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Ipsilateral S2 nerve root transfer to 
pudendal nerve for restoration of 
external anal and urethral sphincter 
function: an anatomical study
Lei Zhu, Zhi-bin Zhou, Di Shen & Ai-min Chen

Patients suffer bilateral sacral plexus injuries experience severe problems with incontinence. We 
performed a cadaveric study to explore the anatomical feasibility of transferring ipsilateral S2 nerve 
root combined with a sural nerve graft to pudendal nerve for restoration of external anal and urethral 
sphincter function. The sacral nerve roots and pudendal nerve roots on the right side were exposed 
in 10 cadavers. The length from S2 nerve root origin to pudendal nerve at inferior border of piriformis 
was measured. The sural nerve was used as nerve graft. The diameters and nerve cross-sectional areas 
of S2 nerve root, pudendal nerve and sural nerve were measured and calculated, so as the number of 
myelinated axons of three nerves on each cadaver specimen. The length from S2 nerve root to pudendal 
nerve was 10.69 ± 1.67 cm. The cross-sectional areas of the three nerves were 8.57 ± 3.03 mm2 for S2, 
7.02 ± 2.04 mm2 for pudendal nerve and 6.33 ± 1.61 mm2 for sural nerve. The pudendal nerve contained 
approximately the same number of axons (5708 ± 1143) as the sural nerve (5607 ± 1305), which was 
a bit less than that of the S2 nerve root (6005 ± 1479). The S2 nerve root in combination with a sural 
nerve graft is surgically feasible to transfer to the pudendal nerve for return of external urethral and anal 
sphincter function, and may be suitable for clinical application in patients suffering from incontinence 
following sacral plexus injuries.

Sacral plexus injury caused by high-energy traumas can lead to severe disabilities including motor dysfunction in 
the lower extremities, as well as significantly impaired bowel, bladder, and sexual function1,2. The complexity of 
these injuries complicates functional reconstruction of sacral plexus injury by limiting surgical options, thus few 
treatment strategies are available for clinical application, resulting in poor and insufficient functional recovery. 
In recent years, some surgical methods such as direct anastomosis3 and nerve transfer4 have been developed, 
which achieved certain functional recoveries in lower extremities. In adition, patients with sacral fractures who 
suffer bilateral sacral plexus injuries also experience severe problems with incontinence5,6. Due to the denerva-
tion of external anal and urethral sphincter after sacral nerve injury, the incontinence problem eventually arises. 
However, relatively few studies concerning incontinence have been reported, despite worser functional outcomes.

Nerve transfer is a well-recognised surgical procedure for the restoration of nerve function when direct anas-
tomosis was unable to be conducted after injury7,8. Many patients with sacral fractures who suffer from incon-
tinence show intra-operative findings of stretched, contused, or lacerated sacral nerve roots, so that the distal 
nerve can hardly been indefied in the sacral canal. As a result, functional recovery was impossible to be achieved 
through decompression of fracture, direct anastomosis or nerve grafting of sacral nerve roots. In many cases, 
except for the most severe sacral nerve roots avulsion, the nerve roots at their origin were commonly intact, mak-
ing it possible to repair the function of distal nerve by combining proximal nerve root with sural nerve transplan-
tation. Therefore, with an attempt to restoring continence, we hypothesized that the S2 nerve in combination with 
a sural nerve graft could be transferred to pudendal nerve for restoration of external urethral and anal sphincter 
function. However, the anatomical feasibility of the novel procedure needs to be tested before its clinical applica-
tion. As a result, we reported the results of a cadaveric study performed to assess the feasibility.
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Materials and Methods
Ten fresh adult cadavers (5 male and 5 female) were used in this study. The cadavers were obtained from the 
Anatomy Department of Second Military Medical University. The cadavers were dissected prone on the operation 
table. The spinal cord and nerve roots were exposed through a posterior midline approach and a standard poste-
rior sacral laminectomy (Fig. 1). As for approach to expose pudendal nerve, a curved incision was made from the 
end of sacral incision to the interior 1/3 point of the junction of the greater trochanter of femur and the ischial 
tuberosity (Fig. 1). After dissection of skin and subcutaneous tissue, exposure of piriformis were made by blunt 
dissection of gluteus maximus along its muscle fibers. Then, the pudendal nerve, sciatic nerve, posterior femoral 
cutaneous nerve were identified at the inferior border of piriformis. The right sural nerve was also dissected for 
nerve graft through approach as previous reported9. In order to obtain maximal nerve roots and pudendal nerve 
exposure for measurement, the right gluteus maximus and all the tissues between approachs for nerve roots 
and pudendal nerve exposure were removed on cadavers (Fig. 2). After the nerve dissection was completed, the 
distance from the right S2 nerve root origin to the pudendal nerve at inferior border of piriformis was measured 
by a flexible measuring tape. Then, a sural nerve of which the length is five centimeters longer than the measured 
distance was dissected and used for tension-free neurorrhaphy. The transverse diameter (TD) and longitudinal 
diameter (LD) of the pudendal nerve, S2 nerve root and pudendal nerve were measured with a caliper, and the 

Figure 1. Diagram illuminating approachs for exposure of S2 nerve root and pudendal nerve.

