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Abstract Background: There are few large-volume studies on the repair of peripheral nerve lesions caused by
0090-3019/$ – see fro

doi:10.1016/j.surneu.2

Abbreviations: EM

potentials; SEP, soma

4 Corresponding a

E-mail address: y
gunshot wounds. In this study, the results of peripheral nerve repair are analyzed, and the factors

influencing the outcome are investigated.

Methods: During a 40-year period, 2210 peripheral nerve lesions in 2106 patients who sustained

gunshot injury were treated surgically in the Department of Neurosurgery. One thousand thirty-four

patients had shrapnel injury, and 1072 patients had missile injury. Twelve peripheral nerves were

included in this study, and all of them were repaired by direct suture, using nerve graft, or neurolysis.

All patients underwent neurologic and electrophysiologic evaluations in the preoperative period and

postoperatively at the end of the follow-up period. The mean time of follow-up was 2.6 years.

Final outcome was based on the motor, sensory, and electrophysiologic recoveries, and a patient

judgment scale.

Results: Using the muscle grading scale, sensory grading scale, EMNG, and patient judgments, the

maximal recovery was achieved in the subscapular nerve, but there were only 4 subscapular nerve

lesions, which is not sufficient for a statistically significant outcome. Furthermore, the tibial, median,

and femoral nerve lesions showed the best recovery rate, whereas the peroneal nerve, ulnar nerve,

and brachial plexus lesions had the worst.

Conclusion: Type of the peripheral nerve, injury (repair) level, associated injuries, electrophysi-

ologic findings, operation time, intraoperative findings, surgical techniques, and postoperative

physical rehabilitation are the prognostic factors for peripheral nerve lesions due to gunshot wounds.
D 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Most information on the results of repair of peripheral

nerve lesions after a missile injury is obtained from older

military series [7,45]. Most of the data on this subject were

collected from patients who were injured during the war

activities in Yugoslavia and the Middle East and published

recently [37-40,43,44,59,60]. In war-related conditions, the
nt matter D 2008 Elsevier Inc. All rights reserved.
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peripheral nerve injuries make up 10% of all injuries and 30%

of extremity injuries [37]. Studies regarding peripheral nerve

injuries caused by gunshot wounds have shown that most

lesions are caused by both direct bullet trauma and the

indirect heat, as well as the shock wave to the adjacent tissue

[23,58,61]. These injuries present a specific problem in

peripheral nerve surgery because of the mechanism of missile

injuries. Preserved nerve continuity in most cases, more or

less complete immediate functional deficit, and possible

spontaneous recovery are some of their characteristics

[21,25]. Missile wounds, particularly those causing bone

fracture, increase the risk of nerve severance and irreparable

damages [52]. In addition, other extensive injuries such as
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Table 1

Muscle strength grading scale

Grade Description

M0 No contraction

M1 Flicker or trace contraction

M2 Active movement with gravity eliminated

M3 Active movement against gravity

M4 Active movement against resistance

M5 Normal strength

Table 3

Electromyoneurography grading scale

Grade Description

E0 Total axonal degeneration

E1 Partial axonal degeneration

E1+ Partial axonal degeneration with regeneration

E2 Full recovery
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soft tissue and blood vessel injuries complicate the treat-

ment and prognosis of peripheral nerve injuries.

Most authors, in military or civilian practice, have

reported variable prognosis for either spontaneous recovery

or recovery after repair of peripheral nerves [8,10,11,

13,18-20,38-40,43,44,51,59,60]. These are dependent on

the characteristics of the peripheral nerve, injury level, other

injuries, electrophysiologic findings, operation time, intra-

operative findings, surgical techniques, and postoperative

physical rehabilitation.

In this study, we analyze the results of the surgical

treatment of 2210 peripheral nerve lesions caused by

gunshot wounds in 2106 patients between 1966 and 2005.
2. Patients and method

We reviewed the data of 2210 peripheral nerve lesions

caused by gunshot wounds in 2106 patients who underwent

surgical treatment between 1966 and 2005 at the Depart-

ment of Neurosurgery in Gqlhane Military Medical Acad-

emy. All of the patients were male, and the mean age was

22 years (ranging between 19 and 35 years). The cause of

the nerve lesion was shrapnel injury in 1034 patients (49%)

and missile injury in 1072 (51%).

All patients underwent neurologic and electrophysiologic

evaluations during the preoperative period and postoperative

period, at the end of their follow-ups. Intraoperative

electrophysiologic assessment with NAP was used in most

cases. The muscle strength grading scale (Table 1), sensorial

grading scale (Table 2), EMNG scale that was revised by us
Table 2

Sensory grading scale

Grade Description

S0 No response to touch, pin, or pressure

S1 Testing gives hyperesthesia or paresthesia;

deep pain in autonomous zones

S2 Sensory response sufficient for grip and

slow protection; sensory stimuli mislocalized

with overresponse

S3 Response to touch and pin in autonomous zones;

sensation mislocalized and not normal

with some overresponse

S4 Response to touch and pin in autonomous zones;

response localized but not normal;

no overresponse

S5 Normal response to touch and pin in

entire field including autonomous zones
(Table 3), and patient judgment scale (Table 4) were used

for the evaluation.

