 2011 and July 2021 were
identified as candidates for allograft during their index procedure
and then enrolled after surgery. Given the uniqueness and capture
of our center, gaps in clinical data are prevalent. We excluded two
patients who sustained nerve injuries then later developed chronic,
painful neuromas at 1 year and 5 years. These two patients un-
derwent excision and allograft reconstruction. These presentations
have considerably different clinical implications; therefore, it was
decided to remove these patients from the study.

Patient demographics include age and male or female. We
collected injury characteristics, including mechanism, time of
injury to repair, and concomitant injuries.

All patients were taken to the operating room for either irriga-
tion and debridement with exploration and repair of structures as
indicated. In patients with a stable wound bed and defined zone of
injury, acute reconstruction was performed. Those with highly
contaminated wound beds were temporized with a plan to return
to the operating room for repeat debridement until a clean wound
bed was achieved and reconstruction could be performed. Nerves
were sharply debrided at the surgeon’s discretion. Repairs were
performed by two fellowship-trained hand surgeons. The final
resting gap length was recorded along with the name of the nerve
and whether it was sensory, motor, or mixed based on location. In
the majority of cases, coaptations were wrapped with porcine in-
testinal submucosa except in specific cases of digital repairs with
soft tissue defects or small nerves that were not amenable to
coaptation. Coaptation was used where amenable to bring the
nerve and allograft ends together without overlap, providing ten-
sion relief on the repair and to improve outcomes as demonstrated
by Ducic et al17 and Zhukauskas et al.18 They were secured to the
nerve and allograft epineurium with appropriate sized 7-0 to 9-
0 monofilament suture. Techniques included orientation sutures to
bring the nerve and allograft ends together via epineural technique,
with or without detensioning sutures and fibrin glue.

Functional outcomes were recorded based on physician evalu-
ations at follow-up appointments and guardian reports. Evaluation
techniques were based on physician standards of practice and were
dependent on age of the patient and ability to cooperate. Patients
have also been evaluated by independent observers since their
operative intervention. The pandemic led to unforeseen changes in
follow-up schedules and ultimately some losses to follow-up. We
chose to only report final follow-up in our study. The basis of this
study was to record objective and subjective findings at the pa-
tient’s final follow-up. Functional outcomeswere defined as normal
use of the involved extremity as seen by the physician and/or re-
ported by guardians, limitations as seen by the physician and/or
reported by guardians, atrophy or clawing determined by the
physician, Semmes-Weinstein (SW) monofilament grading scale,
and visual analog scale to determine pain.
Descriptive statistics are used to report our data. Continuous
variables are reported as mean ± standard deviation (SD) and range
where appropriate, whereas categorical data are reported as n, %.
Analysis was performed on all patients as well as a subgroup
analysis of patients who had at least 6 months of follow-up.

Results

We identified 18 patients with 24 allograft nerve re-
constructions (Table). The average age was 12.9 ± 5.7 years old
(range 1.5e17.0). In total, 14 (78%) were male, and 4 (22%) were
female. The most common mechanism of injury was motor vehicle
accidents or all-terrain vehicles (Fig. 1). Five patients (28%) were
injured in a motor vehicle accident, 4 (22%) by sharp laceration
(glass, knife), 4 (22%) machinery (table saw, crush, auger, boat
motor), 4 (22%) blast injury, and 1 (6%) fence avulsion. The most
injured nerve was digital (n ¼ 10, 42%) followed by 8 (33%) ulnar, 4
(17%) median,1 (4%) radial, and 1 (4%) musculocutaneous. Common
concomitant injuries included tendinous (n ¼ 15, 63%), fracture
(n ¼ 11, 46%), and arterial injury (n ¼ 4, 17%). Four (17%) patients
had soft tissue loss with three requiring acellular dermal matrices
and one requiring a rotational flap for coverage. The distribution of
injured nerves can be seen in Figure 2. Twelve (50%) nerves were
isolated sensory nerves, and 12 (50%) were mixed sensory and
motor. No identified injuries were isolated.

