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BACKGROUND
Severe trauma to the upper extremities often results 

in the transection of mixed and motor peripheral nerves. 
Without surgical management, these transection injuries 
result in functional loss that can seriously affect the pa-
tient’s overall quality of life. To regain function, tran-
sected nerves must be reconstructed to permit axonal 
regeneration into distal target muscle and terminal recep-
tors in the skin. Injuries that cannot be repaired primar-
ily without tension require a bridging material to address 
the gap.1,2 Nerve autografts, historically selected for this 
purpose, involve the sacrifice of healthy sensory nerves 
from donor sites such as the sural nerve, or the lateral or 
medial antebrachial cutaneous nerves.3,4 Although not a 
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guarantee of recovery, positive outcomes in the 40%–80% 
range are documented in the literature.5–11 However, lim-
itations of their use have also been reported, including 
increased complexity of the repair procedure due to the 
addition of a secondary surgical site, permanent donor-
site morbidity, and potential postoperative complications 
and pain.12,13 Another limitation of the nerve autograft is 
the finite amount of donor tissue available to the surgeon. 
This can become problematic for the reconstruction of se-
vere gap injuries where multiple strands of nerve autograft 
must be cabled together to fit the larger caliber found in 
mixed nerves of the upper extremity. This places a higher 
demand on an already limited supply of graft material. For 
these reasons, identifying alternative repair modalities is 
of interest to the reconstructive surgeon.

One such alternative is the use of commercially avail-
able processed nerve allograft (PNA; Avance Nerve Graft, 
AxoGen, Alachua, Fla.). These grafts, composed of donat-
ed human peripheral nerve tissue, are chemically decellu-
larized, enzymatically treated to remove growth-inhibiting 
chondroitin sulfate proteoglycans, and terminally ster-
ilized. Cellular debris is removed while preserving both 
laminin activity and the 3-dimensional basal lamina scaf-
fold of the native nerve tissue. The resultant structure is 
composed of bundles of endoneurial tubes comprised ex-
tracellular matrix proteins that include collagen, laminin, 
fibronectin, and glycosaminoglycans.14,15 Species-specific 
PNA analogs prepared with this method demonstrate ef-
fective repair of peripheral nerve discontinuities in animal 
studies by supporting axonal regeneration.14–19

Clinical data demonstrate that PNA is safe and results 
in positive functional outcomes for the reconstruction of 
nerve gaps up to 70 mm in length.20–27 However, a majority 
of these studies report primarily sensory outcomes. The 
RANGER Registry study was initiated in 2007 to collect 
data on the utilization, safety, and functional outcomes 
from the use of PNA for the reconstruction of peripheral 
nerve defects. Data from all patients repaired with PNA at 
participating institutions are included in the registry. This 
has resulted in a comprehensive database of PNA repairs 
in a variety of nerves and regions of the body, including 
the head, neck, and upper and lower extremities. Here, 
we use the RANGER database to specifically examine mo-
tor outcomes for mixed and motor nerve injuries repaired 
acutely or in a delayed fashion with PNA and report our 
findings with comparisons to historical controls in the lit-
erature.

MATERIALS AND METHODS

Study Design
The RANGER registry is an ongoing observational 

study that collects data on the use and outcomes of PNA in 
peripheral nerve repair.28–30 All patients treated with PNA 
at participating sites were open to be in the study. Multiple 
efforts were taken to identify eligible subjects for the regis-
try, including tissue utilization record review and internal 
hospital audits. Nerve repairs were performed by experi-
enced plastic or orthopedic hand surgeons. Study centers 

followed their own standard of care for subject treatment, 
rehabilitation regime, and follow-up measures.

Data were collected in an observational manner on 
standardized paper or electronic case report forms from 
the charts of participating subjects and were organized 
into a centralized study database for analysis. Data were 
collected and reported to the extent available in the medi-
cal records. Preoperative, operative, postoperative follow-
up and physical therapy notes were the main sources of 
information. Data collected included general subject 
demographics, details of the nerve injury, concomitant 
injury, the nerve repair(s) performed, concomitant treat-
ments, follow-up evaluations performed, and the corre-
sponding outcomes. Additionally, information on adverse 
events or complications occurring intra/postoperatively 
was collected.

