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Abstract
AIM: To evaluate the pudendal nerve segments that could be identified on magnetic resonance neurography (MRN) before and after surgical marking of different nerve segments.

METHODS: The hypothesis for this study was that pudendal nerve and its branches would be more easily seen after the surgical nerve marking. Institutional board approval was obtained. One male and one female cadaver pelvis were obtained from the anatomy board and were scanned using 3 Tesla MRI scanner using MR neurography sequences. All possible pudendal nerve branches were identified. The cadavers were then sent to the autopsy lab and were surgically dissected by a peripheral nerve surgeon and an anatomist to identify the pudendal nerve branches. Radiological markers were placed along the course of the pudendal nerve and its branches. The cadavers were then closed and rescanned using the same MRN protocol as the pre-marking scan. The remaining pudendal nerve branches were attempted to be identified using the radiological markers. All scans were read by an experienced musculoskeletal radiologist.

RESULTS: The pre-marking MR Neurography scans clearly showed the pudendal nerve at its exit from the lumbosacral plexus in the sciatic notch, at the level of the ischial spine and in the Alcock’s Canal in both cadavers. Additionally, the right hemorrhoidal branch could be identified in the male pelvis cadaver. The perineal and distal genital branches could not be identified. On post-marking scans, the markers were used as identifiable structures. The location of the perineal branch, the hemorroidal branch and the dorsal nerve to penis (in male cadaver)/clitoris (in female cadaver) could be seen. However, the visualization of these branches was suboptimal. The contralateral corresponding nerves were poorly seen despite marking on the surgical side. The nerve was best seen on axial T1W and T2W SPAIR images. The proximal segment could be seen well on 3D DW PSIF sequence. T2W SPACE was not very useful in visualization of this small nerve or its branches.

CONCLUSION: Proximal pudendal nerve is easily seen on MR neurography, however it is not possible to identify distal branches of the pudendal nerve even after surgical marking. 
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Core tip: The radiologist should comment on lesions detected on magnetic resonance neurography along the course of the pudendal branch nerves or their approximate location, that could be helpful in image guided pain injections directed at the distal branches. However, they should not over-diagnose pudendal branch neuropathy or avoid mistaking the nearby vessels as distal pudendal branches.
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INTRODUCTION
Pudendal nerve is a mixed motor and sensory nerve arising from lumbosacral plexus that courses along the pelvic floor (Figure 1). It is constituted by contributions from ventral rami of S2, S3 and S4 nerve roots. The main trunk courses between the coccygeus and piriformis muscles and exits at the lower aspect of the greater sciatic foramen, giving the inferior hemorroidal branch (inferior rectal branch). It re-enters the pelvis via the lesser sciatic foramen, travelling along with internal pudendal vessels underneath the obturator fascia in the pudendal canal, where it gives the superficial perineal branches and further deep gives rise to the dorsal nerve of penis/clitoris and posterior scrotal/labial nerves[1,2]. 
Pudendal neuropathy causing pudendal neuralgia is gaining much attention as an important etiology of chronic pelvic pain syndrome[1-5]. Pudendal neuropathy can be caused by nerve entrapment or injury, resulting from repetitive motion such as in bike racing, trauma such as pelvic fracture, stretch/traction or perineal tears during delivery, or pelvic tumors compressing the nerve in its path. The symptoms of pudendal neuralgia include erectile/orgasmic dysfunction, vulvodynia, and fecal or stress urinary incontinence. Due to poorly understood anatomy and complex branching patterns of the pudendal nerve, the condition is often misdiagnosed and maltreated, thereby increasing the morbidity in the patients[6-9]. High-resolution magnetic resonance neurography (MRN) is an imaging technique to identify and characterize peripheral neuropathies[10,11]. Pudendal neuropathy has been studied by Filler et al[12] and different sites of entrapment have been described, namely at the sciatic notch, ischial spine, Alcock’s canal, and selected distal site involvement of terminal branches, including hemorroidal, perineal and dorsal nerve of penis/clitoris. However, it is not clear whether all or which particular segments of the pudendal nerve can be confidently identified on MRN. The objective of this study was to evaluate which particular segments of the pudendal nerve and its branches could be possibly identified on 3 Tesla MRN sequences before and after surgical cadaveric dissection and marking of different segments of the pudendal nerve. The hypothesis was that smaller branches of pudendal nerve would be easily seen after the surgical nerve marking.