Time to surgery was less than 24 hours in 15 nerves (63%). An
additional six nerves (25%) were treated within 8 days (median ¼ 5
days), 2 (8%) within 1 month, and 1 (4%) within 6 months with
delay because of needing soft tissue coverage over the median
nerve graft. The average gap length was 30.3 ± 23.8 mm (range
4e87 mm). Coaptation was achieved with isolated epineural repair
for three nerves (12%) and connector assisted in 21 nerve re-
constructions (88%).

Average follow-up was 13.7 ± 14.5 months (range, 1.6e46.8
months). At final follow-up, all patients reported a Wong-Baker
FACES Pain Rating Scale (pediatric visual analog scale) of four or
less. At most recent follow-up, SW monofilament sensory testing
demonstrated, nine nerve injuries (38%) had normal sensation, 6
(25%) protective sensation, 2 (8%) to deep pressure, and 1 (4%) no
sensation but a positive Tinel’s sign. Three patients (five nerve in-
juries) were using their extremity normally without issue as re-
ported by guardian but were too young (< 4 years) to participate in
monofilament testing (Fig. 3). Of the 12 patients with mixed motor
and sensory nerve injury, all had some improvement in motor
function (Fig. 4). Nine (38%) patients and/or guardians reported no
limitations with daily activity, whereas 4 (17%) patients demon-
strated atrophy or clawing. Of the two patients who continue to
demonstrate clawing, one had injury to their ulnar nerve, and one
had injury to the median nerve.

In our subgroup analysis, we identified eight patients with 11
allograft nerve repairs. The average age was 12.8 ± 6.6 years old
(range 1.5e17.0). Seven (87.5%) were male, and one (12.5%) was
female. The most common mechanism of injury was motor vehicle
accidents or all-terrain. In total, 3 (37.5%) patients were injured in a
motor vehicle accident, 1 (12.5%) by sharp laceration, 2 (25%) ma-
chinery (table saw, crush, auger avulsion, fence avulsion), and 2
(25%) blast injury. Common concomitant injuries included tendi-
nous (n ¼ 6, 54.6%), fracture (n ¼ 7, 62.6%), and arterial injury (n ¼
3, 27.3%). No identified injuries were isolated.

The most injured nerve was ulnar (n ¼ 5, 45.5%) followed by 3
(27.3%) digital, 2 (18.2%) median, and 1 (9.1%) musculocutaneous.
The average gap length was 29.1 ± 24.8 mm (range 16e87 mm).
Four (36.4%) nerves were isolated sensory nerves, and 7 (63.6%)
were mixed sensory and motor. Time to surgery was less than 24
hours in three patients (37.5%). An additional three patients (37.5%)



Table
Patient Demographics and Final Follow-up Outcomes

Patient
No.

Age Mechanism
of Injury

Level of Injury Nerve Injured Days to
Reconstruction

Length of
Gap (mm)

Coaptation Months After
Surgery

Outcome

1 17 GSW Median 171 68 Epineurial 13.8 Full extension of all digits except for
index finger and can make a
composite fist of all fingers except
with the index finger

2 11 ATV RDN3 Radial digital 3 12 Conduit 2.1 Patient claims full use of thumb Lacks
90� at PIP of index and long fingers

3 1.5 GSW Mid forearm Ulnar 0 20 Conduit 14.9 Full ROM
4 17 Crush UDN2 Ulnar digital 1 10 Epineurial 1.6 Unable to make composite fist because

of stiffness Normal sensation
5 3 MVC,

laceration
Zone 5 Ulnar 0 20 Conduit 15.3 Full ROM Using handwithout limitation

Sensation grossly intact Intrinsic
wasting and clawing Adductor and
thenar wasting

5 3 MVC,
laceration

Zone 5 Median 0 19 Conduit 15.3 Full ROM Using handwithout limitation
Sensation grossly intact

