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ABSTRACT
Introduction: Sciatic nerve injury may cause paresthesias and hypoesthesias, severe neuropathic pain, and paralysis. Neurolysis 
can improve function, pain, and quality of life for these patients. The objective of this paper is to evaluate the clinical-functional 
outcomes of a series of patients with neuropathic pain due to sciatic nerve injury that was refractory to conservative treatment in 
whom neurolysis was performed. Materials and Methods: A retrospective case series of patients operated on for neurolysis of 
the greater sciatic nerve between March 2009 and June 2018 was analyzed. Preoperative and postoperative pain were evaluated 
using the visual analog scale (VAS) and the Likert scale. The type of postoperative pain was evaluated using the DN4 question-
naire, and the health-related quality of life was measured with the SF-36 questionnaire. Results: Eight patients were included. All 
patients evolved with a notable improvement in pain, with an average of 3 and 1.88 points on the VAS and Likert scales, respec-
tively. The mean follow-up was 32 months (range 14–66). The DN4 questionnaire showed an average of 3.75 points (range 2–7). 
According to the SF-36, “Physical Health” was the variable with the worst results, with an average of 30.15. Conclusions: Sciatic 
nerve neurolysis in patients with neuropathic pain due to sciatic nerve injury and poor response to conservative treatment may 
improve pain and quality of life.
Keywords: sciatic neurolysis; neuropathic pain; SF-36 questionnaire; sciatic nerve injury.
Level of Evidence: IV

Resultados de la neurólisis como tratamiento del dolor neuropático en pacientes con lesión del nervio 
ciático. Reporte de casos

RESuMEn 
Introducción: La lesión del nervio ciático puede ocasionar desde parestesias e hipoestesias, hasta dolor neuropático severo 
y parálisis. La neurólisis suele mejorar la función, el dolor y la calidad de vida de los pacientes. El objetivo de este estudio fue 
evaluar los resultados clínico-funcionales de una serie de pacientes con dolor neuropático por lesión del nervio ciático que no 
respondieron al tratamiento conservador y fueron sometidos a neurólisis. Materiales y Métodos: Se analizó retrospectivamente 
una serie de pacientes sometidos a neurólisis del nervio ciático mayor entre marzo de 2009 y junio de 2018. El dolor pre- y po-
soperatorio se evaluó mediante la escala analógica visual y la escala de Likert. El tipo de dolor posoperatorio se evaluó con el 
cuestionario DN4 y la calidad de vida relacionada con la salud, con el cuestionario SF-36. Resultados: Se incluyó a 8 pacientes. 
A los 32 meses de seguimiento promedio (rango 14-66), el dolor había mejorado notablemente (promedio de 3 y 1,88 puntos en 
las escalas analógica visual y de Likert, respectivamente). El cuestionario DN4 arrojó un promedio de 3,75 puntos (rango 2-7). 
Según el SF-36, la “salud física” fue la variable con peores resultados (promedio 30,15). Conclusiones: La neurólisis, cuando se 
indica a pacientes con  mala respuesta al tratamiento conservador, es un método que alivia el dolor y mejora la calidad de vida 
de los pacientes con dolor neuropático secundario a una lesión del nervio ciático.
Palabras clave: Neurólisis del ciático; dolor neuropático; cuestionario SF-36; lesión del nervio ciático.
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INTRODUCTION
Sciatic nerve injury is a rare but potentially devastating complication.1 The most common etiologies are: trau-

matic, compressive, ischemic, neoplastic and idiopathic.2 Total hip arthroplasty (THA) represents the main cause 
of sciatic nerve neuropathy.3 Its incidence varies from 0.08% to 3.7% in primary replacements and up to 7.6% in 
revision surgeries.3-5 

Neuropathy secondary to THA can result from compression of the nerve by bruising or osteosynthesis mate-
rial, excessive traction from inappropriately placed retractors, tension generated due to excessive lengthening of 
the lower limb, and thermal injury from extrusion of surgical cement.6 The consequences of such an injury can 
range from paresthesia and hypoesthesia in the nerve distribution zone, to severe neuropathic pain and paralysis.7 
Initial management of sciatic nerve neuropathy usually consists of conservative treatment with physiotherapy and 
orthosis to avoid equinus deformity, hoping that function will be restored over time.8,9 The first-line drugs to treat 
neuropathic pain are tricyclic antidepressants (particularly amitriptyline), dual antidepressants (duloxetine) and 
antiepileptics, such as gabapentin and pregabalin, the latter being the only drug that is indicated to treat central 
neuropathic pain.8,9 In all cases, psychological counseling is suggested, since neuropathic pain is often associated 
with sleep disorders, anxiety, and depression.8,9 