This database was queried for nerve repairs that met 
the following criteria: mixed and motor nerve injuries 
in the upper extremity or head and neck region up to 
70 mm; repaired within 6 months of initial injury; docu-
mented loss of function, completed at least 1 year (365 
days) of follow-up assessments; and reporting relevant mo-
tor function assessments sufficient for outcome evaluation 
using the Medical Research Council (MRC) scale for mo-
tor function.

Clinical Evaluation
Follow-up assessments utilized throughout the sites in-

cluded a variety of quantitative measures for motor func-
tion such as range of motion and grip/pinch strength. 
For facial nerve evaluation, facial weakness in the relevant 
region was examined and compared with the uninvolved 
side of the face. Although not all sites completed the same 
battery of assessments following repair, relevant outcomes 
were reported for all repairs. Table 1 summarizes the spe-
cific functional assessments conducted in this cohort.

Functional recovery was evaluated by comparing the 
results of final assessment with the preoperative assess-
ments and earlier follow-up assessments. Electromyogram 
and nerve conduction study results were also documented 
in some of the subjects to provide additional information 
on reinnervation status. The Mackinnon modification of 
the MRC grading system was used for evaluation of mo-
tor recovery.1 To ensure consistency with a majority of 
the relevant literature, meaningful functional recovery 
was defined to be M3 or greater on the MRC scale, and 
a higher threshold of desired recovery was defined as M4 
or greater.1,5–11

Statistical Methods
Data were gathered and compiled into a centralized 

study database. Descriptive statistics were used to analyze 
the demographics, baseline characteristics, data quality, 
and trends of clinical outcomes. Continuous parameters 
(eg, functional scores), N, mean, and the SD were re-
corded. All information was reported as the mean ± SD 
(range) unless stated otherwise. Analysis of variance or 
Mann–Whitney test was performed to test difference of 
age, preoperative interval, and follow-up length between 
subgroups. Fisher’s exact test was used to test differences 
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in rate of meaningful recovery. Statistical significance was 
set at a probability of type I error less than 0.05 (P < 0.05).

RESULTS
A total of 191 mixed/motor nerve repairs in upper 

extremity, head, and neck were performed in 10 partici-
pating centers during years 2008–2015. Of these repairs, 
40 reported quantitative assessments of motor function, 
among which 22 repairs in 20 subjects met the study co-
hort criteria for time to repair after injury, gap, and length 
of follow-up. The remaining repairs were excluded: 129 
repairs reported only safety data with insufficient follow-
up and 22 reported only subjective assessments of the out-
come of the repair.

A review of the preoperative assessments of the cohort 
(n = 22) confirmed a MRC scale of M0 for pertinent mo-
tor function in 21 of the mixed/motor nerve injury cases. 
In the remaining repair, complete high-median nerve 
laceration (25-mm gap), the preoperative function was 
recorded as “motor and sensory weakness distal to lesion” 
with early follow-up visit (102 days postoperative) report-
ing progressive Tinel’s 7 cm from repair with documented 
loss of range of motion. In general, all the subjects in the 
cohort presented as loss of function corresponding to spe-
cific nerve injury.

All repairs were completed in a tensionless fashion via 
epineural suture using size-matched PNA according to 
product instructions for use. Figure 1 shows an example of 
a mixed nerve reconstruction in an ulnar nerve injury us-
ing PNA. Subjects in this cohort had a mean age of 38 ± 19 
(16–77) years. The mean graft length was 33 ± 17 (10–70) 
mm. The median preoperative interval was 9 days with a 

range from 0 to 133 days. Subjects were followed for an av-
erage of 779 ± 480 days (371–2,423 days) to determine the 
level of meaningful motor recovery (M3 or greater on the 
MRC scale). No significant differences were found in sub-
ject age, preoperative interval, or follow-up length among 
subgroups (P > 0.05, analysis of variance test). Meaning-
ful motor recovery was reported in 73% of repairs in the 
cohort. When looking at higher thresholds of recovery, 
50% of repairs reported M4 or greater on the MRC scale. 
The cohort was also divided and analyzed in 3 subgroups 
based on gap length: 10–25, 26–49, and 50 mm or greater. 
Meaningful recovery of motor function was reported in 
80%, 63%, and 75% of repairs in these subgroups, respec-
tively. Table  2 reports demographic and outcomes data 