The most frequently wounded nerve was the median

nerve (27.37%), followed by the ulnar (18.41%), sciatic

(12.12%), and radial (11.53%) nerves; brachial plexus

(11.44%), peroneal (11.31%), tibial (4.07%), axillary

(1.37%), femoral (0.85%), and musculocutaneous nerves

(0.72%); lumbosacral plexus (0.63%); and subscapular

nerves (0.18%) (Table 5).

The level of the lesion (repair) was defined as high,

intermediate, or low according to the position of the

proximal stump and the criteria described previously by

Roganovic and Petkovic [38-40]. Approximately, the

borderline between the high- and intermediate-level repairs

went across the middle of the arm and the thigh, whereas

the borderline between the intermediate- and the low-

level repairs went across the junction of the proximal and

the middle third of the forearm and the leg. One thousand

fifty-three (47.64%) of 2210 lesions were low level, 620

(28.05%) were intermediate level, and 537 (24.29%) were

high level. Except for the axillary, subscapular, and

musculocutaneous nerves, and the lumbosacral plexus, most

of the tibial (73.33%), radial (73.33%), and peroneal

(72.4%) nerve injuries were low level, and most of the

ulnar nerve injuries (40.78%) were high level (Table 6).

Soon after the injury, and before the nerve repair, all

patients underwent initial surgical treatment of the missile

wound, especially for the shrapnel injury. Plastic, vascular,

and orthopedic surgeons treated defects of the soft tissues,

damaged blood vessels, and bone fractures near the nerve.

These initial lesions were treated using skin flaps or

epidermal skin graft, the apparatus of external or internal

skeletal fixation system, and primer vascular repairing or

with graft. Most patients underwent an initial surgery in a

battlefield military hospital without a neurosurgeon and

with a lack of sufficient equipment to evaluate the nerve

injury and its treatment. Many patients were admitted to

the neurosurgery clinic and had surgery for peripheral

nerve lesion symptoms long after recovery from the
Table 4

Patient judgment scale

Grade Description

P0 No improvement or worsening

P1 Minimal improvement

P2 Obviously improved but unsatisfied with recovery

P3 Obviously improved and satisfied with recovery

P4 Very satisfied with recovery

P5 No difference in relation to intact limb



Table 5

Summary of nerve lesions according to the type of injury

Missile injury Shrapnel injury Total

Radial nerve 161 94 255

Ulnar nerve 219 188 407

Median nerve 251 354 605

Axillary nerve 21 8 29

Musculocutaneous nerve 9 7 16

Subscapular nerve 3 1 4

Brachial plexus 155 98 253

Sciatic nerve 109 159 268

Peroneal nerve 114 136 250

Tibial nerve 51 39 90

Femoral nerve 14 5 19

Lumbosacral plexus 13 1 14

Total nerve lesions 1120 1090 2210

Total no. of patients 1072 1034 2106

Table 7

Operation time (months)

Minimum Maximum Mean

Radial nerve 3 10 5

Ulnar nerve 4 12 6

Median nerve 2 9 6

Axillary nerve 3 8 3

Musculocutaneous nerve 2 11 5

Subscapular nerve 3 6 4

Brachial plexus 2 10 6

Sciatic nerve 2 8 4

Peroneal nerve 3 9 5

Tibial nerve 3 9 5

Femoral nerve 4 6 4

Lumbosacral plexus 4 10 6
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initial operations and the complications, at an average of

4.91 months (ranging from 2 to 12 months) after the initial

wounding (Table 7). In our series, 117 cases had vascular,

orthopedic, and soft tissue injury; 426 cases had vascular

pathology and soft tissue lesions; and 611 cases had bone

and soft tissue lesions with peripheral nerve injuries. Most

of the femoral nerve lesions were associated with vascular

injury (89.47%), and most orthopedic lesions were observed

at the upper extremity injuries.

All of the patients were evaluated preoperatively using

muscle strength and sensorial grading scales, as well as the

EMNG scale. Approximately 40% of the total lesions

were grade 0 preoperatively both on neurologic examination

and EMNG.

Operations were performed microsurgically under gen-

eral or block anesthesia without using a tourniquet. The

patient was placed in oppositely, and the incision was made

in a routine manner, except if local circumstances in the

repair region, such as extensive scarring, skin flap, external

skeletal fixation material, and severe contracture, required

some modifications.

External neurolysis was the initial procedure and was

performed from the areas of healthy tissue to injured areas.