If conservative treatment fails and the pain persists, neurolysis of the sciatic nerve can be performed to free it 
from adhesions and retractable scar areas along its path.1 Timely neurolysis can improve function, pain, and quality 
of life for patients.1

The objective of this study was to evaluate the clinical-functional outcomes of a series of patients with neuro-
pathic pain due to sciatic nerve injury, who had not responded to conservative treatment and underwent sciatic 
nerve neurolysis.

MATERIALS AND METHODS
A consecutive case series of eight patients who had failed conservative treatment and underwent neurolysis of 

the greater sciatic nerve between March 2009 and June 2018 was retrospectively analyzed. Conservative treatment 
had consisted mainly of physiotherapy, with muscle strengthening and transcutaneous electrical nerve stimulation 
for pain relief for 8-12 weeks along with first-line medication, such as pregabalin, in doses ranging from 150 to 
300 mg/day. 

All were operated on by the same surgeon. The data was extracted from the electronic medical record of our 
hospital. The study protocol was approved by the Ethics Committee for Research Protocols of our Institution (IRB 
00010193).

Patients >18 years of age were included, with neuropathic pain due to sciatic nerve injury without response to 
medical-pharmacological treatment and with a minimum follow-up of 12 months.

At the most recent consultation, pre- and postoperative pain was assessed using a 10-point visual analogue scale 
(VAS), with 0 representing no pain and 10 representing the worst possible pain perceived by the patient. In turn, 
postoperative pain was evaluated using the 5-point Likert scale, where 1 represents “no pain”; 2, “little pain”; 3, 
“moderate pain”; 4, “severe pain” and 5, “extreme pain”. The amount of time that had passed until the change in 
pain type or absence of pain was assessed.

The DN4 questionnaire (Douleur Neuropathique 4)10,11 was also used to assess the type of postoperative pain, 
and a value ≥4 was considered positive for neuropathic pain. Although it is not part of the questionnaire, it was 
asked if the pain was identified or became more severe during the night. Physical activity and the subjective 
question “Is your current pain similar to what you were experiencing before the operation?” were used to assess 
postoperative pain.

The subjective degree of postoperative satisfaction was evaluated using the Likert scale (1 “very dissatisfied”, 2 
“dissatisfied”, 3 “indifferent”, 4 “satisfied” and 5 “very satisfied”) and the 10-point VAS. 

Health-related quality of life was analyzed using the SF-36 subjective sensation of well-being questionnaire 
(Short Form-36 Health Survey). In this study, the Spanish version of the Ware and Sherbourne SF-36 was used, ad-
equately translated and validated under the name of Cuestionario de Salud SF-36 estándar.12,13 This survey evaluates 
eight dimensions of health status: physical functioning, limitation due to physical problems, bodily pain, social role, 
mental health, limitation due to emotional problems, vitality, energy or fatigue, and general perception of health.

Scores for each of these dimensions on the SF-36 range from 0 to 100. Values greater than 50 are considered 
positive health states, and a value of 100 indicates optimal health. Although the questionnaire is not designed for a 
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global index, cumulative scores can be obtained that describe health-related quality of life. These scores are ana-
lyzed by combining the following dimensions: cumulative measure of physical health (physical function, physical 
role, bodily pain, general health) and cumulative measure of mental health (emotional role, social function, mental 
health and vitality). Table 1 summarizes the eight dimensions of the questionnaire. 