Figure 2. Cadaveric picture showing the transfer of right S2 nerve root to the right pudendal nerve. S2, S2 
nerve root; PN, pudendal nerve; SN, sciatic nerve; SNG, sural nerve graft; PFCN, posterior femoral cutaneous 
nerve.
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cross-sectional areas (CA) of nerves were calculated according to the formula: CA = TD × LD × π(3.14159)/4. 
We also obtained 1-cm segments of the pudendal nerve, S2 nerve root and pudendal nerve for pathological 
section and toluidine blue staining. The sections of the nerves were fixed in formaldehyde overnight, serially 
dehydrated in alcohol and embedded in Epon. Cross sections (thickness, 0.5μm) were cut and stained with 1% 
toluidine blue, examined under a 400× microscope (Leica, Wetzlar, Germany). The number of myelinated axons 
of each nerve was then calculated byma Leica FW4000 image analysis system (Leica, Wetzlar, Germany). All 
quantitative data are presented as the mean ± SD.

The research was in compliance with the Helsinki Declaration. All experimental protocols were approved by 
the Ethics Committee of the Second Military Medical University (Shanghai, China), and informed consent for the 
use of the cadavers in the study has been obtained before experiment.

Results
The results of anatomical measurements are presented in Table 1.The average length from S2 nerve root to puden-
dal nerve was 10.69 ± 1.67 cm, and a sural nerve graft which was five centimeters longer than this distance was 
adequate for tension-free neurorrhaphy between S2 nerve root and pudendal nerve, as indicated in Fig. 2. The 
transverse diameter and and longitudinal diameter of S2 nerve root were 2.98 ± 0.57 mm and 3.55 ± 0.71 mm, 
while the diameters of sural nerve and pudendal nerve were almost the same (2.77 ± 0.44 mm vs. 2.62 ± 0.39 mm 
in TD and 3.16 ± 0.46 mm vs. 3.03 ± 0.38 mm in LD), as showed in Table 1. After calculating, the results showed 
that cross-sectional areas of the three nerves were similar (8.57 ± 3.03 mm2 for S2, 7.02 ± 2.04 mm2 for pudendal 
nerve and 6.33 ± 1.61 mm2 for sural nerve). Thus, nerve anastomosis of the S2 root and the pudendal nerve to the 
sural nerve without tension was possible. Furthermore, the pudendal nerve contained approximately the same 
number of axons (5708 + 1143) as the sural nerve (5607 + 1305), which was a bit less than that of the S2 nerve 
root (6005 + 1479), demonstating that both the S2 root and sural nerve have a sufficient number of motor axons 
to connect with pudendal nerve and power its innervated muscles (Fig. 3).

Discussion
Pelvic and sacral fractures caused by high-energy trauma are rare but serious injuries, with which neurologic dis-
order is frequently associated. Sacral fractures involving the sacral plexus, especially bilateral sacral plexus, have 
a high prevalence of neurological injury, leading to severe disabilities including impaired motor function, loss of 
sensation in the lower extremities, as well as bowel, bladder, and sexual dysfunction10. Although the incidence 
of neurological injury is high, the functional recovery remains uncertain11. As a result of the poor functional 
outcomes after surgery in cases of transection, compression, and avulsion of sacral nerve roots12–16, conservative 
treatment has been advocated.