Neurolysis was most readily accomplished both proximal

and distal to the involved segment. Potential areas of
Table 6

Summary of the nerve lesions according to injury level

High Intermediate Low

Radial nerve 4 64 187

Ulnar nerve 166 87 154

Median nerve 227 105 273

Axillary nerve 0 1 28

Musculocutaneous nerve 0 2 14

Subscapular nerve 0 0 4

Brachial plexus 21 137 95

Sciatic nerve 91 148 29

Peroneal nerve 24 45 181

Tibial nerve 2 22 66

Femoral nerve 2 9 8

Lumbosacral plexus 0 0 14

Total 537 620 1053
entrapment were released. When done carefully, external

neurolysis poses little risk of fascicular injury or significant

vascular disruption even when performed over long seg-

ments. In case the scar tissue could not be removed in a

circumferential fashion from the nerve tissue, the epineuri-

um was dissected, and interfascicular neurolysis was

performed. Eight hundred fifty-nine (38.86%) nerves were

found intact intraoperatively, but 100 of them had total

axonal lesion on EMNG preoperatively. After the dissection

of the epineurium in these patients, it was observed that the

nerve structures were changed such as in fibrosis, and no

response was received after nerve stimulation, so that these

parts of the nerve were removed, and an end-to-end

epineural or interfascicular anastomosis was performed.

Exploration and simple decompression were performed

on 550 (24.88%) nerves, and interfascicular neurolysis

was performed on the remaining 209 (9.45%) nerves

(Tables 8 and 9).

There was complete rupture in 239 (10.81%) nerves.

They had no neuroma at the end of the stumps. In some of

them, the stumps were separated but still in the same plane,

and in the others, stumps directed toward different planes,

sometimes grabbed by an adjacent callus or abundant scar

tissue. Five hundred eight (22.98%) nerves were interrupted

by a neuroma and/or fibrosis at the end of the stumps. There

was partial rupture in 191 (8.64%) nerves. One hundred

seven of them had neuroma at the end of the stumps, and the

remaining had adhesion around the nerve. In 413 (18.68%)

nerve lesions in continuity, there was neuroma and/or

fibrosis on the nerves.

In only 8 (0.36%) lesions, no proximal or distal stumps

were found, or there was a long nerve gap (in excess of

15 cm) between the stumps. Only neuroma excision was

performed in them.

Proximal and distal nerve stumps, as well as non-

transmitting nerve segments, were resected to healthy

epineurium and to the appearance of normal fascicular and

vascular architecture in 1443 injuries. The nontransmitting

segments were characterized by anomalous color, unusual

consistency, and/or sparse or absent vascularization. Some-

times they were soft, or conversely, diffusely fibrotic,

especially if long-term local infection existed near the



Table 8

Intraoperative findings

Complete rupture Interrupted by a

neuroma or/and

fibrosis at end of nerve

Partial rupture Neuroma or/and

fibrosis in continuity

Nerve is intact,

only compressed

by fibrosis

Radial nerve 41 61 34 50 69

Ulnar nerve 66 75 47 107 112

Median nerve 57 110 43 120 275

Axillary nerve 0 9 6 4 10

Musculocutaneous nerve 0 3 1 2 10

Subscapular nerve 0 0 0 0 4

Brachial plexus 13 38 23 48 131

Sciatic nerve 27 83 24 29 105

Peroneal nerve 15 102 7 33 93

Tibial nerve 19 21 6 15 29

Femoral nerve 1 4 0 5 9

Lumbosacral plexus 0 2 0 0 12

Total 239 508 191 413 859
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nerve. The nerve defect was repaired by an end-to-end

epineural anastomosis in 498 (22.53%) injuries, an end-

to-end interfascicular anastomosis in 316 (14.29%) injuries,

and an end-to-end interfascicular anastomosis with sural

nerve graft in 303 (13.71%) injuries using a monofilament

interrupted silk suture (Ethilon 10-0/6-0, Ethicon, Inc,

Somerville, NJ). Before the choosing of suture method,

nerve stumps were mobilized reasonably and were given

minimal flexion position of the extremity without tension at

the suture sites and the risk of dehiscence; if it was possible,

anastomosis without using grafts was performed. On the

other side, graft repair was necessary. Grouped interfascic-

ular technique was used (2 or 4 grafts), and the sural nerve

was selected for grafting. The length of the nerve gap was

measured after resection, and maximal mobilization of the

nerve stumps and graft was about 10% longer than the

corresponding nerve defect. The outcomes were not

analyzed for correlation with the graft length.
Table 9

Type of surgery

(1) End-to-end

interfascicular

anastomosis with

sural nerve graft

(total neuroma

excision was

performed or not)

(2) End-to-end

epineural

anastomosis

(total neuroma

excision was

performed or not)