6 17 Laceration UDN2 Ulnar digital 0 8 Epineurial 2.2 Loose composite fist with 1" p-p index
Diminished protective sensation

6 17 Laceration RDN2 Radial digital 0 5 Epineurial 2.2 Loose composite fist with 1" p-p index,
Diminished protective sensation

7 17 Table saw RDN3 Radial digital 0 16 Epineurial 10.8 Full composite fist Full extension of all
digits Full ROM Normal sensation

7 17 Table saw RDN2 Radial digital 0 22 Epineurial 10.8 Full composite fist Full extension of all
digits Full ROM Normal sensation

8 17 GSW Zone 5 Ulnar 4 40 Conduit 3.8 Full ROM Decreased sensation of the
ulnar aspect of the small finger

9 17 ATV
degloving

UDN1 Ulnar digital 6 25 Conduit 18.4 Decreased ROM of wrist and all digits
given stiffness Unable to make a
composite fist Thumb adduction
contracture Wrist ulnarly deviated,
lacking 30º of flexion and 20º
extension No motion at thumb IP, 30º
flexion to thumb passively Good
motion at PIPs and DIPs of index, long,
ring, and small fingers MCPs with
decreased motion, most noticeably at
the second MCP joint where flexion is
lacking 30º Extensor tendons firing S3þ

10 17 Fence caught Palmar
cutaneous
nerve

Palmar cutaneous 1 20 Conduit 3.7 Mild atrophy noted to thenar eminence
Composite fist Full ROM S4

10 17 Fence caught Median 1 25 Conduit 3.7 Mild atrophy noted to thenar eminence
Composite fist Full ROM S4

11 13 Glass
laceration

UDN5 Ulnar digital 0 10 Conduit 2.5 FDS, FDP intact to small finger FPL/EPL/
intrinsics intact S3

11 13 Glass
laceration

UDN5 Ulnar digital 5 8 Conduit 3.4 FDP, FDS firing Full ROM S3þ

12 17 Stab
laceration

At brachium Ulnar 3 40 Conduit 17.7 Mild clawing of small finger Mild
edema Mild swelling Absent nail to
the fifth digit Intrinsic wasting
Sensation to deep pressure

13 17 GSW At cubital
tunnel

Ulnar 0 50 Conduit 1.9 Clawing of ring and small fingers
(passively able to extend digits) with
minimal sensation to touch of these
fingers

14 10 MVC,
laceration

At cubital
tunnel

Ulnar 1 40 Conduit 3.3 Full extension at PIP without lag at ring
and small fingers S3

15 16 MVC,
laceration

Musculocutaneous 37 40 Conduit 16.3 Composite fist Full ROM S4

15 16 MVC,
laceration

Ulnar 37 68 Conduit 16.3 Composite fist Full ROM S4

16 14 Auger,
avulsion

Ulnar 6 87 Conduit 13.3 Clawing in all five digits Sensation
normal

17 6 ATV rollover Radial 8 70 Conduit 3.8 No wrist extension against gravity
Sensation returned Has extension of
fourth and fifth digits

18 3 Laceration UDN2 Ulnar digital 1 6 Epineurial 2.9 Full ROMMotor intact Sensation grossly
intact Able to make composite fist

18 3 Laceration UDN3 Ulnar digital 1 4 Epineurial 2.9 Full ROMMotor intact Sensation grossly
intact Able to make composite fist

ATV, all-terrain vehicle; DIP, distal interphalangeal; EPL, extensor pollicis longus; FDP, flexor digitorum profundus; FDS, flexor digitorum superficialis; FPL, flexor pollicis
longus; GSW, gunshot wound; IP, interphalangeal; MCP, metacarpophalangeal; MVC, motor vehicle crash; PIP, proximal interphalangeal; RDN, radial digital nerve; ROM,
range of motion; UDN, ulnar digital nerve.
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Figure 1. Distribution of the mechanisms of injuries. Sharp laceration included knife
or glass injuries. Machinery included Auger or saw injuries. Blast included gunshot
wounds and firework injuries. One neuroma was a result of a glass injury 1 year prior.
ATV, all-terrain vehicle; MVC, motor vehicle accident.