In recent years, functional recovery in lower-extremities after surgery in cases of lumbosacral plexus injuries 
has been reported. Many surgeons2,5,15 reported patients with compressed but intact nerve roots caused by sacral 
fracture that treated with decompression surgery to achieve neurological recovery. Denis12 et al. reported neuro-
logical improvement in five patients following decompression and encouraged early decompression. Schmidek17 

TD(mm) LD(mm) CA(mm2) N L(cm)

S2 2.98 ± 0.57 3.55 ± 0.71 8.57 ± 3.03 6005 ± 1479

PN 2.77 ± 0.44 3.16 ± 0.46 7.02 ± 2.04 5708 ± 1143

SN 2.62 ± 0.39 3.03 ± 0.38 6.33 ± 1.61 5607 ± 1305 10.69 ± 1.67

Table 1. Measurements (Mean ± SD) of the nerves on cadavers. Note: Values are presented at the Mean ± SD. 
S2, S2 nerve root; PN, pudendal nerve; SN, sural nerve; TD, transverse diameter; LD, longitudinal diameter; 
CA, cross-sectional area; N, number of myelinated axons; L, distance from the right S2 nerve root origin to the 
pudendal nerve at inferior border of piriformis.

Figure 3. Representative neuromorphometric images of nerve cross sections. A, S2 nerve. B, pudendal nerve. 
C, sural nerve. Scale bar = 1 mm.
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et al. found bowel and bladder dysfunction improvement in patients with transverse sacral fractures after surgical 
decompression. Zelle2 et al. proved that most of sacral fractures associated with neurological injuries benefit from 
surgical decompression in a retrospective study.

In addition to the compressed but intact nerve roots following sacral fractures, many intra-operative findings 
have also shown stretched, contused, or lacerated nerve roots, in which of the situations the distal nerve can 
hardly been indefied in the sacral canal. As a result, functional recovery was impossible to be achieved through 
decompression of fracture, direct anastomosis or nerve grafting of sacral nerve root1,4,5. Nerve transfer is a vali-
dated surgical procedure for the restoration of nerve function after severe nerve injuries and the keypoint of the 
surgery is to find effective and convenient donor nerves. Brunelli18 et al. transferred the ulnar nerve to repair the 
femoral, superior gluteal, and obturator nerves. Thomas19 et al. described successful restoration of quadriceps 
function by obturator nerve transfer in two patients. Garcia-Lopez20 et al. transferred the brachioradialis motor 
branch to the anterior interosseous nerve in an anatomic and histomorphometric study. Previous cadaveric stud-
ies also examined the use of nerve transfer to restore bowel and bladder functions in dogs and cadavers21–26. In 
addition, studies showed that spinal roots could also be used as donor nerves for functional reconstruction of 
neural injuries. For example, C7 and S1 nerve root transfer from the contralateral side have been used successfully 
for the treatment of brachial and sacral plexus avulsion, which were considered impossible to repair before4,8. 
Although various nerve transfer procedures have been designed to improve upper and lower extremities, bowel 
and bladder functions following nerve injuries, the use of sacral nerve root as donor nerve to repair external ure-
thral and anal sphincter function has not been reported.

Patients with transverse sacral fracture frequently suffer from bowel and bladder incontinence which dam-
ages their life qualities. It will be a great improvement with the restoration of bowel and bladder control. While 
Ruggieri26 et al. reported a canine study of femoral nerve to pudendal nerve transfer to restore urethral and anal 
sphincter function, most pevious studies focused on restoration of bladder emptying but few on restoration of 
sphincter control21–25. In the present study, we tried to restore continence by reconstructing anal and urethral 
sphincter function via nerve root transfer. Since the anal and urethral sphincter are innervated by the pudendal 
nerves, and the S2 root is one of the origin of the pudendal nerve, the anatomical feasibility of transferring the 
S2 nerve root to the ipsilateral pudendal nerve for the restoration of anal and urethral sphincter function was 
examined. Although S2 nerve root was commonly intact at its origin following sacral fractures, direct anasto-
mosis of the S2 nerve root and pudendal nerve was impossible to be achieved because of large nerve gap from 
S2 to pudendal nerve in the pelvis. As a result, the use of an nerve graft is essential. In our study, sural nerve was 
chosen as nerve graft, which has been widely used in the repair of sciatic nerve, femoral nerve, common pero-
neal nerve and even axillary nerve27–30 with mild residual symptoms of doner nerve31. We found that the sural 
nerve root contained approximately the same number of axons as the pudendal nerve, although less than that 
of the S2 nerve root. The number of axons in the S2 nerve root could suffice for pudendal nerve regeneration. 
We measured the distance between S2 nerve root origin to pudendal nerve at inferior border of piriformis as a 
reference for the length of sural nerve graft. Our data showed that a sural nerve graft which was five centimeters 
longer than this distance was adequate for tension-free neurorrhaphy between S2 nerve root and pudendal nerve. 
According to previous study, the average length of sural nerve for adult is about 18.3 cm9, indicating sural nerve is 
an ideal option for autografting and sufficient in length to provide a tensionless repair. What’s more, the diameters 
and cross-sectional areas of S2 nerve root, sural nerve and pudendal nerve were similar, which also illuminated 
that nerve anastomosis of the S2 root and the pudendal nerve to the sural nerve without tension was possible. 
Therefore, we believe that the S2 nerve root in combination with a sural nerve graft is feasible for surgical transfer 
to repair pudendal nerve following sacral plexus injury.

