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a b s t r a c t

Objective: The transfer of peripheral nerves originating above the level of injured spinal cord into the
nerves/roots below the injury is a promising approach. It facilitates the functional recovery in lower
extremity, bladder/bowel and sexual function in paraplegics. We assessed anatomical feasibility of
transfer of lower intercostal nerves to S2 ventral root in human cadaver for management of neurogenic
bladder dysfunction in patients with spinal cord injury.
Methods: Study was performed in five formalin fixed cadavers. Cadavers were placed in prone position. A
transverse incision was made along 11th ribs on both sides and 10th, 11th Intercostal nerves (ICN) and
subcostal nerve were harvested up to maximum possible length. In four cadavers the ventral root of S2
was exposed by endoscope and in one by the standard open laminectomy. Intercostal nerves were
brought down to lumbo-sacral region, S2 ventral root was cut cranially and feasibility of intercostal to S2
anastomosis was assessed.
Results: The mean length of intercostal nerves was 18.4 cm for the 10th 19.5 cm for the 11th and 22.15
cm for the subcostal nerve. The length of harvested nerve and the nerve length necessary to perform
sacral roots neurotization were possible in all cases by only by subcostal nerve while T11 and T10 ICN fall
short of the required length.
Conclusion: For Spinal cord lesions located at the conus, subcostal nerve could be connected to ventral
root of S2 in an attempt to restore bladder function while 10th and 11th ICN had enough length to
neurotize lumbar plexus.

© 2019
1. Introduction

The transfer of peripheral nerves originating above the level of
the injured spinal cord into the nerves/roots below the injury is a
promising approach. It facilitates the motor/sensory recovery in
lower-extremity, bladder/bowel and sexual function in complete
paraplegics. Even the partial recovery after this procedure will have
long term impact in terms of rehabilitation, reduction in cost,
reduced morbidity/mortality and over all improved quality of life
(QOL) of spinal cord injury (SCI) patients.
alpur, 482001, MP, India.
garwal).
Apart from the loss of ambulation, neurogenic bladder
dysfunction is one of the most devastating consequences of SCI.
Incidence and pattern of neurogenic bladder dysfunctions depends
upon the level of SCI injury and is roughly 70e84%.1 Commonly
encountered complications of the neurogenic bladder are recurrent
urinary tract infections, vesico-ureteric reflux, renal stones and
renal impairment which may be caused by the pathology itself or
secondary to use of indwelling catheters.2 It adversely affects the
social and physical quality of life of the patients and renal impair-
ment is still among the most important causes of death in SCI pa-
tients. Regaining bladder function in patients with SCI improves
quality of life and helps prevent clinical complications.3 Therefore,
neurogenic bladder dysfunction has to be managed aggressively.
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Fig. 1. Feasibility of anastomosis of Intercostal nerves to S2 ventral root.

Table 1
Total and mean length of lower ICNs on both sides.

Cadavers Length of Intercostal nerves (cm)

10th ICN 11th ICN Subcostal nerve

Right Left Right Left Right Left
1 17.5 16.5 18.5 18.5 19.5 21
2 19 18 21.5 20.5 23.5 21.5
3 18.5 18.5 20.5 20 22.5 21.5
4 18.5 19.5 18 20.5 23 22.5
5 19.5 18.5 19 18 24 22.5
Mean length 18.6 18.2 19.5 19.5 22.5 21.8
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The purpose of our study was to assess anatomical feasibility of
transfer of lower intercostal nerves to S2 ventral root extradurally
in human cadaver for management of neurogenic bladder
dysfunction in patients with SCI at or below conus medullaris.