Figure 2. Distribution of nerves injured. The percentages of specific nerve injuries that
were repaired are reported.
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were treated within 1 week, 1 (12.5%) at 37 days, and 1 (12.5%)
within 6 months. The average gap length was 32.3 ± 24.0 mm
(range 4e87mm). Coaptationwas achieved with isolated epineural
repair in eight patients (31%) and connector assisted repair in 18
patients (69%).

Average follow-up was 26 ± 13.1 months (range 10.7e42.8
months). At final follow-up, all patients reported a Wong-Baker
FACES Pain Rating Scale of four or less (pediatric visual analog
scale).We considered 82% (n¼ 9) of patients to have full recovery of
sensation. Of the seven patients with mixed motor and sensory
nerve injury, all had some improvement in motor function. At final
follow-up, SW monofilament sensory testing demonstrated, six
nerve injuries (54.5%) had normal sensation, one (9.1%) protective
sensation, and one (9.1%) to deep touch. Semmes-Weinstein
monofilament sensory testing was scored as demonstrated by
Schreuders et al.19 Two patients with three nerve injuries (27.3%)
were using their extremity normally without issue as reported by
their guardians but were too young to participate in monofilament
testing (Fig. 5). There were eight patients (72.7%) who reported no
limitations with daily activity, whereas two patients (18.2%)
demonstrated atrophy or clawing. The two patients who continue
to demonstrate clawing both had ulnar nerve injury. Ulnar nerve
clawing was noted in all digits in one patient and the small and ring
fingers in the other.

Over the time period of our study, no known complications
occurred following the nerve allograft reconstruction. Further
intervention was required in two patients for improvement in
function. Interventions included abductor pollicis longus to first
dorsal interosseous tendon transfer with ulnar shortening osteot-
omy and volar plate advancement in one patient. These procedures
were performed to restore first finger abduction and alleviate
clawing. Nerve transfer of the anterior interosseous nerve to the
ulnar nerve was performed followed by cross nerve allografting
between median and ulnar nerves in the wrist of one patient in
attempt to improve sensory deficits. Cross nerve allografting was
used as an alternative technique to that described in Felder et al.20
Discussion

There is no definitive treatment algorithm for traumatic pedi-
atric peripheral nerve injuries. Our patients’ successful recovery
and lack of postoperative complications suggest that allograft is a
safe option for treatment. We cannot directly compare our patient
population with outcomes noted in the literature as those studies
are based on brachial plexus, maxillofacial, or adult nerve recon-
struction. Hamant et al7 demonstrated no significant difference (P >
.05) in outcomes between allograft and autograft treatment of
brachial plexus injuries in children. There is currently no literature
comparing autograft to allograft in the treatment of peripheral
nerve injuries in the pediatric population. No prospective studies
have been performed to compare autograft to allograft repair in
peripheral nerve injuries in adults or children. These may be
needed to determine whether autograft should remain the gold
standard.

Historically, traumatic peripheral nerve injuries are challenging
to treat in both adult and pediatric patients given the lack of
standardized treatment algorithm. As our understanding of nerve
injury and reconstruction options has evolved, there has been an
increasing interest in improving treatment algorithms to produce
more optimal outcomes.3 Despite a rapid growth in nerve-related
publications, the pediatric peripheral nerve injury population



Figure 3. Sensory recovery. The amount of sensation recovered since time of repair is reported. Image to the right demonstrates patients who were too young to undergo Semmes-
Weinstein testing (n ¼ refers to number of nerves). SW, Semmes-Weinstein.

