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Abstract

Purpose Motor deficits affecting anal sphincter control can severely impair quality of life. Peripheral nerve transfer has been
proposed as an option to reestablish anal sphincter motor function. We assessed, in human cadavers, the anatomical feasibil-
ity of nerve transfer from a motor branch of the tibialis portion of the sciatic nerve to two distinct points on pudendal nerve
(PN), through transgluteal access, as a potential approach to reestablish anal sphincter function.

Methods We dissected 24 formalinized specimens of the gluteal region and posterior proximal third of the thigh. We char-
acterized the motor fascicle (donor nerve) from the sciatic nerve to the long head of the biceps femoris muscle and the PN
(recipient nerve), and measured nerve lengths required for direct coaptation from the donor nerve to the recipient in both
the gluteal region (proximal) and perineal cavity (distal).

Results We identified three anatomical variations of the donor nerve as well as three distinct branching patterns of the
recipient nerve from the piriformis muscle to the pudendal canal region. Donor nerve lengths (proximal and distal) were
satisfactory for direct coaptation in all cases.

Conclusions Transfer of a motor fascicle of the sciatic nerve to the PN is anatomically feasible without nerve grafts. Donor
nerve length was sufficient and donor nerve functionally compatible (motor). Anatomical variations in the PN could also
be accommodated.
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Introduction incontinence (AI) makes it difficult to treat, especially in the
presence of associated neuropathy. About half of incontinent
Loss of voluntary control over the elimination of rectal  patients have some degree of neural injury contributing to
content constitutes one of the most undesired conditions  their symptoms [8, 31].
of human existence, causing marked decrease in quality Currently, sacral neurostimulation is a major therapeutic
of life and self-esteem. The multifactorial nature of anal  focus for rectal sphincter motor dysfunction, yielding up to
90% success rates, in selected cases, when well indicated.
However, several patients with Al are not good candidates
< Andrea Povedano for neurostimulation; thus lacking effective treatment
andrea.povedano @unirio.br options [17].

Nerve transfer (NT) is considered a paramount strategy
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branch as a donor to the vastus medialis muscle by perineal
access [6]. While only few studies have evaluated feasibility
of NT for reestablishing anal sphincter control in humans,
clinical investigations have started to shed light on this tech-
nique to establish urethral sphincter control in patients with
severe spinal cord lesions associated with neurogenic blad-
der [18]. For example, Livshits et al. proposed intercostal
(T11-12) NT to S2 and S3 branches to treat neurogenic blad-
der symptoms in patients with spinal cord injuries, observ-
ing increased urodynamic parameters and bulbocavernosus,
anal and cremaster reflex recovery [18].

Other studies have estabilished the feasibility of using
NT to reinervate the urethral and anal sphincter muscles in
animal models. In dogs, Ruggieri et al. demonstrated that re-
innervating the bladder could be achieved via NT of spinal
(coccygeal branches of the lumbosacral plexus) or periph-
eral nerves (genitourinary nerve) to sectioned sacral roots
as late as three months after denervation [26, 27]. Also in
dogs, these authors studied reinnervating urethral and anal
sphincter muscles via NT of a sensory branch of the femoral
nerve (saphenous nerve) to pudendal nerve (PN) technique
[25]. Reinnervation was documented by retrograde immuno-
fluorescence (fluorogold) and histopathological examination
of specimens.

In rats, Dong et al. documented reinnervation of the rec-
tum and anal sphincter, transferring autonomic nerves origi-
nating at L4 to somatic nerves from L5-S1 [12]. Reinnerva-
tion also was confirmed by fluorogold. The same authors
recently published a further experimental study in rats
describing rectal reinnervation via NT of the genitofemoral
nerve to pelvic nerves [13]. In the most recent publication
on this subject [4], anorectal function was restored by NT
of anterior and posterior branches of L5 to anterior and pos-
terior branches of S1.

Here, we investigated anatomical feasibility of nerve
transfer from a motor fascicle from a specific branch of the
tibial portion of the sciatic nerve that innervates the long
portion of the biceps femoris muscle (LHBFM) to the PN,
as a potential approach to reestablish the motor function of
anal sphincter. Anatomical feasibility of this NT to reinner-
vate PN was tested via transgluteal access, using two distinct
points of coaptation: proximal (technically easier) and distal
(closer to the target muscle).