The major limitation of this study is similar to those of previous studies. This is a cadaveric study and further 
experiments on animals are still needed before clinical application. However, our study presents the anatomi-
cal feasibility of S2 nerve root transfer to pudendal nerve. The exposure and anastomosis of nerves were rela-
tively easy, which has great potential in clinical applications of patients with loss of pudendal nerve function. 
Additionally, although we presented a feasible surgery to restore continence in our study, the bladder empty-
ing function would need to be accomplished by other means such as abdominal pressure or clean intermittent 
catheterization.

Conclusion
The results of this anatomical study revealed that a S2 nerve root in combination with a sural nerve graft could be 
transferred to pudendal nerve for the repair of external urethral and anal sphincter function in patients suffering 
from incontinence following sacral plexus injuries.

References
 1. Sabiston, C. P. & Wing, P. C. Sacral fractures: classification and neurologic implications. J Trauma. 26(12), 1113–5 (1986).
 2. Zelle, B. A., Gruen, G. S., Hunt, T. & Speth, S. R. Sacral fractures with neurological injury: is early decompression beneficial. Int 

Orthop. 28(4), 244–51 (2004).
 3. Lu, X., Hou, C., Yuan, W., Zhang, Z. & Chen, A. Complete traumatic anterior dislocation of the lumbosacral joint: a case report. 

Spine (Phila Pa 1976). 34(14), E488–92 (2009).
 4. Zhu, L., Zhang, F., Yang, D. & Chen, A. The effect of severing a normal S1 nerve root to use for reconstruction of an avulsed 

contralateral lumbosacral plexus: a pilot study. Bone Joint J. 97-B(3), 358–65 (2015).
 5. Fountain, S. S., Hamilton, R. D. & Jameson, R. M. Transverse fractures of the sacrum. A report of six cases. J Bone Joint Surg Am. 

59(4), 486–9 (1977).
 6. Robles, L. A. Transverse sacral fractures. Spine J. 9(1), 60–9 (2009).
 7. Hu, S. & Gu, Y. Contralateral c7 transfer for treatment of brachial plexus root avulsion. Handchir Mikrochir Plast Chir. 46(2), 80–4 

(2014).
 8. Zhang, C. G. & Gu, Y. D. Contralateral C7 nerve transfer - Our experiences over past 25 years. J Brachial Plex Peripher Nerve Inj. 

6(1), 10 (2011).

https://doi.org/10.1038/s41598-019-50484-7


5Scientific RepoRtS |         (2019) 9:13993  | https://doi.org/10.1038/s41598-019-50484-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 9. Riedl, O. & Frey, M. Anatomy of the sural nerve: cadaver study and literature review. Plast Reconstr Surg. 131(4), 802–10 (2013).
 10. DHR, K. et al. Neurological Outcome After Traumatic Transverse Sacral Fractures: A Systematic Review of 521 Patients Reported in 

the Literature. JBJS Rev. 6(6), e1 (2018).
 11. Bederman, S. S. et al. Fixation techniques for complex traumatic transverse sacral fractures: a systematic review. Spine (Phila Pa 

1976). 38(16), E1028–40 (2013).
 12. Denis, F., Davis, S. & Comfort, T. Sacral fractures: an important problem. Retrospective analysis of 236 cases. Clin Orthop Relat Res. 

227, 67–81 (1988).
 13. Huittinen, V. M. & Slätis, P. Nerve injury in double vertical pelvic fractures. Acta Chir Scand. 138(6), 571–5 (1972).
 14. Stoehr, M. Traumatic and postoperative lesions of the lumbosacral plexus. Arch Neurol. 35(11), 757–60 (1978).
 15. Strange-Vognsen, H. H. & Lebech, A. An unusual type of fracture in the upper sacrum. J Orthop Trauma. 5(2), 200–3 (1991).
 16. Verstraete, K. L. et al. Traumatic lumbosacral nerve root meningoceles. The value of myelography, CT and MRI in the assessment of 

nerve root continuity. Neuroradiology. 31(5), 425–9 (1989).
 17. Schmidek, H. H., Smith, D. A. & Kristiansen, T. K. Sacral fractures. Neurosurgery. 15(5), 735–46 (1984).
 18. Brunelli, G. A. & Brunelli, G. R. Restoration of walking in paraplegia by transferring the ulnar nerve to the hip: A report on the first 