Table 1.  Functional Assessments for Specific Nerve Repairs

Nerve Repaired Functional Assessments Included

Median nerve, AIN, or proximal Flexion of the thumb, index, and middle fingers at MCP and PIP joints
Median nerve, distal to AIN bifurcation Palmar abduction of the thumb, flexion of the index and middle fin-

gers at MCP and PIP joints
Median nerve, wrist (recurrent motor branch) Palmar abduction of the thumb
Radial nerve, upper arm Extension of the wrist, abduction of the wrist
Ulnar nerve, forearm, or wrist Key pinch, abduction of small finger, flexion of ring and small fingers 

at MCP joints, cross finger
Musculocutaneous nerve, biceps branch Elbow flexion with forearm in supination
Facial nerve, buccal, zygomatic, and marginal mandibular branches Symmetry of smile, eye closure, depression of lower lip
AIN, Anterior interosseous nerve; MCP, metacarpophalangeal; PIP, proximal interphalangeal.

Fig. 1. Injury and repair of an ulnar nerve with PNA. A, 16-year-old girl presented to the clinic in a delayed fashion with a low ulnar nerve 
palsy after accidental laceration to the left forearm with a pocket knife. Surgical exploration 41 days after injury, the flexor carpi ulnaris and 
ulnar neurovascular bundle was nearly completely transected and encased in tremendous amount of scar. B, Neurolysis of the ulnar nerve 
and resection to healthy fascicles resulting in a gap length of 23 mm. C, Following repair using two 3–4 mm diameter PNA in a grouped 
fascicular fashion.

Table 2.  Summary of Mixed and Motor Nerve Repair 
Outcomes by Gap Length

 All

Gap Length (mm)

10–25 26–49 50–70

No. repairs 22 10 8 4
Age (y) 38 ± 19 44 ± 21 36 ± 15 30 ± 16
Preoperative  

interval (d)*
9 (0, 133) 5.5 (0, 70) 4.5 (0, 133) 38 (9, 125)

Follow-up duration (d) 779 ± 480 773 ± 347 644 ± 323 1065 ± 799
Mechanism of injury†     
  Laceration 11 8 2 1
  Complex 6 0 4 2
  Surgical resection 5 2 2 1
MR 16 8 5 3
MR, % 73 80 63 75
*Preoperative interval is presented as median (minimum and maximum).
†Laceration includes sharp or blunt/saw laceration. Complex injury includes 
gunshot/blast, crush/compression, and avulsion. Surgical resection refers to 
surgical removal of a tumor-involved nerve segment.
MR, meaningful recovery.
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for all nerve repairs by gap length. The difference in rate 
of meaningful recovery between gap length subgroups 
was not significant (P = 0.61, Fisher’s exact test). When 
repairs were grouped by mechanism of injury, 7 of 11 lac-
eration repairs (64%) and 4 of 6 complex repairs (67%) 
reported meaningful recovery (P = 1, Fisher’s exact test). 
The outcome difference was not statistically significant 
when comparing less severe injuries like lacerations to 
high-energy/impact nerve injuries from explosive blasts, 
gunshots, and avulsion. No difference in age distribution 
(P = 0.55, Mann–Whitney test) or subject comorbidities, 
such as hypertension and smoking status (P = 0.57 and  
P = 0.07, respectively, Fisher’s exact test), between out-
come groups (meaningful recovery versus nonmeaningful 
recovery) was detected. Figure 2 and Supplementary Digi-
tal Content 1 show an example of recovery of motor func-
tion in a subject with an ulnar nerve injury. (See video, 
Supplemental Digital Content 1, which displays motor 
functional outcomes at 16 months postulnar nerve recon-
struction with PNA. This subject presented to the clinic 
in a delayed fashion with a low ulnar nerve palsy after ac-
cidental laceration to the left forearm with a pocket knife, 
http://links.lww.com/PRSGO/B12.) Figure 3 shows the dis-
tribution of MRC scale within this cohort. There were no 
reported adverse events related to the PNA.