Materials and methods

This study was approved by the institutional ethics com-
mittee (n.60067316.6.0000.5258) and used formalinized
anatomical specimens from the Department of Anatomy at
the Biomedical Institute of the Federal University of Rio de
Janeiro State (UNIRIO). All anatomical material was pre-
inspected to ensure its integrity.

@ Springer

We studied 12 formalinized human cadavers (8 male and
4 female). A total of 24 specimens dissected from the gluteal
region and proximal third of the posterior ipsilateral thigh.

Anatomical dissections were performed using microsurgi-
cal material, and a dissection microscope (D.F. Vasconcelos,
Sao Paulo, Brazil) with 6—10 X magnification for intraneural
dissections. The distances of interest were measured using
rods and tapes graduated with pinpoint accuracy. Photo-
graphs of critical procedural steps were taken using a digi-
tal 12-megapixel camera with autofocus and optical image
stabilization.

Dissections were performed with the cadavers in a prone
position, using the following gluteal region anatomical land-
marks: cranially, ipsilateral iliac crest; medially, buttocks
groove; caudally, inferior gluteal folds. A wide incision
access was used in the dissections to facilitate the anatomi-
cal study of the structures of interest in the gluteal region.
This was necessary to identify and perform measurements
of the chosen donor fascicle of the sciatic nerve.

The skin and subcutaneous tissue of the gluteal region
were completely removed to expose fibers of the gluteus
maximus muscle (GMM), which then sectioned in two parts,
through an oblique incision following the direction of its
fibers. Following retraction of the GMM, it was possible to
identify the deep pelvic muscles (medius gluteus and piri-
formis muscles), thick fascia and tissue immediately super-
ficial to the piriformis muscle (Fig. 1).

Through the dissection of the elements emerging from
the greater sciatic foramen, we identified the sciatic nerve,
the posterior cutaneous nerve of the thigh, the pudendal vein
and pudendal artery, and the PN (Fig. 2).

We performed a median incision on the posterior surface
of the thigh from the bottom gluteal fold to 2 cm proximal
to the popliteal fossa, and the skin and subcutaneous tissue
were retracted medially and laterally. The LHBFM was iden-
tified. We characterized the nerve branches originating from
the tibial portion of the sciatic nerve that innervated this
muscle, anteriorly to the adductor magnus muscle, crossed
obliquely by the LHBFM in the posterior middle third of
the thigh.

The sciatic nerve sheath was dissected, from its emer-
gence in the greater sciatic foramen to the mid-third of the
thigh, where we identified the first branch of the LHBFM
(Fig. 3). The aforementioned branch was dissected in a ret-
rograde manner (Fig. 4).

The PN was dissected from its emergence in the greater
sciatic foramen, medially to the sciatic nerve until its pas-
sage anterior to the sacrotuberous ligament (gluteal portion).
In continuity, the ligament was sectioned, what allowed the
dissection and characterization of the PN, including the deep
pelvic portion, until the pudendal canal.

We measured the donor’s fascicles lengths (DFL):
the segment of the donor’s nerve (branch of the tibial
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Fig. 1 Overview demonstrating the anatomical references of dissec-
tion. MxGM maximus gluteus muscle, MdGM medius gluteus mus-
cle, PM piriformis muscle, QFM quadratus femoris muscle, LHBFM
long head of the biceps femoris muscle, SN sciatic nerve, PCNT pos-
terior cutaneous nerve of the thigh, PB pudendal branch. Cr cranial,
Lat lateral

component of the sciatic nerve to the LHBFM) between
the caudal edge of the greater sciatic foramen to its most
proximal insertion into the LHBFM; the proximal coapta-
tions lengths (PCL): lengths of donors nerves necessaries
for coaptations to the gluteal portions of the PN, immedi-
ately cranial to the sacrotuberous ligament; and the distal
coaptations lengths (DCL): lengths of donors nerves nec-
essaries for coaptation to the deep pelvic portion of the
PN, immediately cranial to the pudendal canal (Fig. 5).