MATERIALS AND METHODS
One male and one female fresh cadaver specimens were obtained from the regional Anatomy Board. The specimens were transected at the level of the superior iliac crest and the proximal thigh. The bladder, rectum and pelvic organs were kept intact and the intestines were removed. There were no signs of any previous surgery. The specimens were stored in the morgue for twenty-four hours following which they were scanned individually on the Magnetom Trio MR Scanner (Siemens, Erlangen, Germany). To replicate anatomical imaging picture similar to the one routinely obtained on 3 Tesla MRN, the technique described in previous articles[11,13] was used. The pre-marking scan sequences included, axial T1W (TR-575 ms, TE-11 ms, Sl-2 mm, base resolution-704), axial T2W SPAIR (spectral adiabatic inversion recovery; TR-5600 ms, TE-53 ms, Sl-2 mm, base resolution-704), coronal T1W (TR-915 ms, TE-14 ms, Sl-3 mm, base resolution-768), 3D isotropic T2W SPACE (sampling perfection with application optimized contrasts using varying flip angle evolutions; TR-1300 ms, TE-84 ms, Sl-1 mm, base resolution-512) and 3D isotropic DW (diffusion weighted) PSIF (reversed steady state free precession; TR-10 ms, TE-2.8 ms, Sl-0.9 mm, base resolution-128), totaling an acquisition time of 45 min per pelvis block. After the MRN scans were performed, the pelvis blocks were sent to the autopsy lab where they were dissected by specialist peripheral nerve surgeon and an anatomist. The surgical approach was directed to identify the different pudendal nerve branches. 
The female pelvis was dissected first. Two rectal branches were identified. The perineal branch was then located after cutting the sacrospinous ligament and removing the obturator internus fascia. The dorsal nerve to clitoris was identified by tracing the crus of clitoris along its edge. After the dissection, four markers (1.5 cm, circular) were placed at specific points along the pudendal nerve branches for potential identification in post dissection MR Scans. The first marker was placed directly on the sacrospinous ligament along the first rectal branch. The second marker was placed on the perineal branch followed by the third over the dorsal nerve to clitoris in Alcock’s canal, and the fourth at the distal end of the inferior pubic ramus canal where the dorsal nerve to clitoris exited.
The male pelvis block was then dissected using the same surgical approach. The perineal branch was identified first and was found to be lower than located in the female dissection. The dorsal nerve of penis was located by following the inferior pubic ramus (Figure 2). The sacrotuberous ligament was cut and the rectal branch was identified entering Alcock’s canal proximally and travelling straight across the ischiorectal fossa towards the anus. The obturator internus fascia was cut and a large perineal branch was identified directly under the fascia. Four markers were placed – the first under the dorsal nerve to penis, second on the perineal branch (anterior side), the third over the sacrospinous ligament (along the rectal branch) and the fourth marker was placed along the perineal branch (posterior side). 
Both specimens were sutured to close all incisions and prepared for the post-dissection scanning. The post-marking MRN protocol with pulse sequence parameters similar to the pre-dissection (pre-marking) scan protocol was used. The specimens were then returned to the Anatomy Board. The MRN studies was read by an experienced musculoskeletal fellowship trained radiologist and in discussion with the surgeon who placed the markers.

RESULTS
Pre-marking MRN scans clearly showed the pudendal nerve as it exited the lumbosacral plexus in the sciatic notch, at the level of the ischial spine and in the Alcock’s canal, in both male and female pelvic scans (Figures 3-5). In the male scan, additionally, right hemorroidal branch could also be seen with some difficulty. Other smaller branches could not be identified. The nerve was best seen on axial T1W and T2W SPAIR images and fascicular appearance could be delineated. On oblique sagittal reconstructed 3D DW PSIF, the proximal segment of the nerve could be identified along its long axis. The nerve could also be seen on coronal T1W image at its entrance into the Alcock’s canal, with limited visualization (Figure 5C). T2W SPACE was not very useful in visualization of this small nerve or its branches.
After the nerve and its branches were marked, the location of perineal, hemorroidal branches and dorsal nerve to penis/clitoris could be identified (Figures 6-8). Although the nerve braches themselves were suboptimally seen, the markers were used as identifiable structures and thus it was possible to find the location of the nerves on MRN using the relation of the markers to the nerve segments. The contralateral corresponding nerves were poorly seen despite marking on the surgical side.