Most of the repairs in the cohort were performed on 
median nerve (n = 10) and ulnar nerve (n = 7). Although 
our current dataset shows that median nerve trended bet-
ter recovery than ulnar nerves after PNA repair (80% ver-
sus 43%), the difference did not reach significant level, 
possibly because of limited sample size (Table 3; P = 0.16, 
Fisher’s exact test). The gap length in these 2 subgroups 
was not significantly different (P = 0.73, Mann–Whitney 
test). Other repairs included radial nerve (n = 1), mus-
culocutaneous nerve (n = 1), facial nerve buccal branch 
(n = 1), marginal mandibular branch (n = 1), and zygo-
matic branch (n = 1). The radial nerve repair in the up-
per arm, 684 days of follow-up, reported return of wrist 
and finger extension. The musculocutaneous nerve case 
reported loss of function preoperatively. Signs of early re-
innervation into the biceps muscle were observed via elec-

Fig. 2. Recovery of motor function in subject with the ulnar nerve injury 481 days after repair. A, Recovery of finger abduction. B, Reinner-
vation of the hypothenar muscles allowing the fifth digit opposition with the thumb. C, Recovery of finger metacarpal-phalangeal joint 
flexion and interphalangeal joint extension of the small and ring fingers.

Video Graphic 1 . See video, Supplemental Digital Content 1, which 
displays motor functional outcomes at 16 months postulnar nerve 
reconstruction with PNA. This subject presented to the clinic in a 
delayed fashion with a low ulnar nerve palsy after accidental lacera-
tion to the left forearm with a pocket knife, http://links.lww.com/
PRSGO/B12.

Fig. 3. Distribution of MRC motor scores.

Table 3.  Summary of Outcomes by Nerve

 
No.  

Repairs
Gap  

Length (mm) MR MR, %

Median nerve 10 36 ± 20 8 80
Ulnar nerve 7 29 ± 11 3 43
Radial nerve 1 65 ± 0 1 NA*
Musculocutaneous nerve 1 15 ± 0 1 NA*
Facial nerve 3 27 ± 2 3 NA*
All 22 33 ± 17 16 73
*Percentage is not reported because ≤ 3
MR, meaningful recovery.

http://links.lww.com/PRSGO/B12
http://links.lww.com/PRSGO/B12
http://links.lww.com/PRSGO/B12
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tromyogram study 6 months postoperative, and 5/5 elbow 
flexion was documented at final follow-up (428 days after 
nerve repair). Segmental resection of the 3 branches of 
facial nerve was performed in a patient because of parotid 
tumor involvement. These branches were repaired with 
PNA at the time of resection. Recorded recovery of the 
marginal mandibular nerve included depression of lower 
lip. Buccal and zygomatic nerve recovery was rated as 4/5 
versus the other at 4+/5 at 1,422 days after repair. It is not-
ed that although there is crossover between the zygomatic 
and buccal nerve innervation zones, the goal was to assess 
the usefulness of the graft. Because both nerves were in-
jured and reconstructed for this functional area, an evalu-
ation of the innervation zone for this patient confirmed 
loss of function and subsequent return of function to near 
normal, thus confirming regeneration through the grafts.

Our cohort also included 4 repairs to nerve gap injuries 
from 50 to 70 mm. The mechanisms of these injuries in-
clude 3 gunshot/blast wounds, 1 avulsion, 1 laceration, and 
1 surgical resection. Three of the 4 repairs reported regain 
of motor function to M3 level or greater at their last fol-
low-up visit, indicating the capability of PNA in supporting 
nerve regeneration in these long-gap repair cases (Table 4).