Anatomical feasibility was tested mathematically by
examining the ratio between the DFL and PCL, and DFL
and DCL, and the potential for direct coaptation between
its free end and the PN in its caudal-gluteal portion, along
the cranial edge of the sacrotuberous ligament and in its
cranial pelvic portion along with the cranial limit of the
pudendal canal. Coaptation was performed with nylon
10.0, an atraumatic needle and glue (Fig. 6).

GraphPad Prism version 5 (GraphPad Software, Inc,
LaJolla, CA, USA) was used for statistical analysis. Wil-
coxon’s paired non-parametric test was used to compare
DFL, PCL and DLC lengths from the cadavers. The results
were considered significant when p <0.05 with a 95% con-
fidence interval.

Fig.2 Elements emerging from the greater sciatic foramen. It is pos-
sible to visualize the anatomical relationship between the sacrotuberal
ligament and neural structures. PM piriformis muscle, STL sacrotu-
berous ligament sectioned, SN sciatic nerve, PCNT posterior cutane-
ous nerve of the thigh, PN pudendal nerve, PA pudendal artery, PV
pudendal vein. Cr cranial, Lat lateral

Results

In our dissection, we identified three anatomical variations
of the donor nerve fascicle (from the tibial portion of the
sciatic nerve) as it innervates the LHBFM: (1) with two
insertion points, corresponding a 71,4% of our specimens
(n=20), (2) with three points at 25% (n="7) and (3) with
four points in only 3,6% (n=1). We also found three patterns
of PN branches from the piriformis muscle to the pudendal
canal region. Sixteen specimens had one-trunked pattern
(57,2%), ten specimens presented two-trunked (35,7%), one
of them being the inferior rectal nerve and the other a trunk
with the genital nerve and perineal nerve as ramifications.
Lastly, in two specimens, we observed a three-trunked pat-
tern (7.1%), having each nerve an isolated path.

Anatomical measurements, ratios and calculated means
are shown in Table 1. DFL ranged from 4.3 to 14.5 cm, aver-
aging 10.2 cm. The average distance required for coapta-
tion of the fascicle donor to the pudendal proximal location
(PCL) was 4.8 cm (range 3.2—-8.8 cm). The average distance
required for coaptation of the fascicle donor to the pudendal
distal location (DCL) was 3.0 cm (range 2.0—7.6 cm). The
differences observed between DFL and donor fascicle sizes,
as well as between DFL and DCL sizes were statistically
significant (p <0.0001) (Fig. 7).
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Fig.3 Dissected sciatic nerve and its branchs to the long head of the
biceps femoris muscle (red arrows). PM piriformis muscle, LHBFM
long head of the biceps femoris muscle, STL sacrotuberous ligament
sectioned, SN sciatic nerve, PCNT posterior cutaneous nerve of the
thigh, PN pudendal nerve, PA pudendal artery, PV pudendal vein. Cr
cranial, Lat lateral

Tests of coaptation (proximal and distal) were consid-
ered satisfactory for all the studied samples, since the ratio
between the length of the fascicle and length of the proximal
(DFL/PCL) and distal (DFL/DCL) coaptation was greater
than 1.00 across all studied samples (Table 1).

Discussion

The pudendal nerve is involved in sensory and motor func-
tions, and is responsible for innervating the anal sphincter
complex (internal sphincter, external sphincter, and anus
elevator muscles), the urethral sphincter and perineal mus-
cles, and the skin of the perineum and genitalia. Despite its
large sensory component [21], and the decrease in motor
fibers with advancing age [7], the pudendal nerve has an
important function in the complex continence mechanism.
It is estimated that about half of the patients with Al have
some degree of motor or sensitive denervation of the anal
sphincter [7], which is a pervasive feature associated with
worse therapeutic results.