Table 1. Content of the dimensions of the SF-36 questionnaire

Meaning of scores from 0 to 100

Assessment No. of 
Items

Worst Score (0) Best Score (100)

Physical function 10 Very limited to carry out all physical 
activities, including bathing or 
showering, due to health

Carries out all kinds of physical activities 
including the most vigorous without any 
limitation due to health

Limitations due to 
physical problems

4 Problems with work or other daily 
activities due to physical health

No problem with work or other daily 
activities due to physical health

Limitations due to 
emotional problems

3 Problems with work and other daily 
activities due to emotional problems

No problem with work and other daily 
activities

Body ache 2 Very intense and extremely limiting 
pain

No pain or limitations due to it

General health 5 Evaluates own health as poor and 
believes that it may worsen

Evaluates own health as excellent

Vitality 4 Feels tired and exhausted all the time Feels very dynamic and full of energy all 
the time

Social function 2 Extreme and very frequent 
interference with normal social 
activities, due to physical or emotional 
problems

Carries out normal social activities 
without any interference due to physical 
or emotional problems

Mental health 5 Feels anxious and depressed all the 
time

Feels happy, calm and peaceful all of the 
time

Taken from Vilagut G, et al. El Cuestionario de Salud SF-36 español: una década de experiencia y nuevos desarrollos (8,9,19)

Surgical technique
The patient was placed in the lateral or prone position, and general and spinal anesthesia was administered. In 

patients who had already undergone THA, the posterolateral approach was used for prosthesis replacement, ex-
tending proximally and distally. If the patient had not undergone a THA, a posterior approach was made following 
the gluteal fold from lateral to medial to the midpoint of the thigh where the approach was continued distally. At the 
proximal level, the intermuscular plane between the iliotibial band and the gluteus maximus was used to access the 
external rotators. The incision was continued distally over the posterior region of the thigh. The sciatic nerve was 
identified proximal, immediately distal to the quadratus femoris muscle insertion, and running between the gluteus 
maximus and the biceps femoris. The nerve was freed from surrounding scars and adhesions using microscopic 
binocular magnifying glasses at 3.5 magnification. When neuromas were visualized, a longitudinal epineurotomy 
was performed in order to perform fascicular decompression. Careful hemostasis was performed and the wound 
was closed in layers. 
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RESULTS
Eight patients were included in the study (2 men and 6 women; mean age at injury: 49 years [range 19-73]). 

Three died from causes unrelated to treatment and one was lost to follow up. The demographic variables evaluated 
are summarized in Table 2. 

Table 2. Demographic data.

Pa-
tient

Sex Age at 
injury 
(years)

Age at time of 
surgery (years)

Time from 
injury to 
surgery 

(months)

Comorbidities Cause of 
neurological 

injury

1 M 50 51 14 Smoking Total hip 
replacement

2 M 19 19 1 - Gunshot wound

3 F 53 59 78 Obesity Total hip 
replacement

4 F 54 55 17 Smoking Revision of total 
hip replacement

5 F 33 39 66 Smoking, diabetes Acetabular fracture

6 F 54 58 46 Liver-kidney 
transplantation, chronic 

renal failure

Hip fracture

7 F 73 74 13 Obesity Total hip 
replacement

8 F 64 64 8 - Total hip 
replacement

M = male; F = female

50% of the patients suffered a sciatic injury due to elongation in a THA. One had a partial laceration secondary 
to a displaced acetabular fracture and another a compression injury secondary to a hematoma from a hip fracture. 
Three of the four patients included in the final evaluation were smokers. After an average of 32 months (range 14-
66), pain had improved by more than 5 points in all patients: mean VAS score of 9.63 before surgery and 3 postop-
eratively. The score on the Likert scale for postoperative pain at the last follow-up was, on average, 1.88 (0-7/10). 
In the immediate postoperative period, pain had improved in 50% of patients (Table 3).

The DN4 questionnaire, the degree of postoperative satisfaction, and health-related quality of life were deter-
mined only in those patients included in the final evaluation. The DN4 questionnaire revealed neuropathic pain 
in only one patient (total mean 3.75 points; range 2-7). The four patients under follow-up reported preoperative 
nocturnal pain and continued to have pain during physical activity in the postoperative period. Only one patient 
remained with postoperative nocturnal pain. However, when compared to the preoperative period, all reported pain 
of lesser intensity and with different characteristics (Table 3). 

The degree of postoperative satisfaction was, on average, 4.75 points according to the Likert scale and 9 points 
on the VAS (Table 3).
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The results of the SF-36 are summarized in Table 4. 75% of the patients had severe limitations in work activities 
and daily life activities due to physical problems; the results in these dimensions were 0%. With an average per-
centage of 31.25% (range 25-40%), all demonstrated physical function below the positive state of health. One pa-
tient had severe limitations due to emotional problems, two achieved a positive state of health and another reached 
an optimal level. In the “vitality” dimension, one patient reported being exhausted and tired most of the time. 
Regarding the “mental health” field, none qualified it as bad and all maintained that it could possibly improve. 
The item “body pain” failed to reach a positive state of health in any of the three patients; however, all considered 
themselves to have acceptable “general health” (Table 4).

