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Introduction
Peripheral nerve regeneration is a slow process, and its clin-
ical outcome is often poor. No breakthroughs have been 
made in the repair of transection injuries of peripheral 
nerves in the past 10 years. Clinical outcomes worsen if 
nerve injuries are combined with broken nerve ends (Barba-
ro, 2011). Clinical research on peripheral nerve defects has 
importance for further studies on nerve regeneration and 
restoration. 

Traumatic nerve transection injuries are often combined 
with crushing of the nerve stoma and defects associated 
with the broken nerve ends. In surgical management of such 
injuries, a 1- to 3-cm defect is always left after debridement 
of the broken nerve ends. Such defects can be resolved by 
the following three methods: (1) flexion/extension of an 
adjacent joint to decrease the distance between the broken 

ends (Wolfe and Hotchkiss, 2010), (2) use of a modified 
splint technique to reduce tension on the nerve (Hall and 
Buncke, 1981; Jabaley, 1991), and (3) nerve tubulization, in 
which a chitin tube is used to fill the gap and create a selec-
tive growth environment (Konofaos and Ver Halen, 2013). 
However, these three methods have some deficiencies. Joint 
flexion/extension may fill the gap and decrease anastomotic 
tension, but fixation with a plaster stone for 6 weeks is re-
quired, which may cause joint stiffness (Müller et al., 2013). 
Direct suturing may increase tension at the anastomosis site 
and lead to transient nerve ischemia, electrophysiological 
changes, or new nerve injury; furthermore, postoperative 
immobilization of the joint may lead to joint stiffness and 
muscle atrophy (Abe et al., 2004; Alluin et al., 2009; Barbaro, 
2011). Nerve tubulization is a good choice for selective re-
generation, but is not widely used in the clinical setting.
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We created an intraoperative elongation technique to 
overcome the disadvantages of the direct suture technique. 
A nerve elongator that was used in an experimental rabbit 
study exhibited beneficial effects (Baoguo et al., 2004). We 
assumed that this elongator would also have certain benefi-
cial effects for human nerve defects.

In the present study, we presumed that the elongator 
would allow for regional tension-free nerve suturing and el-
evate clinical effects. We performed a randomized controlled 
trial to answer the following questions: Can broken end 
defects be intraoperatively extended 2 to 3 cm by the elonga-
tor? If the broken ends of the nerve trunk are sutured under 
little tension, the duration of splint immobilization can be 
shortened; therefore, does use of the elongator accelerate the 
recovery of adjacent joint function?  

Subjects and Methods
Subjects
From August to November 2011, 18 patients with peripheral 
nerve injury of the upper extremity were treated with nerve 
debridement and microsurgical repair. Five patients were ex-
cluded: four had moved and could not be contacted, and one 
was involved in a traffic accident. Thus, this study included 
13 patients (11 male, 2 female) with an average age of 32.6 
± 9.5 years (range, 19–47 years). The median delay between 
trauma and surgery was 3.6 hours (range, 2–6 hours). All 
participants provided written informed consent. The study 
protocol was approved by the Ethics Committee of People’s 
Hospital of Peking University in China and was performed 
in accordance with the Helsinki Declaration. The approval 
was authorized in 2008 16# File of Clinical Trial Approval. 
The 13 patients’ general characteristics are shown in Table 1.

The patients were randomly divided into a nerve elongation 
group and a control group. In the nerve elongation group, 
lengthening surgery was performed at the distal end of the in-
jured nerve using the above-mentioned nerve elongator. The 
nerve was sutured without tension. Patients in the control 
group were treated with the classic technique: flexion of the 
elbow or stretching of the nerve to match the nerve endings.