2. Material and methods

A cadaveric study was performed in the Department of Anatomy
and Department of Surgery, in a tertiary referral center. Institu-
tional ethical committee approval was taken before the study. Five
formalin fixed cadavers (3 males and 2 females with age ranging
from 45 to 60 years) were used in the study. All the cadavers with
normal anatomy in the lower dorsal, lumbar and sacral regionwere
included. Cadavers with previous surgery or trauma in this region
were excluded. Cadavers were placed in the prone position. A
transverse incision was made along 11th ribs on both sides. 10th,
11th and subcostal nerves were harvested up to maximum possible
length or till its division by using the technique described by Vialle
et al.4

In four cadavers the ventral root of S2 was exposed by Neuro-
endoscope and in one the standard open laminectomy was used.
In the prone position of the cadaver, L5S1 space was identified by
making a 2.5 cm skin incision 1 cm lateral to the midline. Deep
fascia was cut in line of skin incision and paraspinal muscle was
dissected up to lamina. 23 mm diameter tubular endoscopic sheath
was inserted and fixed with holder. After docking, ipsilateral L5S1
lamina was identified. High-speed drill was used for flavectomy of
L5 and sacral lamina up to S3. Then S1 and S2 roots were identified
and traced up to exiting foramina. After sufficient mobilisation, S2
root was cut as proximal as possible and the feasibility of intercostal
to S2 anastomosis was assessed. Same procedure was repeated on
the opposite side. In open dissection midline skin incision of 5 cm
length was made from L5 to S3. The Bilateral paraspinal muscle
were dissected, L5 to S3 spinous process and lamina were exposed.
Laminectomy was done with the help of bone nibbler and Kerrison
punch in standard fashion. After removal of ligament flavum,
bilateral S1 to S3 root were exposed and mobilised proximally to
gain maximum length. Intercostal nerves were brought down to
the exposed lumbo-sacral region. S2 ventral root was cut cranially
and the feasibility of intercostal to S2 anastomosis was assessed
(Fig. 1).

3. Results

The total and mean length of intercostal nerves harvested was
18.2 (range 16.5e19.5 cm) cm for the 10th ICN, 19.5 cm (range
18e20.5 cm) for the 11th ICN and 21.8 cm (range 21e22.5 cm) for
the subcostal nerve on the left side. The mean total length of
intercostal nerve harvestedwas 18.6 (17.5e19.5 cm) cm for the 10th
ICN, 19.5 cm (18e21.5 cm) for the 11th intercostal nerve ICN and
22.5 cm (19.5e24 cm) for the subcostal nerve on the right side
(Table-1).

The length of the harvested nerve and the nerve length neces-
sary to perform sacral roots neurotizationwere possible in all cases
by subcostal nerve while T11 and T10 ICN fell short of the required
length (Fig. 2). The data about harvested intercostal nerve lengths
and required length are summarized in Table �2.

4. Discussion

Damage to the spinal cord (suprasacral/sacral lesion including
cauda equina lesions) or pudendal nerve results in bladder and
bowel dysfunction. The conservative options for management of
bladder dysfunction include timed voiding, the Valsalva and Cred�e
maneuvers, Anticholinergic medications, clean intermittent
catheterization (CIC) and/or an indwelling catheter (IC). The sur-
gical modalities to treat neurogenic bladder for restoration of
bladder functionality includes sacral root repair/transfer, peripheral
nerve transfer to sacral roots/pelvic/pudendal nerves, Direct
detrusormuscle reinnervation, and Artificial somatic-to-autonomic
reflex pathway. These techniques re-establish and/or create new
pathways between the bladder and the spinal cord. These ap-
proaches have had some success but also limitations. These tech-
niques have reduced the incidence of UTIs, renal failure and
mortality after SCI in humans, however restoration of bladder
function by these techniques though promising but yet to be a
standard care of treatment.

Neurogenic bladder presents significant health problems in
patients with SCI and urinary tract problems with continuous or
clean intermittent catheterization are well known. Additionally,
many QOL studies have shown that regaining bladder/bowel
functions is the second priority after motor recovery for SCI pa-
tients.3 There are several techniques like sacral rhizotomy, sacral
root repair/transfer, detrusor myoplasty, pudendal nerve neurot-
ization, creation of artificial skineCNSebladder pathway and
functional nerve stimulation (Brindley technique) described in the
literature for the management of neurogenic bladder.5e14 However,
most of them have significant limitations in terms of being studies
with small number of patients, limited gain of function, sacrifice of



Fig. 2. Sacral roots neurotization possible by subcostal nerve while T11 and T10 ICN fall
short of the required length.
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function of donor nerve, technical difficulties and poor reproduc-
ibility of technique.