(3) End-to-end

interfascicular

anastomosis

(total neuroma

excision was

performed or

Radial nerve 38 56 46

Ulnar nerve 58 95 75

Median nerve 101 133 86

Axillary nerve 0 8 2

Musculocutaneous nerve 0 3 0

Subscapular nerve 0 0 0

Brachial plexus 24 31 12

Sciatic nerve 41 67 31

Peroneal nerve 27 74 47

Tibial nerve 13 21 16

Femoral nerve 1 8 1

Lumbosacral plexus 0 2 0

Total 303 498 316
To maintain strength in unaffected muscles and range

of motion in the joint, physical therapy had been applied

soon after the injury in some cases, and the same was

applied after surgery in all cases. All patients were

encouraged to work with the therapist to achieve and regain

their full motion.
3. Results

The mean postoperative follow-up period was 2.6 years

(minimum of 1 year, maximum of 3.8 years). Final outcome

was based on sensory recovery (Table 10), motor recovery

(Table 11), EMNG recovery (Table 12), and patient

judgment (Table 13). The progress of regeneration was

assessed at regular intervals of 3 to 6 months using the

criteria mentioned above.

Poor muscle strength levels (VM2) were found in 1877

(84.93%) lesions preoperatively. The nerve where the
not)

(4) Partial neuroma

excision and

performed 1, 2, or 3

(5) Only

neuroma

excision

(6) Interfascicular

neurolysis

(7) Exploration

with simple

decompression

and external

neurolysis

43 3 7 62

65 2 14 98

108 2 37 138

9 0 1 9

3 0 4 6

0 0 1 3

55 0 68 63

24 0 42 63

8 1 21 72

11 0 9 20

0 0 2 7

0 0 3 9

326 8 209 550



Table 10

Grading with sensory scale preoperatively and at the end of the follow-up period postoperatively

Preoperative End of follow-up period

0 1 2 3 4 5 0 1 2 3 4 5

Radial nerve 128 38 75 14 0 0 0 34 41 78 76 26

Ulnar nerve 185 133 65 23 1 0 5 66 72 107 118 39

Median nerve 298 146 83 49 29 0 1 33 111 292 123 45

Axillary nerve 13 8 4 3 1 0 0 2 5 12 7 3

Musculocutaneous nerve 1 2 5 5 3 0 0 0 1 2 9 4

Subscapular nerve 0 0 0 2 2 0 0 0 0 0 3 1

Brachial plexus 77 43 69 36 28 0 3 16 56 83 54 41

Sciatic nerve 129 35 58 31 15 0 2 21 30 135 69 11

Peroneal nerve 121 44 63 17 5 0 8 37 58 75 58 14

Tibial nerve 51 14 13 9 3 0 1 2 4 64 11 8

Femoral nerve 8 3 6 1 1 0 0 1 1 9 7 1

Lumbosacral plexus 2 0 5 6 1 0 0 0 1 5 7 1

Total 1013 466 446 196 89 0 20 212 380 862 542 194
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maximal poor levels were found was the peroneal nerve

(92.4%), followed by the tibial (88.89%), median (88.6%),

ulnar (86.73%), axillary (86.21%), sciatic (82.84%), and

radial (81.96%) nerves; brachial plexus (75.49%); muscu-

locutaneous (62.5%) and femoral (57.89%) nerves; lumbo-

sacral plexus (57.14%); and subscapular nerve (25%).

Useful good motor recovery (zM3) was found in 1351

(61.13%) lesions at the end of the follow-up period

postoperatively. The nerve where the maximum recovery

was observed was the subscapular nerve (100%), followed

by the femoral (78.95%), tibial (74.44%), and radial

(71.76%) nerves; lumbosacral plexus (71.43%); musculo-

cutaneous (68.75%), sciatic (65.3%), median (61.49%),

axillary (58.62%), peroneal (56.80%), and ulnar nerves

(56.76%); and brachial plexus (49.01%).

Poor sensory levels (VS2) were observed in 1925

(87.1%) lesions preoperatively. The nerve where the poorest

sensory level was observed was the radial nerve (94.51%),

followed by ulnar (94.1%), peroneal (91.2%), femoral

(89.47%), median (87.11%), tibial (86.67%), axillary

(86.21%), and sciatic nerves (82.84%); brachial plexus

(74.7%); and lumbosacral plexus and musculocutaneous

nerve (each 50%).
Table 11

Grading with muscle strength grading scale preoperatively and at the end of the

Preoperative

0 1 2 3 4

Radial nerve 112 45 52 30 12

Ulnar nerve 168 137 48 27 18

Median nerve 227 195 114 49 13

Axillary nerve 11 2 12 2 2

Musculocutaneous nerve 4 1 5 4 2

Subscapular nerve 0 0 1 3 0

Brachial plexus 66 44 81 32 25

Sciatic nerve 121 68 33 31 9

Peroneal nerve 118 77 36 11 5

Tibial nerve 47 24 9 7 3

Femoral nerve 7 3 1 5 2

Lumbosacral plexus 2 2 4 4 1

Total 883 598 396 205 92
Useful good sensory recovery (zS3) was found in 1598

(72.31%) lesions at the end of the follow-up period

postoperatively. The nerve where the maximal good recov-

ery levels were found was the subscapular nerve (100%),

followed by the musculocutaneous nerve; (93.75%), lumbo-

sacral plexus (92.86%); tibial (92.22%), femoral (89.47%),

sciatic (80.22%), median (76.03%), axillary (75.86%), and

radial nerves (70.59%); brachial plexus (70.36%); and ulnar

(64.86%) and peroneal nerves (58.80%).