Microsurgical procedures
All procedures were performed by one group of experi-
enced surgeons. All patients were treated with a standard 
antithrombotic prophylaxis regimen. Mecobalamin (WeiCai 
China Pharmaceutical Co., Ltd., Suzhou, Jiangsu Province, 
China) was used as a nerve nutrient in all patients (0.5 mg 
orally, three times a day for 6 weeks). Debridement was rou-
tinely performed. Concurrent injuries such as vascular inju-
ry or tendon rupture were repaired first. Before nerve repair, 
the distance between the two nerve ends was measured. In 
the nerve elongation group, the broken ends were exposed 
for debridement. The distal end of the injured nerve was 
fixed to the nerve elongator by a soft rubber band. Saline was 
slowly injected into the elongator to cause the distal nerve 
fibers to elongate at an approximately constant speed. After 
debridement, 8 to 10 cm of the distal end of the involved 
nerve was exposed. Elongation of the gap by 1 to 2 cm 

required 20 minutes. The nerve elongator and surgical pro-
cedures are shown in Figures 1 and 2. Prolene (8-0; Ethicon 
Johnson & Johnson, Somerville, NJ, USA) was used as the 
suture material. 

Postoperative splint immobilization was performed to cre-
ate stable fixation of the repaired tendon. In the nerve elon-
gation group, splint fixation was conducted for 4 weeks. In 
the control group, 6 weeks of immobilization was needed to 
prevent elbow extension and protect the nerve anastomosis 
and repaired tendon without tension. Rehabilitation training 
was routinely performed in all patients. After splint removal, 
joint exercises were performed gradually. At 6 weeks after 
surgery, full active range-of-flexion/extension exercises were 
required. At 9 to 12 weeks, progressive core stability exercises 
and muscle strength training were performed.

Follow-up
The patients underwent physical examinations on an out-
patient basis at 3, 6, and 12 months postoperatively. Nerve 
recovery was assessed using the British Medical Research 
Council scale (Seddon, 1975). Using this scale, muscle func-
tion was assigned a grade of M0 (no muscle contracture) to 
M5 (totally recovered). Sensation was assigned a grade of S0 
(no sensation) to S4 (normal sensation). Elbow function was 
evaluated using the Disabilities of the Arm, Shoulder, and 
Hand score and Mayoelbow score (Hudak et al., 1996).

Complications and safety control
Vital signs of all patients were monitored during hospital-
ization. All adverse events possibly associated with nerve 
elongation were recorded and evaluated. The physiological 
conditions of all patients were compared between the two 
groups (Table 2). 

Statistical analysis
Statistical analysis was performed with SPSS 18.0 software 
(SPSS, Chicago, IL, USA). All measurement data are present-
ed as the mean ± SD. Data were compared with the unpaired 
t-test, and categorical data were compared with the chi-
square test and Fisher’s exact test. A significant difference 
was defined as that with a P < 0.05. 

Results
Nerve elongation improved neurological function recovery
After 3 months of follow-up, the British Medical Research 
Council function grades were better in the nerve elongation 
group than in the control group (χ2 = 7.252, P = 0.027). No 
statistically significant difference was found in the British 
Medical Research Council function grades between the two 
groups as time progressed (6 months: χ2 = 2.270, P = 0.321; 
12 months: χ2 = 3.343, P = 0.342; Figure 3A). No significant 
difference was observed in the British Medical Research 
Council sensation grades between the two groups (P > 0.05; 
Figure 3B).

Nerve elongation improved elbow function recovery
At 3, 6, and 12 months of follow-up, elbow function was  
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Figure 1 Illustration of tissue expander (nerve elongator) used for 
nerve elongation. 
A Chinese National patent (ZL 201020626121.4) was obtained for the 
nerve expander. The left side of the figure is the distal end of the nerve. 
During nerve elongation, the distal end of the nerve was fixed to the 
nerve elongator by a soft rubber band (white arrow). Saline was slowly 
injected into the elongator to cause the distal nerve fibers to elongate at 
an approximately constant speed. The black arrow indicates the capsule 
into which the saline was injected to expand the elongator. 