Recently nerve transfers have been used to bypass spinal cord
injury.14e26 The intercostal nerve originating above the level of
injury is transferred to nerve roots or peripheral nerves below the
level of injured segment. The evolution of nerve transfer to restore
function in neurogenic bladder occurred in stages. After animal
experimentation,14e18 their feasibility was assessed in cadav-
ers19e23 and positive preclinical results prompted researchers to
apply these strategies in human.24e26 Many of these studies
showed encouraging results but still no nerve transfer technique
had been established as standard surgical procedure for manage-
ment of neurogenic bladder dysfunction. The peripheral nerves
which can be used for neurotization are hypogastric, obturator,
genitofemoral and branches from femoral nerves. The limitations of
these procedures include limited axonal regeneration, difficult
approach for exposure, loss of function of nerve, neuroma forma-
tion and most of them were not tested in humans.27

The Majority of the spinal trauma patients have an injury in
lumbar region sparing the intercostal nerves hence they can be used
as donor nerves to bypass the injured levels of the cord. Thus, 10th,
11th and subcostal nerve can be used to perform a lumbar-sacral
neurotization. Historically, two strategies have been used; first
strategy was to neurotize lumbar roots to recover functional motor
power of lower limb.15,28,29 Second strategy was to neurotize sacral
roots for restitution of bladder and sexual functions.13,14,18,25,26

Intercostal nerves had been used as donor in various sheep, cat,
Table 2
Details of cadaveric dissection showing mean length of lower ICN.

S no Intercostal nerve N Mean length (cm) of right ICN

Actual length Necessary length to reach S2 roo

1 10th 5 18.6 22.3
2 11th 5 19.5 22.3
3 Subcostal nerve 5 22.5 22.3
rat, rabbits and dogmodels. Post-neurotization axonal regeneration
was demonstrated by histological analysis and retrograde labelling
of tracers as well as functional improvement in terms of raised
intravesical pressures which showed respiratory variation, stimu-
lation of the transferred nerves led to bladder contraction, and
sectioning of the transferred nerves abolished this function. All
these findings suggest that there was good re-innervation of target
muscles.14e18

The cadaveric studies assessing the anatomic feasibility of ICN
transfer to lumbosacral roots showed that ICN 10e12 can reach
comfortably up to lumbar roots and can be used to neurotize
lumbar roots in a tension free manner but for sacral root they will
either require a nerve graft or shorter intra-dural route.19e23 (Table-
3).

Multiple lumbar-sacral root neurotizationwith lower intercostal
nerves has been done to treat neurologic deficits following spinal
cord lesions in human. Patients who underwent transfer of the 2e4
ICNs to the L1e4 nerve roots showed recovery of lower-extremity
motor function to permit ambulation with supportive device.27

One year after transferring the bilateral T11and subcostal nerve to
the bilateral S2e3 nerve roots, patients had significant improve-
ments in bladder function, sacral sensations, and sacral
reflexes.25,26

In our study the subcostal nerve reached easily to sacral roots
while 11th and 10th ICN fell short in length to reach up to sacral
roots. 11th and 10th ICN can neurotize lumbar plexus but if these
two ICN have to be used for sacral roots neurotization they will
either require a nerve graft or shorter but more technically
demanding intradural route. After harvesting subcostal nerve has
enough length to reach S2 root by subcutaneous tunnel. If the
ventral root of S2 was harvested by open laminectomy and cut
cranially, both the nerve ends can be brought out easily on the skin
surface and extradural anastomosis can be performed in a tension
free manner. But if the ventral root of S2 was harvested by endo-
scope than fibrin glue can be used to anastomose nerve ends
extradurally hence avoiding the more hazardous subdural route
with its attendant likely complications. The disadvantages of
intradural nerve root anastomosis include thin roots making them
more vulnerable to injury during their separation and micro su-
turing, risk of CSF leak, pseudomeningocele, meningitis, and
arachnoiditis.30e33 The advantages with extradural transfer and
anastomosis is that extradural nerve roots are thick, hold the su-
tures better which helps in better axonal regeneration and less
distance to the target organ leading to faster functional recov-
ery.33e35 However, in extradural procedures, identification of
ventral and dorsal roots is a challenging task but ventral roots are
always located ventral to dorsal roots outside the dural sac.36