According to the muscle and sensory grading scales, the

maximal recovery was observed in the subscapular nerve,

but there were only 4 subscapular nerve lesions. For this

reason, these data are not taken into account statistically.

Furthermore, the tibial, median, and femoral nerves showed

the best recovery rate, whereas the peroneal and ulnar

nerves as well as the brachial plexus had the worst.

Most lesions were partial axonal (E1, 46.56% of the

cases) preoperatively, whereas 43.53% was E0, and 9.91%

was E1+. Most of the peroneal injuries were E0 (52.4%).

The tibial (50%), sciatic (47.76%), ulnar (44.72%), median

(43.8%), radial (43.14%), axillary (41.38%), and femoral

nerves (36.84%); brachial plexus (29.64%); musculocuta-

neous nerve (25%); and lumbosacral plexus (21.43%)
follow-up period postoperatively

End of follow-up period

5 0 1 2 3 4 5

4 5 31 36 67 94 22

9 12 69 95 116 98 17

7 4 94 135 177 159 36

0 0 5 7 11 6 0

0 0 0 5 7 2 2

0 0 0 0 1 2 1

5 9 27 93 50 39 35

6 5 19 69 72 84 19

3 10 37 61 58 73 11

0 2 9 12 43 14 10

1 0 3 1 5 8 2

1 0 0 4 4 4 2

36 47 294 518 611 583 157



Table 12

Grading with EMNG scale preoperatively and at the end of the follow-up period postoperatively

Preoperative End of follow-up period

0 1 1+ 0 1 1+ 2

Radial nerve 110 141 4 3 87 142 23

Ulnar nerve 182 198 27 4 160 207 36

Median nerve 265 269 71 4 231 325 45

Axillary nerve 12 11 6 0 7 22 0

Musculocutaneous nerve 4 10 2 0 6 9 1

Subscapular nerve 0 3 1 0 0 4 0

Brachial plexus 75 153 25 3 80 149 21

Sciatic nerve 128 105 35 2 86 170 10

Peroneal nerve 131 91 28 18 85 133 14

Tibial nerve 45 33 12 0 13 71 6

Femoral nerve 7 8 4 0 3 15 1

Lumbosacral plexus 3 7 4 0 6 7 1

Total 962 1029 219 34 764 1254 158

Table 13

Grading the recovery with patient judgment scale

0 1 2 3 4 5
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followed the peroneal nerve. There was no E0 level in the

subscapular nerve.

In 158 (7.14%) lesions, full recovery was achieved as of

EMNG evaluation. One thousand two hundred fifty-four

(56.74%) lesions were E1+ level postoperatively. The

subscapular nerve was at the maximal level of E1+

(100%), followed by the femoral (78.95%), tibial

(78.89%), axillary (75.86%), and sciatic (63.43%) nerves;

brachial plexus (58.89%); musculocutaneous (56.25%),

radial (55.69%), median (53.72%), peroneal (53.2%), and

ulnar nerves (50.86%); and lumbosacral plexus (50%).

If recovery was evaluated with EMNG, the maximal

recovery was achieved in the subscapular nerve. However,

the number of subscapular nerve lesion incidents was

insignificant for a statistical evaluation. Therefore, the

maximal recovery was observed in the tibial and femoral

nerves, and the minimal in the lumbosacral plexus and

peroneal and ulnar nerves.

If recovery was evaluated based on patient judgment,

1405 (63.57%) lesions were P3 and high level. In 86

(3.89%) lesions, full recovery was achieved. Good results

(zP3) are achieved at the subscapular nerve (100%) and the

lumbosacral plexus (100%), followed by the tibial (80%),

musculocutaneous (75%), radial (74.90%), femoral

(68.42%), median (66.94%), axillary (66.52%), sciatic

(66.04%), peroneal (58.80%), and ulnar nerves (55.28%),

and brachial plexus (49.8%). The minimal recovery was

achieved in the brachial plexus and ulnar and peroneal

nerves. Sixty-five (2.94%) lesions were P0 level.