Table 3. Pre- and postoperative pain outcomes

Patient VAS 
Pre-op 
pain

VAS 
Post-

op 
pain

Likert 
scale 

- Post-
op pain

Time until 
pain change

DN4 
Question-

naire 

Night 
pain

Pre-op 

Night
Pain

Post-op.

VAS 
Post-op 
satis-

faction 

Likert scale 
Post-op satis-

faction

Activity 
post-op 

pain

1 10/10 3/10 2 Immediate 
post-op period

3/10 Yes No 10/10 5 Yes

2 10/10 6/10 3 Immediate 
post-op period

- - - - - -

3 10/10 0/10 1 9 months - Yes - - - -

4 10/10 2/10 1 Immediate 
post-op period

2/10 Yes No 10/10 5 Yes

5 9/10 7/10 3 3 months 7/10 Yes Yes 6/10 4 Yes

6 9/10 0/10 1 1 month - - - - - -

7 10/10 6/10 3 3 months - - - - - -

8 9/10 0/10 1 Immediate 
post-op period

3/10 Yes No 10/10 5 Yes

VAS = visual analog scale; pre-op. = preoperative; post-op. = postoperative; DN4 = Douleur Neuropathique 4 Questionnaire

Table 4. Results of the SF-36 questionnaire

Assessment SF-36 questionnaire (%)

Patient 1 Patient 4 Patient 5 Patient 8

Cumulative measure of physical health

Physical function 35 25 40 25

Limitations due to physical problems 0 25 0 0

Body ache 12.5 45 35 35

General health 40 65 60 40

Cumulative measure of mental health 

Limitations due to emotional problems 0 100 66.7 55

Vitality 20 60 50 50

Mental health 60 76 60 60

Social function 25 25 75 25
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In terms of cumulative measures, “physical health” had the lowest average of 30.15 points, compared to the 
cumulative measure of mental health (50.48); a positive global health status was obtained (Table 4).

DISCUSSION
Sciatic nerve palsy has an uncertain prognosis.14 The nature of the original nerve injury, as well as the dura-

tion of the aggression, are critical factors in determining prognosis.14 This prognosis is also influenced by the 
patient’s age, the duration of denervation, the anatomical level of the injury, and the associated injuries.15 Fa-
vorable results have been described in patients <64 years of age.3 Younger people have better nerve recovery 
because they have more neuronal growth and plasticity.15 In our study, the youngest patient had the worst re-
covery and the oldest had the best recovery. However, this could be due to the nature of the injury and the time 
evolution from the original injury to the procedure. The patient who had the greatest postoperative pain had 
sustained sciatic nerve injury from a displaced acetabular fracture secondary to high-energy multiple trauma. 
Azcuénaga et al. published a series of patients with acetabular fracture in the context of high-energy trauma.16 
Two of these patients had sciatic nerve neuropraxia that completely reversed in an average of three months, but 
clinical outcomes were unfavorable.16     

Although sciatic nerve injuries are often treated conservatively in the first instance, it is important to consider 
whether early intervention may benefit the patient.16  Following a maximum of four months of follow-up, surgi-
cal treatment should be considered.7 However, most authors agree that positive outcomes can be obtained up 
to 12 months after injury.3 The time from injury to neurolysis in our series varied greatly, with patients treated 
within 14 months of injury showing marked improvement compared to those treated later.

Neuropathic pain is caused by a somatosensory system injury, such as structural damage to the nociceptive 
pathways, peripheral receptors, or conduction pathways. This determines that a stimulus is not necessary for the 
pain to manifest.17 Complex regional syndrome, especially type II with an identifiable nerve injury (causalgia), 
is one of the differential diagnoses to consider with neuropathic pain.18 Its diagnosis is primarily clinical and is 
based on the Budapest Diagnostic Criteria, which the patients in this study did not meet.18

Pritchett et al. concluded that both sympathectomy and neurolysis could be beneficial in reducing dyses-
thetic pain by producing marked improvement in properly selected patients in whom conservative treatment has 
failed.19 

Regardless of the time of evolution, 88% of the patients evaluated had a notable change in both the intensity 
and the characteristics of the pain after surgery. Only one continued to have moderate postoperative pain, with a 
VAS score of 7/10. This is consistent with the results obtained in the DN4 questionnaire, in which 75% obtained 
values below 4, absence of postoperative nocturnal pain and exacerbation during physical activity, which was 
interpreted as absence of neuropathic pain. 