Table 1 Patients’ clinical characteristics

No. Gender Age (year) Injured nerve Type of injury Concomitant Deficiency (cm)

Control group

1 Male 36 Ulnar nerve Sharp instrument injury FCU, ECU, anconeus 2.7

2 Male 41 Medial nerve Sharp instrument injury BR, Biceps, BA,PT, brachialis 3.6

3 Male 39 Ulnar nerve, 
radial nerve

Sharp instrument injury ECU, ECRB, BR R(3.1), M(3.8)

4 Female 22 Ulnar nerve Sharp instrument injury FCU, ECU 2.4

5 Male 19 Radial nerve, 
medial nerve

Machine injury BR, biceps, brachialis R(2.0), M(2.2)

6 Male 41 Medial nerve Sharp instrument injury BA, BV, biceps, PT 2.7

Nerve elongation group

1 Male 26 Radial nerve, 
medial nerve

Machine injury BA, BV, biceps (aponeurosis), R(2.1), M(2.4)

2 Male 47 Ulnar nerve Sharp instrument injury FCU, ECU 2.5

3 Male 32 Ulnar nerve Sharp instrument injury FCU, ECU 2.4

4 Male 33 Medial nerve Machine injury Biceps, PT, brachialis 2.9

5 Male 44 Ulnar nerve Sharp instrument injury FCU, ECU, PL (belly) 2.7

6 Female 24 Medial nerve Sharp instrument injury BA, BV, biceps (belly), brachialis 3.1

7 Male 20 Ulnar nerve, 
medial nerve

Machine injury FCU, ECU, PT, biceps (partial), 
brachialis (partial), BA

U(2.6), M(3.4)

FCU: Flexor carpi ulnaris; ECU: extensor carpi ulnaris; BR: brachioradialis; BA: brachial artery; PT: pronator teres; ECRB: extensor carpi radialis 
brevis; BV: brachial vein; PL: palmaris longus; R: radial nerve; M: medial nerve; U: ulnar nerve.  

Table 2 Physiological conditions of all patients 

Item
Nerve elongation 
group (n = 7)

Control group 
(n = 6) P

Age (year) 33.0±9.8 32.3±10.1 0.900

Pulse rate (beats/min) 79.1±6.2 74.3±6.5 0.788

Breath (/min) 19.9±1.9 20.4±2.2 0.705

Systolic pressure (mmHg) 115±10 120±14 0.907

Diastolic pressure (mmHg) 77±9 70±7 0.409

Distance between distal and 
proximal nerve ends (cm)

2.7±0.3 2.9±0.6 0.442

Data are expressed as the mean ± SD. Intergroup difference was 
compared with the unpaired t-test. 

better in the nerve elongation group than in the control 
group (Figure 4).

Discussion
In recent studies, selective nerve regeneration (Ichihara et 
al., 2008; Jiang et al., 2010), protection of targeted muscles, 
and improvement of the microenvironment of the injured 
site (delayed release of nerve growth factor, blood supply 
to injured ends, and tension-free suturing) were the main 
methods used to obtain better peripheral nerve injury repair 
outcomes (Clark et al., 1992; Barbaro, 2011). In the clinical 
setting, injured peripheral nerves in periarticular regions 
often had to be sutured under tension. Based on our expe-
rience, if the length of the nerve defect is more than four 
times the diameter of the nerve, substantial tension would be 
present at the anastomotic stoma. A conventional technique 
involves flexion of the joint and wide dissection to reduce 
tension. However, this does not eliminate the tension at the 
nerve ends. Conversely, wide dissection may harm the blood 

supply to the epineurium, and joint immobilization may in-
crease the risk of joint stiffness and tendon adhesion. 

Anastomotic tension may adversely affect nerve regener-
ation. Our hypothesis is that if tension of the anastomotic 
stoma could be reduced during the operation, the blood 
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Figure 3 Effects of nerve elongation on neurological function. 
(A, B) British Medical Research Council motion (A) and sensation (B) grades. Using the British Medical Research Council scale, muscle function 
was assigned a grade of M0 (no muscle contracture) to M5 (totally recovered). Sensation was assigned a grade of S0 (no sensation) to S4 (normal 
sensation). Categorical data were compared with the chi-square test and Fisher’s exact test. NE: Nerve elongation.