Pudendal denervation by continuous compression or
excessive stretching, such as those that accompany chronic
constipation or after successive births, are closely related to
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Fig.4 Dissected donor fascicle of the sciatic nerve. PM piriformis
muscle, LHBFM long head of the biceps femoris muscle, STL sac-
rotuberous ligament sectioned, SN sciatic nerve, DF donor fascicle,
PCNT posterior cutaneous nerve of the thigh folded, PN pudendal
nerve, PA pudendal artery, PV pudendal vein. Cr cranial, Lat lateral

worse therapeutic results since it is difficult to determine the
exact location of the injury. The absence of a defined lesion
location and partial integrity of the injured nerve have led
to the use of therapeutic electrical neurostimulation (sacral
or tibial) for idiopathic Al It stimulates axonal regeneration
and promotes central and peripheral neuroplasticity [30].
However, it is well known that electrical neuromuscular
stimulation has disadvantages related to high costs, invol-
untary muscular contractions, fatigue, selective recruitment
of fibers, and the potential for pain and discomfort [9].
Studies of NT using retrograde immunofluorescence
markers, such as FluoroGold, have documented the growth
of axonal structures from the donor to recipient nerve [12,
28], indicating that the reinnervation achieved via this
technique reaches far beyond merely reestablishing nerve
impulse conduction. NT has the capacity to stimulate the
re-composition of damaged neural structures in the recep-
tor nerve, preserving, in a more efficient way, the targeted
muscular tissue [10]. Specifically, in Al, the mechanisms
involved in pudendal neuropathy could favor good results
with NT. With partial denervation, nervous impulses,
even transmitted with low intensity, continue to stimulate
the target muscle. Thereby, muscular atrophy is limited
and easily reversible, relative to totally denervated mus-
cles, in which muscular degeneration is progressive and
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Fig.5 Proximal (blue star) and distal (red star) coaptations points
and its anatomical relationship to the sacrotuberous ligament (green
dashed line). PM piriformis muscle, STL sacrotuberous ligament
sectioned, SN sciatic nerve, PCNT posterior cutaneous nerve of the
thigh, PN pudendal nerve, PA pudendal artery, PV pudendal vein. Cr
cranial, Lat lateral

permanent. Thus, NT therapy could be an attractive thera-
peutic option for Al, even when symptoms are chronic.
Partial integrity of the nerve fiber would act as a matrix
for the growth of new neuronal elements from the donor’s
nerve, allowing more organized and efficient regeneration.

Gustafson et al. [15], while studying a PN segment
placed between the sacrospinous ligament and pudendal
canal (deep perineal extra-pelvic portion), documented
median length and diameter measurements of this nerve
of 26 and 3,2 mm, respectively, proving the feasibility of
surgical procedures like NTs or device implants. Based
on these observations, we opted to evaluate the anatomi-
cal feasibility of transferring PN in two distinct segments:
(a) the deep perineal point suggested by Gustafson et al.
(i.e., the perineal portion or distal coaptation point); and
(b) the cranial position (i.e., gluteal portion or proximal
coaptation point). These segments may enable better visu-
alization of adjacent anatomical structures, favoring the
surgical technique and facilitating coaptations, since these
regions entail higher-caliber fascicles [15]. More distal
coaptations [6], despite being more proximal to the tar-
get areas, would present technical difficulties due to the
extremely small caliber of the neural structures involved.

Bt

Fig.6 Example of feasibility assessment of proximal direct coapta-
tion of the donor fascicle of the sciatic nerve to the pudendal nerve.
MdGM medius gluteus muscle, PM piriformis muscle, STL sacrotu-
berous ligament sectioned, SN sciatic nerve, PCN posterior cutane-
ous nerve of the thigh folded, PN pudendal nerve, donor fascicle, PA
pudendal artery, PV pudendal vein. Cr cranial, Med medial

Another advantage of the coaptations we studied is that,
in these segments, coaptations to pudendal branches (infe-
rior rectal, perineal and genital) could be accomplished in
isolation, including the independent sacral variant [15] and
even at anatomical variations of the PN branches, guided by
selective intraoperative electrical stimulation. In line with
the research performed by Mahakkanukrauh et al. [19], we
identified three different patterns of the PN branches, all of
which would allow NT. NT to more distal ramifications of
PN, particularly in its distal perineal segment [6], could even
result in neural coaptations involving restricted motor areas
and/or have a little overall impact on continence, as with the
independent sacral variant [15].