Radial nerve 5 35 24 96 88 7

Ulnar nerve 14 54 114 138 84 3

Median nerve 5 99 96 195 181 29

Axillary nerve 0 5 5 14 5 0

Musculocutaneous nerve 0 1 3 8 3 1

Subscapular nerve 0 0 0 2 2 0

Brachial plexus 11 35 81 65 50 11

Sciatic nerve 7 23 61 74 91 12

Peroneal nerve 19 39 45 71 61 15

Tibial nerve 4 6 8 44 21 7

Femoral nerve 0 4 2 1 12 0

Lumbosacral plexus 0 0 0 8 5 1

Total 65 301 439 716 603 86
4. Discussion

The diagnosis of peripheral nerve lesions uses techniques

common to other disease states such as an accurate history, a

careful inspection, and a thorough physical examination of

limbs involved, as well as selection of proper laboratory,

radiologic, and electrophysiologic tests for confirmation. In

addition, knowledge of anatomy of the limb and, thus, the

ability to localize as well as to reconstruct the nature of the
injury or disease affecting the nerve are of paramount

importance [26].

The nature of the peripheral nerve demands a complex

reparative process after nerve division. The goal of nerve

repair is to bring the proximal and distal ends of the nerve, the

fascicles, or the fascicle groups together into a closer

apposition without tension. Regarding the axons from the

proximal stump, they have to cross the anastomosis and find

their way down the endoneurial tubes of the distal nerve to

reach the appropriate end-organ sensory receptors or motor

end plates. Clinical recovery will result only if axons grow

down the proper endoneurial tube [30]. A tension-free repair

is necessary for an adequate and functional anastomosis.

Elasticity of a nerve trunk allows an increase of about 6% of

its free length by stretching. If this limit is exceeded,

ischemia and internal disruption of the nerve occur [46].

Neuroma formation is a common sequela of peripheral

nerve injuries and usually requires surgical intervention. In

some instances, neuroma formation may not occur or can be

prevented by covering the nerve stumps with a cap such as

muscle or fascia [64]. In this series, a complete rupture was

observed in 239 (10.81%) nerves. They had no neuroma at

the nerve stumps. In some of them, the stumps were

separated but still in the same plane, and in the others,

stumps were directed to different planes, sometimes grabbed
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by an adjacent callus, muscle, or abundant scar tissue. These

may prevent neuroma formation of the nerves.

Most gunshot wounds result in fairly extensive longitu-

dinal injuries to the nerve. If the gap between the proximal

and distal stumps is not sufficient for end-to-end anastomo-

sis, a nerve graft is necessary for the repair. Use of

autogenous interfascicular grafts to repair nerve injury that

requires suture has been described by Milesi et al [31]. In

most instances, autogenous nerve grafts have been reserved

for injuries with large defects where direct end-to-end suture

was not possible [49]. In the literature data, good results

were obtained in sural nerve cable graft anastomosis

[4,8,11,13,18-20,29,38-40,43,44,51,59,60]. The ideal nerve

graft must cover the cross-sectional area of the nerve

fascicles and must stay intact. The sural nerve is the

common donor nerve. It furnishes a long graft (20-30 cm)

with little resultant neurologic deficit. In this series, 316

(14%) nerves were repaired with primary suture because the

distance between the stumps was enough for end-to-end

anastomosis without tension. In the other series, an end-to-

end anastomosis had been performed on 2.5% to 13.5% of

the cases with complete nerve discontinuity due to gunshot

wounds [39,40]. Primary suture repair is seldom possible in

lower-extremity nerve injuries but more applicable in upper-

extremity nerve injuries. Sural nerve grafts were used for the

anastomosis in 303 (13.71%) of 2210 nerve lesions in our

series. The length of sural nerve grafts varied from 3 to

15 cm according to the gap between the nerve stumps.

However, we did not analyze the outcomes for correlation

with the graft length.

Although accepted surgical techniques for peripheral

nerve repair have remained largely unchanged over the past

3 decades, much progress has been made in understanding

the mechanism involving nerve regeneration, consequently

providing additional measures to enhance this regenerative

progress [5,14,15,17,32,50]. Choosing the repair techniques

also progressed parallel with this study. Epineural repair, the

standard method of nerve repair for many years, still has a

prominent place in nerve injuries today [33]. However,

interfascicular repair is most useful in nerves with a few large

fascicles. Interfascicular anastomosis was performed with or

without using nerve graft in 619 of 2210 nerve lesions.

Because peripheral nerve injury has no fatal course but a

spectrum of morbidity, appropriate repair of the injured

nerve is important in prolonging the life of the patient. A

surgeon who is studying peripheral nerve surgery should

make the best technical approach to achieve the best

possible recovery. In addition, nerve repair must always

be performed under magnification. The microsurgical

techniques and interfascicular nerve grafting offer the best

chances for success in peripheral nerve repair [3,22]. An

operating microscope or loop was used in this study, and

microsurgical techniques were used in all cases for the best

clinical results.