Figure 4 Effects of nerve elongation on elbow function. 
(A) Disabilities of the arm, shoulder, and hand (DASH) scores. (B) Mayo elbow scores. The data are presented as the mean ± SD and compared 
with the unpaired t-test. A high DASH score indicates poor function. The Mayo elbow score is an elbow function-centered scale, and a high score 
indicates a good outcome.
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Figure 2 Surgical application of nerve elongator.
(A) Mechanical damage to the forearm (near elbow) with nerve and 
tendon rupture. The blue object indicates the injured nerve end. (B) 
The distal end of the involved nerve was fixed to the nerve elongator by 
a soft rubber band (black arrow). The nerve elongator was then ready 
to be injected with saline for expansion.

A  B  operative period. According to previous nerve elongation 
studies involving acute nerve stretching, acute elongation up 
to 6% of the length of the nerve may lead to a 70% decline 
in the potential conduction velocity, and stretching of more 
than 12% may lead to irreversible damage (Clark et al., 1992; 
Abe et al., 1996; Driscoll et al., 2002). Additionally, tension 
may affect the blood flow of the nerve fibers (Clark et al., 
1992). If a peripheral nerve is acutely stretched by 10% of 
the length of the nerve, the node of Ranvier may widen and 
the bands of Fontana would disappear; at acute stretching of 
more than 20%, the node of Ranvier would fracture (Baoguo 
et al., 2004; Wang et al., 2010). These phenomena suggest the 
feasibility of intraoperative elongation of the nerve trunk. 
Manders et al. (1987) first reported that defects can be filled 
by nerve elongation with a tissue expander. Their results 
showed no difference between nerve elongation and nerve 
transplantation. Gradual elongation of medial nerves and 
suturing without tension in rabbits resulted in outcomes 
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equally as good as those achieved with nerve transplantation 
(Baoguo et al., 2004). A better result was obtained using a 
tissue expander than the conventional technique to elongate 
nerves (Jou et al., 2000). If the gap between the broken ends 
of a nerve can be sutured in one stage, the result would be 
better than that achieved with nerve transplantation (Baoguo 
et al., 2004; Matsuzaki et al., 2004; Pfister et al., 2011). Thus, 
one-stage gradual nerve elongation and “tension-free” anas-
tomosis appear to have the potential to cure peripheral nerve 
injury. 

Some previous studies on nerve elongation produced dis-
couraging results. Nogueira et al. (2003) showed that 9.3% 
of patients who underwent lower limb lengthening (1 mm 
per day in four sessions) developed nerve lesions. Simpson 
et al. (2013) reported significant electrophysiological chang-
es during limb lengthening. A nerve stretch test in rabbits 
(Ikeda et al., 2000) found that lengthening at 0.8 mm per 
day may not harm the nerves. The above evidence seems to 
discourage the performance of intraoperative elongation 
of injured nerves. In the present study, only the distal end 
of the affected nerve was lengthened. This is because when 
the nerve trunk begins to regenerate, it does so proximal to 
distal. Therefore, the distal end was not involved until the re-
generation arrived at the anastomotic stoma. For this reason, 
we elongated the distal end to reduce the tension and protect 
the proximal end from stretching. The nerve elongation 
group showed better early motion recovery. Intraoperative 
nerve stretching could not be avoided, and its clinical man-
ifestation was the transient loss of neural function. Elonga-
tion of the distal end of the nerve may decrease stretch injury 
to the proximal nerve fibers. No significant differences were 
observed in the sensation grade between the two groups. 
Motor nerve fibers may be more sensitive to elongation than 
sensory nerve fibers. Another advantage of nerve elongation 
is that better elbow and upper extremity function recovery 
is obtained than with the conventional technique. A shorter 
immobilization duration and earlier exercise may contribute 
to this better functional recovery. 

Absolute randomization among the patients was difficult 
owing to the nature of their condition (peripheral nerve 
injury). A limitation of this study is that we intentionally fo-
cused on cases of periarticular elbow injury to decrease the 
differences among the cases.
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