DISCUSSION
Clinical evidence on the use of commercially available 

PNA was first documented by Karabekmez et al.22 who 
reported 100% recovery in digital nerve repairs. These 
were followed by Guo et al.,21 Taras et al.,23 and Means 
et al.,25 also reporting similar outcomes with recovery of 
static 2-point discrimination. Cumulative outcomes from 
the RANGER registry demonstrate sensory and motor out-
comes across multiple centers with meaningful recovery 
of between 77% and 89%, despite longer gap lengths.27–30 
Zuniga20 showed comparable recovery rates in both short- 
and long-gap repairs in a series of trigeminal nerve re-
constructions up to 70 mm. And Souza et al.26 reported 
on resolution of pain after resection and reconstruction 
in a case series of lower extremity nerves with symptom-
atic neuroma. The RANGER registry is designed to collect 
data on nerve repairs and outcomes through the body. In 
this study, we reviewed the return of motor function after 
mixed and motor nerve injury from the ongoing RANGER 
registry and demonstrated that PNA can be used to pro-
vide functional motor recovery. Return of motor function 
to M3 or higher on the MRC scale was reported for 73% 
of all repairs with no graft-related adverse experiences re-
ported. This is in line with other reports in the literature 
that confirm the safety profile of PNAs.

Outcomes from subgroup analyses demonstrated 
consistent recovery across multiple variables such as gap 
length and mechanism of injury, indicating that PNA per-
formed reproducibly to at least a level of M3. Although 
limited by relatively small sample size and heterogeneity 
in gap length, meaningful recovery of complex injuries 
was comparable to laceration repairs, suggesting a poten-
tial clinical benefit of PNA for nerve injuries complicated 
by significant adjacent tissue damage. These outcomes are 
consistent with historical data of similar injury type. In a 
study of nerve lesions caused by blast, gunshot, and shrap-
nel repaired with nerve autograft, 67% of injuries report-
ed meaningful motor recovery.31 When looking at specific 
mixed nerve types, median nerve repairs recovered better 
than ulnar nerves in our cohort. These outcomes were ex-
pected and consistent with previous reports using nerve 
autograft.32

Reconstructive plastic surgeons are often challenged 
with how best to manage a variety of nerve injuries. This 
cohort also included facial nerve reconstructions with 
nerve allograft. Of the 22 nerves in the cohort, 3 included 
a marginal mandibular, zygomatic, and a buccal nerve. 
The authors believe inclusion of these nerve repairs was 
warranted as data on recovery of pure motor nerves are 
very limited in the literature for both allograft and auto-
graft repairs and, because of their low incidence rates, are 
difficult to incorporate as a single clinical study. In this 
case, all 3 nerves reported meaningful recovery. If these 
were excluded from the cohort, meaningful recovery for 
the remaining group is 68%. These outcomes are consis-
tent with historical data of similar nerve type.

Reconstruction of long nerve defects remains a clini-
cal challenge to surgeons. Although considered as “gold 
standard,” nerve autografting cannot guarantee satisfac-
tory functional outcome in long-gap nerve repairs. Fur-
thermore, when presented with long large caliber nerve 
injuries, the availability of sufficient nerve autograft may 
be limited. Our cohort includes 4 repairs with nerve gaps 
of 50–70 mm with an average follow-up of 3 years. Three 
of 4 repairs achieved meaningful recovery. The outcome 
is comparable to shorter gap repairs and suggests the use-
fulness of PNA in long-gap nerve repairs. Additional col-
lection of long-term follow-up from subjects with long-gap 
injuries in the registry will provide further insight into the 
factors that affect recovery and utility of PNA as compared 
to autograft.

Limitations of our study include its observational study 
design, inherent challenges of MRC motor scale, lack of 
standardized assessments to reproducibly evaluate motor 
recovery, a relatively small, heterogeneous dataset due 

Table 4.  Outcomes of Long Nerve Gap (≥50 mm) Repairs using PNA

Case No.
Age  
(y) Sex

Mechanism  
of Injury Nerve Repaired

Gap  
Length  
(mm)

Preoperative 
Function

Follow-up  
(d) Outcome

1 21 Female Avulsion Radial, upper arm 65 M0 684 M4
2 25 Male Gunshot/blast Median, forearm 70 M0 371 M4
3 18 Male Sharp laceration Ulnar, mid forearm 50 M0 2,423 M0
4 57 Male Surgical transection Median, antebrachial 70 M0 783 M3
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to the challenges of obtaining long-term follow-up, and 
the vulnerability to selection bias and lack of blinding. 
Although measures were taken to ensure that all eligible 
subjects were included and only quantitative follow-up as-
sessments were used in this study, potential bias could not 
be entirely eliminated.