As previously reported in other series,2,19 the degree of postoperative satisfaction assessed using the Likert 
scale and the VAS reached a high level, indicating that the patients were satisfied with the surgical treatment 
regardless of the results obtained. 

In terms of functional outcomes, the SF-36 revealed a significant decrease in the four patients’ cumulative 
measure of “physical health.” This implies a limitation in carrying out work and other daily activities, either 
due to pain or physical disability, in which the patient perceives a lower performance, greater difficulty, or 
even impossibility. Although one patient reported severe interference of emotional problems in the usual socio-
professional life, acceptable scores in the areas of general health, vitality, and mental health can be observed 
in the other three patients; this implies that, after the surgery, they did not see their perspective of health or 
their feeling of energy diminished, reaching a cumulative measure of positive “mental health”. It is important 
to note that the SF-36 measures the general health perceived by the patient and is not disease specific; thus, 
the comorbidities or associated conditions of patients undergoing sciatic neurolysis can be seen reflected in the 
questionnaire results.
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The limitations of this study are those inherent to its retrospective nature. Likewise, and despite being a low-
prevalence complication, we have a low number of patients, so it is not possible to perform a statistical signifi-
cance analysis. On the other hand, we do not have a control group with conservative treatment. 

However, we believe that patients treated with sciatic nerve neurolysis will perceive a relief of neuropathic pain 
even in late stages of the condition.

 
CONCLUSION

Neurolysis for those who do not respond to conservative treatment is a method that improves pain and quality 
of life in patients with neuropathic pain secondary to sciatic nerve injury.

G. Magno ORCID ID: https://orcid.org/0000-0001-9573-1970
P. Saralegui ORCID ID: https://orcid.org/0000-0002-7790-6092
G. L. Gallucci ORCID ID: https://orcid.org/0000-0002-0612-320X
P. De Carli ORCID ID: https://orcid.org/0000-0002-9474-8129

A. G. Donndorff ORCID ID: https://orcid.org/0000-0002-6384-4820
I. Rellán ORCID ID: https://orcid.org/0000-0003-4045-339X
J. G. Boretto ORCID ID: https://orcid.org/0000-0001-7701-3852

REFERENCES

  1.  Regev GJ, Drexler M, Sever R, Dwyer T, Khashan M, Lidar Z, et al. Neurolysis for the treatment of sciatic nerve 
palsy associated with total hip arthroplasty. Bone Joint J 2015;97-B(10):1345-9.     
https://doi.org/10.1302/0301-620X.97B10.35590

  2.  Kyriacou S, Pastides PS, Singh VK, Jeyaseelan L, Sinisi M, Fox M. Exploration and neurolysis for the treatment of 
neuropathic pain in patients with a sciatic nerve palsy after total hip replacement. Bone Joint J 2013;95-B(1):20-2. 
https://doi.org/10.1302/0301-620X.95B1.29740

  3.  Yacoubian SV, Sah AP, Estok DM 2nd. Incidence of sciatic nerve palsy after revision hip arthroplasty through a 
posterior approach. J Arthroplasty 2010;25(1):31-4. https://doi.org/10.1016/j.arth.2008.11

  4.  Buttaro M, Pérez de Nucci E, Piccaluga F. Prevalencia de lesiones neurológicas en 2874 artroplastias totales de 
cadera. Rev Asoc Argent Ortop Traumatol 2006;71(3):205-10. Available at: http://aaot.org.ar/revista/2006/n3_vol71/
art3.pdf

  5.  Piccaluga F. Lesiones neurológicas asociadas al reemplazo total de cadera. Rev Asoc Arg Ortop Traumatol 
1993;58(3):344-51. Available at: https://www.aaot.org.ar/revista/1993_2002/1993/1993_3/580310.pdf