Gunshot wounds constitute a surgical dilemma in

treatment because a near miss and the shock wave that
momentarily deforms the nerve often cause the nerve

deficit. This type of injury causes open wounds. These

wounds are a frequent cause of nerve lesion. The degree of

damage may vary, but a high percentage suffers a complete

or a partial division [56]. Although shrapnel wounds are

usually not included in gunshot wound series and comprise

a different type of injury to the nerve, some authors do not

consider these wounds as a different type of injury [43,51].

Patients with peripheral nerve lesions due to shrapnel

wounds were included this series. Of our patients, 49%

had shrapnel wounds, but the results were not classified

according to the type of wounding agent.

Missile injuries often leave the nerve in continuity but

produce intraneural damage secondary to cavitation effects

[12]. Such damage can be of considerable severity and

result in focal or relatively widespread lesions of axons,

connective network, and intraneural blood vessels [22].

Concomitant vascular trauma can cause further nerve

damage through ischemia.

Missile injury results in neurapraxia, axonotmesis, or

neurotmesis injuries to peripheral nerves [54]. In older

military series, most injuries (68%) were either neurapraxia

or axonotmesis that recovered spontaneously [7,34,45,53].

In our experience, most of our injuries were axonotmesis.

The high incidence of axonotmesis is shown in Tables 8 and

9. It is also noted that, especially, the missiles found in the

lower extremities caused low-velocity injuries, and the

missiles found in the upper extremities caused high-velocity

injuries such as footman rifle missiles.

High-velocity missiles have 3 mechanisms of nerve

damage: direct impact, shock waves, and cavitation effects.

Those injured by high-velocity missiles failed to display a

significant return of function [43]. According to Omer [36],

this potential for damage is only realized with greater

tissue penetration.

There are no precise literature data regarding the

dependence of nerve repair outcomes on comorbidities in

the nerve repair region. These are fractures, main artery or

vein lesions, defects of the soft tissues, and so on. The

presence of such damages is certainly on index of the

severity of the missile-related trauma. Each of the following

comorbidities may influence the nerve repair outcome in its

own manner: main vessel lesion aggravates the results

through ischemia; bone fragments cause additional nerve

damage during the initial missile trauma, or subsequent

callus spreads around the repaired nerve; and missile-related

soft tissue defects frequently include the muscle mass of the

nerve effectors.

Some missile wounds of the extremities can be

treated conservatively, especially if they are caused by

low-velocity missiles [2]. Patients are therefore followed

closely for several months to observe clinical and elec-

trodiagnostic evidence of nerve regeneration and muscle

reinnervation. The nerve must be explored within

3 months after injury if there is no significant functional

recovery [20,65].
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Generally, clean wound, fracture stability, restoration of

circulation, and skin closure over neurovascular structures

are a priority and should be a reason for delayed nerve repair

[35]. An early surgical exploration is not indicated because

of a possibility for spontaneous recovery of the first 3 grades

of nerve lesion and difficult evaluation of the extent and

severity of nerve damage [47]. This is one of the reasons for

surgical delay in our series. Soon after the injury and before

the nerve repair, all patients underwent initial surgical

treatment of the missile wound, especially the shrapnel

injury. Plastic, vascular, and orthopedic surgeons treated

defects of the soft tissues, damaged blood vessels, and bone

fracture near the nerve. Most patients underwent the initial

surgery in a regional military hospital near the battlefield

without a neurosurgeon and with insufficient equipment to

evaluate the nerve injury and treatment. After the recovery

of initial operations and their complications, many patients

who came from the battlefield hospitals were admitted to

our department for peripheral nerve dysfunctions. This is the

other reason for surgical delay in our series. In this period,

waiting for the spontaneous recovery of the injuries was

expected, too.

The neurophysiologic methods commonly used intra-

operatively are NAP and SEP monitoring. The NAP is

valuable for evaluating the functional status of mixed

peripheral nerves and for localizing a lesion in the nerve

branches distal to the dorsal root ganglion [18,19]. In this

series, intraoperative NAP was not used in all patients,

especially those who underwent surgery with block anes-

thesia due to medical reasons.

Our results were poor in peroneal and ulnar nerve and

brachial plexus lesions. Many authors, in military or civilian

practice, have reported a poor prognosis for either sponta-

neous recovery or recovery after repair for complete peroneal

lesions [6,9,39,65]. However, recent civilian studies have

reported more encouraging results [1,18,48,63].

The peroneal nerve and peroneal division of the sciatic

nerve are very susceptible to trauma; at the same time, they

are probably the worst major nerves in the body for graft

repair. Their propensity to injury might be explained by

several anatomical and biologic factors: superficial and

fixed nerve position behind the surgical neck of the fibula,

location close to the hip joint, relatively poor blood supply,

and less protective connective tissue between fascicles

[24,27,55,57,62].