We compared our findings with those previously re-
ported for both nerve autograft and hollow tube conduits. 
Most existing data are derived from retrospective studies, 
meta-analysis reviews, and case series reports with few mul-
ticenter randomized controlled studies describing func-
tional motor recovery after nerve reconstruction. As was 
found in the registry, this is largely due to the challenges 
of this traumatic patient population. The variety of pre-
sented nerve injury levels and patterns, need for emergent 
treatment, lack of patient compliance, and high attrition 
rates make preoperative informed consent and manag-
ing a well-controlled study an arduous and long-term 
endeavor. Kim et al.5–7 retrospectively showed 67%–80% 
of mixed nerve injuries demonstrated meaningful motor 
and sensory recovery using their grading system. In a me-
ta-analysis, Brushart33 reports meaningful motor outcomes 
of M3 or better in approximately 84% of median nerves 
and 73% of ulnar nerves repaired with autograft. Frykman 
and Gramyk8 found 80% of median nerves and 60% of 
ulnar nerves repaired with autograft had meaningful re-
covery. He et al.32 showed satisfactory motor recovery in 
50% of nerve graft repairs as compared to 74% of direct 
repairs. In a large meta-analysis of median and ulnar nerve 
injuries across 23 studies, Ruijs et al.10 demonstrated 47% 
motor recovery of M4 or better with autograft repairs. In 
our study, 73% of PNA repairs achieved motor recovery of 
M3 or greater and 50% M4 or greater. This result is on par 
with published data that demonstrated M3 or greater re-
covery in 48%–84%9,11,33 and M4 or better in 21%–51%9–11 
of autograft repairs for mixed and motor nerve injuries.

Manufactured tube conduits were introduced in the 
1990s as an alternative to traditional coaptation. The in-
dications quickly expanded to provide an alternative to 
nerve autograft. Reported clinical outcomes show hollow 
tube conduits to have limited clinical applications. Typi-
cally used for very short defects in sensory nerves, their use 
for longer gaps and larger nerves is not recommended.34–39 
Wangensteen and Kallianien40 in a multicenter retrospec-
tive study on collagen conduits for sensory, mixed, and 
motor nerve repairs found only 43% of patients reported 
recovery. Although very limited, the use of manufactured 
conduits specifically in mixed nerve reconstruction has 
been reported. One study shows that when silicon tube 
conduits are used as coaptation aids for gaps under 5 mm 
in median and ulnar nerves, motor and sensory outcomes 
are equivalent to those for direct end-to-end repair.41 A 
study of the use of Neurolac nerve conduits (Polyganics, 
Groningen, The Netherlands) for the repair of 2–25 mm 
gaps in mixed nerve finds that only 1 in 12 repairs (8%) 
achieved sensory recovery of S3 or greater on the Medical 
Research Council Scale for sensory function.42 In a more 
recent study comparing direct suture with collagen con-
duits in gaps 6 mm or less, motor recovery was significantly 
better for direct suture at 12 months but was comparable 

after 24 months.39 Although direct suture reported fast-
er time to recovery, the utility of conduits at these short 
lengths can be justified as a coaptation aid in this applica-
tion. Complication rates for conduits range from 8% to 
35% with the most common adverse events being extru-
sion or fistulation of the conduit.40–47 Our study found that 
PNA returned a higher level of meaningful motor recov-
ery when compared with the published literature for tube 
conduits, without their observed complications.

We demonstrate that PNAs were safe and provided 
functional motor recovery for mixed and motor nerve in 
short- and long-gap repairs. Outcomes are comparable to 
historical controls from available literature for nerve auto-
graft and exceed that of nerve conduit. The overall success 
rate of motor recovery from this study supports the use 
of PNA as part of the treatment algorithm for mixed and 
motor nerve injuries. The RANGER registry is currently 
ongoing, and future reports using these data may provide 
additional clinical evidence for the expanding role of PNA 
in mixed and motor nerve repairs.
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