Figure 4. Motor recovery in those with mixed sensory and motor nerve injury. ROM,
range of motion.
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remains underrepresented in the literature. Based on our findings,
the causes of pediatric peripheral nerve injuries are similar to those
seen in the adult population as reported by Safa et al.21 Our pedi-
atric population was most commonly injured by involvement in
motor vehicle accidents. Given that peripheral nerve injuries are
often the result of high-energy or penetrating trauma, it may be
common to see involvement of multiple organ systems. Concomi-
tant injuries seen in our patient population included fracture,
tendon, and arterial injuries. Males were more commonly affected
in our study, which is expected asmen aremore commonly affected
by trauma.
Timing is an important consideration when planning repair. It
is recommended that when possible, open injuries with trans-
ected nerves be repaired immediately.2,3,6,22,23 Over 60% of our
patients were treated within this timeframe, and 74% in our
subgroup analysis were treated within this timeframe. Our pa-
tients who experienced delayed repair were because of soft
tissue coverage or wound contamination. Despite this, nearly
85% were treated within 1 week and 96% within 1 month,
which is also true of our subgroup analysis. These patients,
including our patient treated outside of 1 month, had outcomes
demonstrating the viability of allografts including limited sen-
sory or motor deficits, as seen in the Table.

Over the last decade, there have been many advances in treat-
ments of nerve injuries as indicated in our introduction. Previous
issues with allograft resulted from fresh transfer or transplant,
which led to infections. Commercially available allografts are pro-
cessed and considered acellular with the goal of mitigating such
risks.24 In our case series, no surgical site infections and no adverse
outcomes related to the use of allograft were noted.2,25

Sensation recovery following nerve injury is important for
response to stimuli. Our pediatric study yielded similar results with
71% sensory recovery of S3 or above, but with only 38% having full
recovery of sensation by SW testing as compared to the study by
Miloro and Zuniga9 that demonstrated 100% recovery. Full sensa-
tion recovery may be lower in our study compared to Miloro and
Zuniga9 because of the variability between SW and Medical
Research Council Scale measurement or the inherent differences in
maxillofacial and extremity sensation. Semmes-Weinstein is more
precise and clinically relevant than Medical Research Council Scale
in the extremities than in the teeth; precise sensation in the fingers
and toes is critical to respond appropriately to physical hazards.
Like Hamant et al7 who demonstrated motor and sensory
improvement with autograft and allograft for brachial plexus
injury, we also demonstrated improvement in both motor and
sensation. Regardless of repair type, sensation generally demon-
strates better recovery than motor.26e28

A multicenter registry study of acellular allograft reconstruction
for peripheral nerve injuries in adults reported up to 73% of patients
having motor recovery of M3 or above.21 Our pediatric study yiel-
ded similar results with 83% (100% in subgroup analysis) demon-
strating some motor recovery following allograft reconstruction.
Given the descriptive nature of our motor recovery, direct com-
parison is difficult.



Figure 5. Injury and intraoperative photos. A 3-year-old from a motor vehicle accident with partial arm amputation.
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This study has limitations. The external validity of our
epidemiologic data are limited because of our large catchment
radius, which includes a unique, mostly rural and suburban
population. Given the relatively rare occurrence of traumatic
peripheral nerve injuries in pediatric patients, this study has a
small sample size. However, this is the largest known study of
its kind, and the number of patients is on par with other similar
nerve studies.7,9,20 Treatment of patients with concomitant in-
juries is challenging, and we chose to proceed with only allo-
graft reconstruction given the extent of injury and our desire to
reduce the number of operative sites. This study is observational
in nature without a comparison group. Additionally, our out-
comes are largely subjective based on physician and guardian
perception of function, which can be difficult to interpret based
on differences in satisfaction of outcome. Our outcomes are
subjective and do not include an objective evaluation of motor
recovery or functional scores secondary to the young age of the
patients and the study’s retrospective nature. Given the difficulty
of interpreting retrospectively collected data and the potential
significance of this article, we are attempting to bring patients
back to collect objective data, such as Jebsen’s hand function,
EMG, and two-point discrimination.
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