In recent research, Agarwal et al. stated that an NT from
motor fascicles from the sciatic nerve to the PN is feasi-
ble, through an anatomic study in five specimens [2]. These
authors’ methods used measurements based on the distance
between the two nerves and their diameters. Our study, how-
ever, demonstrated feasibility of two different points of coap-
tations related to the gluteal and perineal portions of the PN,
in a larger sample size.

The neural structure we selected as a donor in this study
was one of the sciatic nerve motor fascicles, responsible
for the innervation of the LHBFM. That the donor and
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Table1 Summary of Sample Gender ~DFL PCL  DCL  RatioDFL/PCL  Ratio DEL/DCL

anatomical measurements
1A Fem 10.5 2.7 52 39 2.0
1B Fem 10.0 3.0 4.5 33 2.2
2A Fem 7.8 2.6 4.2 3.0 1.9
2B Fem 8.3 32 4.4 2.6 1.9
3A Male 7.3 2.8 5.7 2.6 1.3
3B Male 9.0 3.7 6.0 2.4 1.5
4A Male 8.8 2.5 6.2 35 1.4
4B Male 9.0 3.7 7.0 2.4 1.3
5A Male 9.3 4.0 5.8 23 1.6
5B Male 8.6 4.7 6.5 1.8 1.3
6A Male 9.0 3.8 6.4 2.4 1.4
6B Male 8.7 4.0 6.3 2.2 1.4
7A Fem 14.5 3.0 4.0 4.8 3.6
7B Fem 14.0 2.0 3.8 7.0 3.7
8A Male 11.0 2.7 3.6 4.1 3.1
3B Male 14.8 2.8 5.1 5.3 2.9
9A Male 4.3 2.8 4.1 1.5 1.0
9B Male 11.3 3.0 5.0 3.8 23
10A Male 8.0 33 3.5 2.4 23
10B Male 9.1 2.7 3.0 34 3.0
11A Male 13.8 2.0 32 6.9 4.3
11B Male 14.4 32 4.2 4.5 34
12A Fem 13.6 2.3 42 5.9 32
12B Fem 10.6 2.4 4.3 44 2.5
Average 10.2 3.0 4.8 3.6 23
Standard derivation 2.7 0.66 1.54 1.52 0.92

DFI length of the donor fascicle, PCI length required for proximal direct coaptation, DCI length required

for distal direct coaptation

15- p<0,0001
p<0,0001 '

510-
<
2
3 5.

0-

DFI PCI DCI

Fig.7 Comparison between mean donor fascicle length (DFI) and
mean required lengths for proximal (PCI) and distal (DCI) coaptation
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recipient nerves are localized in the gluteus region with
little distance between them, and surgical access is already
known and devoid of joint movements, was considered
favorable to the proposed transfer.

Some authors have detailed the innervation of the
LHBFM, indicating the presence of one or two branches
of the tibial portion of the sciatic nerve, with two or three
motor fixation points in the LHBFM. Most report the pres-
ence of a unique branch (in 60-82% of cases) related to
two branches [3]. Conversely, the pattern found in all our
dissections mimicked the results of Rab et al. [24], who
observed across their entire sample (n=30) a single trunk
divided into two smaller fascicles, fixated by two or three
motor points in the LHBFM. On the other hand, eight
percent of our sample had more than one fascicle, which
allowed us to select the fascicle more proximal to the cor-
responding donor muscle.

Selective transfer of the fascicle more proximal to the
LHBFM could permit maintenance of innervation of this
muscular portion by the remaining, more distal fascicle. That
more than one sciatic nerve fascicle innervates this portion
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of the muscle in a staggered manner could, perhaps, provide
security during coaptations that require longer donors.

The innervation pattern totally distinct between the two
heads of the BFM (short and long) and the synergistic action
of this muscle with the other tuber-ischiatic muscles could
compensate for eventual, isolated denervation of the long
head.