  6.  Farrell CM, Springer BD, Haidukewych GJ, Morrey BF. Motor nerve palsy following primary total hip arthroplasty. 
J Bone Joint Surg Am 2005;87(12):2619-25. https://doi.org/10.2106/JBJS.C.01564

  7.  Kim DH, Murovic JA, Tiel R, Kline DG. Management and outcomes in 353 surgically treated sciatic nerve lesions. 
J Neurosurg 2004;101(1):8-17. https://doi.org/10.3171/jns.2004.101.1.0008

  8.  Feinberg J, Sethi S. Sciatic neuropathy: case report and discussion of the literature on postoperative sciatic 
neuropathy and sciatic nerve tumors. HSS J 2006;2(2):181-7. https://doi.org/10.1007/s11420-006-9018-z

  9.  Chughtai M, Khlopas A, Gwam CU, Elmallah RK, Thomas M, Nace J, et al. Nerve decompression surgery after 
total hip arthroplasty: What are the outcomes? J Arthroplasty 2017;32(4):1335-9.     
https://doi.org/10.1016/j.arth.2016.10.032

10. Bouhassira D, Attal N, Alchaar H, Boureau F, Brochet B, Bruxelle J, et al. Comparison of pain syndromes 
associated with nervous or somatic lesions and development of a new neuropathic pain diagnostic questionnaire 
(DN4). Pain 2005;114(1-2):29-36. https://doi.org/10.1016/j.pain.2004.12.010

11. VanDenKerkhof EG, Stitt L, Clark AJ, Gordon A, Lynch M, Morley-Forster PK, et al. Sensitivity of the DN4 in 
screening for neuropathic pain syndromes. Clin J Pain 2018;34(1):30-6.     
https://doi.org/10.1097/AJP.0000000000000512

––––––––––––––––––
Conflict of interest: The authors declare no conflicts of interest.



neurolysis to Treat neuropathic Pain

Rev Asoc Argent Ortop Traumatol 2023; 88 (2): 156-163 • ISSN 1852-7434 (online) 163

12. Brazier JE, Harper R, Jones NM, O’Cathain A, Thomas KJ, Usherwood T, et al. Validating the SF-36 health survey 
questionnaire: new outcome measure for primary care. BMJ 1992;305(6846):160-4.    
https://doi.org/10.1136/bmj.305.6846.160

13. Augustovski FA, Lewin G, García-Elorrio E, Rubinstein A. The Argentine–Spanish SF-36 Health Survey was 
successfully validated for local outcome research. J Clin Epidemiol 2008;61(12):1279-84.e6.   
https://doi.org/10.1016/j.jclinepi.2008.05.004

14. Uskova AA, Plakseychuk A, Chelly JE. The role of surgery in postoperative nerve injuries following total hip 
replacement. J Clin Anesth 2010;22(4):285-93. https://doi.org/10.1016/j.jclinane.2009.10.006. Erratum in: J Clin 
Anesth. 2010;22(5):397. PMID: 20522361

15. May O, Girard J, Hurtevent JF, Migaud H. Delayed, transient sciatic nerve palsy after primary cementless hip 
arthroplasty: a report of two cases. J Bone Joint Surg Br 2008;90(5):674-6.     
https://doi.org/10.1302/0301-620X.90B5.19536

16. De Azcuénaga MA, De Azcuénaga MV. Tratamiento quirúrgico actual de las fracturas del acetábulo producidas por 
traumatismos de alta energía. Rev Asoc Arg Ortop Traumatol 2000;65(3):196-200. Available at:   
https://www.aaot.org.ar/revista/1993_2002/2000/2000_3/650304.pdf

17. Baron R, Binder A, Wasner G. Neuropathic pain: diagnosis, pathophysiological mechanisms, and treatment. Lancet 
Neurol 2010;9(8):807-19. https://doi.org/10.1016/S1474-4422(10)70143-5

18. Harden RN, Oaklander AL, Burton AW, Perez RS, Richardson K, Swan M, et al. Reflex sympathetic dystrophy 
syndrome association. Complex regional pain syndrome: practical diagnostic and treatment guidelines, 4th edition. 
Pain Med 2013;14(2):180-229. https://doi.org/10.1111/pme.12033 

19.  Pritchett JW. Outcome of surgery for nerve injury following total hip arthroplasty. Int Orthop 2018;42(2):289-95. 
https://doi.org/10.1007/s00264-017-3724-7