patient. Microsurgery. 19(5), 223–6 (1999).
 19. Tung, T. H., Chao, A. & Moore, A. M. Obturator nerve transfer for femoral nerve reconstruction: anatomic study and clinical 

application. Plast Reconstr Surg. 130(5), 1066–74 (2012).
 20. García-López, A., Fernández, E. & Martínez, F. Transfer of brachioradialis motor branch to the anterior interosseous nerve in C8-T1 

brachial plexus palsy. An anatomic study. Microsurgery. 33(4), 297–300 (2013).
 21. Barbe, M. F. et al. Feasibility of a femoral nerve motor branch for transfer to the pudendal nerve for restoring continence: a cadaveric 

study. J Neurosurg Spine. 15(5), 526–31 (2011).
 22. Houdek, M. T., Wagner, E. R., Wyles, C. C. & Moran, S. L. Anatomical feasibility of the anterior obturator nerve transfer to restore 

bowel and bladder function. Microsurgery. 34(6), 459–63 (2014).
 23. Gomez-Amaya, S. M. et al. Bladder reinnervation using a primarily motor donor nerve (femoral nerve branches) is functionally 

superior to using a primarily sensory donor nerve (genitofemoral nerve). J Urol 193, 1042–1051 (2015).
 24. Brown, J. M., Barbe, M. F., Albo, M. E., Lai, H. H. & Ruggieri, M. R. Anatomical feasibility of performing intercostal and ilioinguinal 

nerve to pelvic nerve transfer: a possible technique to restore lower urinary tract innervation. J Neurosurg Spine 17, 357–362 (2012).
 25. Brown, J. M., Barbe, M. F., Albo, M. E. & Ruggieri, M. R. Anatomical feasibility of performing a nerve transfer from the femoral 

branch to bilateral pelvic nerves in a cadaver: a potential method to restore bladder function following proximal spinal cord injury. 
J Neurosurg Spine 18, 598–605 (2013).

 26. Ruggieri, M. R. et al. Reinnervation of urethral and anal sphincters with femoral motor nerve to pudendal nerve transfer. Neurourol 
Urodyn 30, 1695–1704 (2011).

 27. Baltzer, H. L., Spinner, R. J., Bishop, A. T. & Shin, A. Y. Axillary Nerve Reconstruction: Anterior-Posterior Exposure With Sural 
Nerve Cable Graft Pull-Through Technique. Tech Hand Up Extrem Surg. 19(4), 168–75 (2015).

 28. Reichl, H., Ensat, F., Dellon, A. L. & Wechselberger, G. Successful delayed reconstruction of common peroneal neuroma-in-
continuity using sural nerve graft. Microsurgery. 33(2), 160–3 (2013).

 29. Miura, Y. et al. Successful Reconstruction of a Traumatic Complete Femoral Nerve Rupture with a Sural Nerve Cable Graft: A Case 
Report. JBJS Case Connect. 8(2), e24 (2018).

 30. Wang, Z. et al. The neural regeneration effect of chitin biological absorbable tubes bridging sciatic nerve defects with sural nerve 
grafts. Am J Transl Res. 10(8), 2362–2371 (2018).

 31. Hallgren, A., Björkman, A., Chemnitz, A. & Dahlin, L. B. Subjective outcome related to donor site morbidity after sural nerve graft 
harvesting: a survey in 41 patients. BMC Surg. 13, 39 (2013).

Acknowledgements
This research was supported by the National Natural Science Foundation of China (Grant Numbers 81571204). 
The funders had no role in the study design, data collection, data analysis, decision to publish, or manuscript 
preparation.

Author Contributions
Z.-b.Z., D.S., and L.Z. contributed equally to this work. A.-m.C. designed the experiments. Z.-b.Z., D.S., L.Z., and 
A.-m.C. conducted the experiments. Z.-b.Z. and L.Z. wrote the paper.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50484-7
http://creativecommons.org/licenses/by/4.0/

	Ipsilateral S2 nerve root transfer to pudendal nerve for restoration of external anal and urethral sphincter function: an a ...
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Figure 1 Diagram illuminating approachs for exposure of S2 nerve root and pudendal nerve.
	Figure 2 Cadaveric picture showing the transfer of right S2 nerve root to the right pudendal nerve.
	Figure 3 Representative neuromorphometric images of nerve cross sections.
	Table 1 Measurements (Mean ± SD) of the nerves on cadavers.