The reasons why sutured peroneal nerves achieve poorer

recovery than tibial nerves may be because the deep

peroneal branches innervate the long, relatively thin

extensor muscles of the anterior compartment at multiple

sites, thus requiring a coordinated nerve input for successful

and effective muscle contraction; the muscles of the

peroneal area are overstretched compared with muscles of

the tibial region, leading to poorer recovery; the peroneal

branch receives less blood than the tibial branch, which may

slow regeneration; and funiculi of the peroneal nerve are

composed of fewer and larger bundles with less connective
tissue packing than funiculi of the tibial nerve, which makes

the peroneal nerve more vulnerable to stretch injury during

postoperative sequential casting [53].

Reinnervation time depends on the level of the lesion

and whether the nerve division is far from the target

organs. Several authors have reported better results after

more distal peroneal nerve sutures [27,62]. After inter-

mediate- and low-level repairs, recovery was more useful

than high-level repairs. In our series, 181 of 250 peroneal

nerve injuries were at the distal part of the nerve. Also,

functional recovery after graft repair depends on the

severity of the injury and, therefore, on the length of the

grafts [20,28,39,40].

Poor functional recovery after ulnar nerve suture is

attributed to multiple factors, including clawhand deformity

setting early after ulnar nerve injury; the ulnar nerve being

mixed, which may confuse proper reinnervation to motor

units; muscles of interossei and lumbricals seldom recover-

ing well; and coordinated contraction of hand intrinsic

muscle rarely recovering [41,42]. On the other hand, most

of the ulnar lesions in our series were high-velocity and

high-level injuries. These are the other reasons for poor

recovery in ulnar nerve lesions.

The other lesion that had poor results was brachial plexus

injuries. Factors behind poor recovery include high-velocity

missiles causing most of the missile injury of the brachial

plexus and other wound complications occurring with most

of the brachial plexus injuries and most of the lesions at

posterior and medial cord of the brachial plexus. It is the

same as in the literature [43,50,51].

Good functional recovery after radial nerve repair is

attributed to multiple factors: the radial nerve is a motor

nerve, which reduces the change of cross motor-sensory

innervation; the radial nerve does not innervate muscles that

perform delicate movements and require extra muscle

coordination; and the extensor carpi radialis longus, which

inflicts the major disability, usually recovers well [22,66].

The primary patient satisfaction measure in our study

was the degree of symptom relief, and the major determi-

nant of relief was clinical improvement. In our series, the

results were poor in peroneal and ulnar nerve and brachial

plexus lesions, and patient satisfaction was not enough in

this group of patients. We also used a patient judgment scale

(Table 4) as a satisfaction measure, and according to

this scale, patients with grades 3, 4, and 5 were accepted

as satisfied.

Neuropathic pain is one of the most important obstacles

in rehabilitation. Early repair was more effective than

delayed repair in relief from pain, and there was a strong

correlation between functional recovery and relief from

pain. Successful nerve repair, as well as relief from pain, is

related to reinnervation of muscle [16]. In our series, we

observed neuropathic pain in patients who did not have

good innervation of the muscle after operation.

In conclusion, peripheral nerve lesions caused by

gunshot wounds are complex pathologies that require a
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detailed preoperative investigation and a long recovery, as

well as a follow-up period. The type of the peripheral nerve,

injury (repair) level, associated injuries, electrophysiologic

findings, operation time, intraoperative findings, surgical

techniques, and postoperative physical rehabilitation are the

prognostic factors for the peripheral nerve lesions due to

gunshot wounds.
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Commentary

This very large retrospective clinical series of peripheral

nerve injuries due to gunshot and shrapnel wounds in a

military setting should provide the peripheral nerve surgeon

with a wealth of information. The types of injury, nerves

involved, level and severity of injury, operative procedures,

and their outcomes are catalogued in this article. The follow-

up period is relatively short and may underestimate the

success of some nerve repairs, particularly those involving

longer nerve grafts. It would be interesting to correlate the

outcomes with the length of the nerve grafts. In addition to

measures of motor, sensory, and electrophysiological recov-

ery, the authors included a measure of patient satisfaction.

An important additional component would be the degree of

pain both preoperatively and postoperatively, as this factor

may determine to a great extent the functional utility of the

nerve repair. Undoubtedly, some of this issue is included in

the patient satisfaction scores. Although the authors mention

that early repair results, in general, in better outcomes in

terms of pain relief, this conclusion is not demonstrated by

analysis of their data. For military-caliber gunshot wounds, it

is surprising that so many of these nerve injuries could be

managed with neuroma excision and end-to-end repair

without a graft. In general, the outcomes are predictable

from other clinical series that show better recoveries for

femoral, radial, tibial, and median nerves and poorer

recoveries for peroneal, ulnar, and brachial plexus injuries.

Unfortunately, the plexus injuries were all lumped together;

further analysis of the data would be useful in terms of the

precise plexus components that were injured and repaired.

The newer nerve transfer techniques were not used in this

series, and there were no conduit repairs.
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