The rationale of using ICN is the intercostal nerves are fairly long
nerves; contain large numbers (2000) of motor fibres, remain
preserved in lumbosacral injury and taking of intercostal nerves
above the injury site does not cause any neurologic deficit.37,38 At
least 40% axons need to be innervated for a meaningful recovery. S2
ventral root contains 4766 ± 1035 fibres, thus ICN containing 2000
motor fibres has the potential to provide innervations of required
number of axons.39 The ICN nerve transfer procedures give better
Mean Length (cm) of left ICN Feasibility of transfer

t Actual length Necessary length to reach S2 root

18.2 21.6 Not feasible
19.5 21.6 Not feasible
21.8 21.6 Feasible



Table 3
Results from different cadaver studies of nerve transfer for the treatment of SCI.

Studies Number Nerve Mean length cm Spinal level

Malik & Buhr21 unknown T11 Unknown L5- sufficient length to reach
Vorstman et al.23 4 T10 22 S3- reached by intradural route

T11 21 S3- reached by intradural route
T12 20 S3- did not reach

Court et al.22 30 T9 17.86 Sufficient length to reach the lumber roots
T10 16.95
T11 15.75

Vialle et al.20 100 9th 17.96 Sufficient length to reach the Lumber roots
10th 17.14
11th 15.94

Haque et al.19 4 T6 16.4 ± 1.9
18 ± 1.8
18.7 ± 2.0
18.8 ± 3.4
19.6 ± 3.4
18.8 ± 2.1
15.8 ± 1.7

Reached T12
4 T7 Reached L1
6 T8 Reached L2
6 T9 Reached L2,3
6 T10 at least L-3
5 T11 at least L-3
4 T12 at least L-3

Agarwal et al. (current study) 10 T10 18.4 sufficient length to reach Lumber roots
T11 19.5 sufficient length to reach Lumber roots
T12 22.15 sufficient length to reach the S2
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results for restitution of bladder function as compared to regaining
motor power to lower limbs. The reason may be the discrepancy in
size of the nerves and the distance of the muscle endplate for lower
limbs from the proximal spinal cord lesion.

In cases of incomplete spinal cord injury direct cooptation of
nerves may not be feasible due to fear of losing the intact functions.
In these cases end to side neurorrhaphy was tried by many authors
with good outcomes for sensory recovery and poor to the modest
outcome for motor recovery.40,41 The probable reasons for the un-
satisfactory outcome may be the slow axon growth after end-to-
side neurorrhaphy and the difficulty of regenerating axons to
match properly sensory and motor fibres in a mixed nerve.42

Therefore end-to-side technique can reasonably be considered as
a valid treatment of nerve repair for sensory recovery.

Despite the encouraging results, there are certain limitations of
neurotization of lumbar/sacral roots by the ICN. The length of the
ICNs is inconsistent therefore it may not reach to target nerve and
the amount of successfully regenerating axons appeared to be low
in clinical studies.43 Many cord injuries are incomplete and spon-
taneous functional recoverymay occur over time therefore patients
with incomplete paraplegia are not suitable for this treatment.
Performing such bypasses/neurotization i.e. dissection and micro-
suturing between peripheral nerves and rootlets, is technically
demanding. Despite those limitations, neurotization forms the
foundation for the repair strategies and future research following
spinal cord injury. Even if patients do not get total recovery, any
improvement in function can improve QOL. It must be emphasized
that these surgeries are well tolerated and have shown good results
with regard to safety and feasibility.
5. Conclusion

For Spinal cord lesions located at the conus, functional ICN could
be connected to sacral roots to bypass the injury in an attempt to
restore bladder function. This study proves the feasibility of
transfer of subcostal nerve to neurotize ventral root of S2 extra-
durally in tension free manner for management of neurogenic
bladder while 10th and 11th ICN did not reach to ventral root of S2
and can be used to neurotize lumber plexus. Time has come to
change the traditional concept that nothing can be done for com-
plete SCI patients and more aggressive neurorestorative strategies,
from bench to bed side, are the need of the hour.
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