DISCUSSION
The pudendal nerve arises from the lumbo-sacral plexus constituted by ventral rami of the second, third, and fourth sacral nerve roots (S2, 3, 4). The nerve passes between piriformis and coccygeus muscles and exits the pelvis through the lower part of greater sciatic foramen, crosses the ischial spine between the sacrospinous and sacrotuberous ligaments. It then re-enters the pelvis through the lesser sciatic foramen and courses distally through the pudendal canal (Alcock’s canal) along with the internal pudendal vessels. This canal lies along the lateral wall of ischiorectal fossa and its outer covering is formed by the obturator fascia. At the level of the perineum, it normally gives terminal branches, namely the perineal nerve (s) and the dorsal nerve of the penis or clitoris[14,15]. This is the classical description of the pudendal nerve described in most anatomical texts. However, it has recently been shown that the anatomy of the pudendal nerve is extremely variable, and there could be two pudendal nerves trunks transversing the sacrotuberous ligament in many cases, and that there are two exit(s) from Alcock’s canal, one for the dorsal branch and one for the perineal branch of the pudendal nerve[16]. 
Pudendal neuralgia is a painful mononeuropathy and is a common cause of chronic pelvic pain without any obvious etiological agent. The pain is localized to the vulva, vagina, clitoris, perineum, and rectum in females and to the glans penis, scrotum excluding testicles, perineum, and rectum in males[1,5,6]. The possibility of this being related to pudendal nerve compression has recently been questioned, as nerve compressive syndromes in other sites such as carpal tunnel syndrome or peroneal neuropathy frequently occur without distal pain and neuralgia[3]. 
In any case, imaging is frequently used to exclude a mass lesion or focal fibrosis along the course of the nerve[12]. Recently, ultrasound (US) has been shown to identify some segments of the pudendal nerve[14]. However, US is an operator dependent technique and small areas of scarring in the pelvis along the course of the pudendal nerve may not be identified using US. MRN is a more objective technique and can show lesions, such as focal scarring or tumors along the course of the nerve. The aim of this study was to detect the pudendal nerve segments that could be identified on MRN with a good degree of confidence. The major proximal segments of the pudendal nerve could be identified in both male and female pelvis and on both pre- and post-marking scans of the pelvis. The fascicular appearance on axial images and selective identification on 3D DW PSIF images was possible due to poor fat and vascular signal suppression on the latter technique. 3D SPACE technique although, useful for large branch nerve delineation[17-19], was not particularly helpful in visualizing pudendal nerve or its branches. The smaller pudendal branches were not visible on any sequence on the pre-marking scans and suboptimally seen on the post-marking scans. Therefore, although reader should comment on lesions detected on MRN along the course of the pudendal branch nerves or their approximate location could be helpful in image guided pain injections directed at the distal branches, the reader should not over diagnose pudendal branch neuropathy or avoid mistaking the nearby vessels as distal pudendal branches. It should be noted that one can also find the nerve by electrical stimulation for treatment of pudendal neuralgia[20].
[bookmark: _GoBack]Our limitations include small sample size and lack of intravenous contrast administration. However, due to cost involved with the nature of the study and collaborators required, studying two cadaveric blocks of opposite sex was justified. Additionally, since most MRN examinations are traditionally non-contrast, we did not opacify the vessels. Finally, fascicular appearance was easily identified in the proximal pudendal nerve leading to its easy delineation. 
To conclude, the radiologist reading the pudendal nerve MRN scans should be cognizant that proximal pudendal nerve is easily seen on the high resolution MRN scans, however it is not possible to identify distal branches of the pudendal nerve.

COMMENTS
[bookmark: m_4154177887757818257_m_4409081537017379]Background
Magnetic resonance neurography (MRN) is increasingly being used for evaluation of peripheral neuropathies, such as pudendal neuralgia. However, it is not clear if all segments of pudendal nerve can be confidently identified on MRN.

Research frontiers
MRN is an imaging technique optimized for evaluation of peripheral nerves and their associated pathologies. The purpose of this study was to identify segments of the pudendal nerve and its branches that could be possibly identified on MRN sequences before and after surgical cadaveric dissection and marking of different segments of the nerve.

Innovations and breakthroughs
The proximal pudendal nerve segment is easily seen on MRN; however it is not possible to confidently identify the distal branches of the pudendal nerve even after surgical marking.

Applications
This study serves as a reminder to the radiologist to comment on the lesions along the course of the pudendal nerve, but not to over-diagnose pudendal neuropathies, especially in the distal segments, which cannot be confidently seen.

Terminology
MRN is a modification of MRI for the direct imaging of peripheral nerves. The pudendal nerve is a mixed motor and sensory nerve arising from the S1, S2 and S3 nerve roots.

Peer-review
In this study, the authors investigated the role of MRN in identification of segments of the pudendal nerve before and after cadaveric dissection and marking of the segments. It was found that the proximal segments of the nerve can be easily seen on MRN sequences, but the distal segments cannot be seen even after surgical marking. 
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Figure 1 Illustration showing the normal pelvic course of the pudendal nerve and its branches.
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Figure 2 Male pelvis block in supine position. The dorsal nerve of the penis and the perineal nerve are identified during the surgical dissection.
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Figure 3 Female pelvic block- premarking. Axial T2W SPAIR (A) and T1W (B) images show the right (large arrows) and left (small arrows) pudendal nerves at the ischial spine.
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Figure 4 Female pelvic block- premarking. Oblique sagittal reconstruction from 3D DW PSIF sequence shows the pudendal nerve branching as it exits at the sacrospinous ligament (arrows).
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Figure 5 Male pelvic block- premarking. Contiguous axial T1W images show the right (large arrows) and left (small arrows) pudendal nerves at the ischial spine (A) and Alcock’s canal (B). Corresponding coronal T1W image (C) shows suboptimal identification of the nerves (arrows) in the Alcock’s canal. Block arrows - sacrospinous ligaments.
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Figure 6 Female pelvis block-post marking. Identification of marker (arrow) placed in female pelvis block at distal end of inferior pubic ramus canal around dorsal nerve to the clitoris. Contralateral nerve is not well seen.
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Figure 7 Male pelvis block- post marking. Identification of the marker (arrow) placed in the male pelvis block under the dorsal nerve of the penis. Contralateral nerve is not well seen.
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Figure 8 Male pelvis block-post marking. Identification of the marker (arrow) placed in the male pelvis block around the perineal nerve. Contralateral nerve not identified.
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