During the dissections, it was possible to identify a pat-
tern in the disposition of the origin of the donor fascicle,
which happened through a fascicular group located in an
anteromedial position in the sciatic nerve trunk near the
inferior border of the piriformis muscle. Despite frequent
anatomic variations in the arrangement of the sciatic nerve,
relative to the piriformis muscle, described in the literature
[23], none of these findings negatively influence the pro-
posed NT.

In all the simulations we performed, the donor nerve’s
length was sufficient for direct coaptation, in both proposed
segments (proximal and distal), without requiring graft
interposition. These characteristics were statistically proven
by the high mathematical differences observed when com-
paring the DFL lengths to DCL and PCL lengths from the
same cadaver, as well as by calculating the ratio between
donor fascicle length and coaptation distances at PN (proxi-
mal and distal), all of them greater than 1. The absence of
associated anthropometric measures was a factor that limited
the comparative detailed analysis of anatomical measures
in this study.

No comparative studies have been published assessing
physiological similarities (sensory versus motor) of trans-
ferred nerves for reestablishing rectal/sphincter function.
The only similar study involved an attempt at bladder rein-
nervation [14], in which better results were obtained using a
motor (femoral) than sensory (genitofemoral) donor nerve.
The donor fascicle we used was exclusively motor.

The transgluteal surgical access to PN is already used
for the treatment of compressive neuropathy in this region.
PN decompression is traditionally performed using a small
transgluteal incision, allowing sacrotuberous ligament sec-
tioning [22]. Thus, using this modified access may provide
simultaneous visualization of sciatic nerve and PN since
its emergence is in the larger ischiatic foramen (infra-piri-
formis) until it enters PN into pudendal canal [22].

Denervation by continuous compression or by excessive
stretching, such as those that accompany chronic consti-
pation or denervations after successive births, are closely
related to worse therapeutic results since it is difficult to
determine the exact location of the injury. A modified trans-
gluteal access could provide visualization of the greatest part
of the PN’s perineal portion (recipient), favoring, simultane-
ously, trunk and peripheral interventions, as well as possible
interventions in the independent lower rectal branch perineal
trajectory.

Intraoperative electroneuromyography could prevent
over-extensive transgluteal incisions, combining incisions
adequate to view the proximal third of the thigh, just as it
would permit better visualization of the coopted segment.

Interventions distal to the sacrotuberous ligament would
also become feasible, with sectioning of this and the sac-
rospinous ligament. Even though Hibner et al. [16] warned
about the risk of pelvic destabilization, most biomechanical
studies have failed to identify greater clinical consequences
after simultaneously sectioning the sacrotuberous and sac-
rospinous ligaments, since pelvic stabilization is maintained
primarily by the stronger and more resistant anterior and
posterior sacroiliac ligaments [1].

The cadaveric study of the sciatic nerve’s fascicle anat-
omy, performed by Sladjana et al., demonstrated a variation
from 27 to 70 fascicles (1 to 4 fascicles by square millim-
eter), being more numerous in specimens with younger age
[29]. To the best of our knowledge, there are no similar stud-
ies evolving the PN at the English literature. The paucity
of studies involving NT in the lower limbs, especially its
practical use reestablishing sphincter function, added to the
absence of previous knowledge about the fascicular anatomy
of the sciatic nerve in its proximal portion, are obstacles
to the present analysis. Nonetheless, our results suggest
the anatomical feasibility of NT involving a sciatic nerve
fascicle that innervates LHBFM, to the PN as a treatment
option for Al with a pudendal neuropathy component. This
approach has the following potential advantages:

Donor length is sufficient for transfer to various segments
of the gluteal and perineal portions of the PN, even when
anatomical variations exist.

e Isolated transfer to branches of the PN and accessory
rectal branch is possible.

e The donor and recipient nerves could be identified by
transgluteal modified access.

e [t allows study and transfer.

e Any resulting loss of motor function should be compen-
sated for by synergistic muscles.

e Corresponding cerebral representations the donor and
recipient nerves are proximal.

Conclusions

Transfer of a nerve fascicle to the LHBFM from the sciatic
nerve to the PN is anatomically feasible, without requiring
nerve grafts.
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