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Abstract

Since ancient times, the aim of orthopedic surgery has been to correct limb and joint
deformities, including those resulting from central nervous system lesions. Recent
developments in the treatment of spasticity have led to changes in concepts and management
strategies. The increase in life expectancy has increased the functional needs of patients.
Orthopedic surgery, along with treatments for spasticity, improves the functional capacity of
patients with neuro-orthopaedic disorders, improving their autonomy. In this paper, we describe
key moments in the history of orthopedic surgery regarding the treatment of patients with
central nervous system lesions, from poliomyelitis to stroke-related hemiplegia, from the limbs
to the spine, and from contractures to heterotopic ossification. A synthesis of the current
surgical techniques is then provided, and the importance of multidisciplinary evaluation and

management is highlighted, along with indications for medical, rehabilitation and surgical
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treatments and their combinations. We explain why it is essential to consider patients'
expectations and to set achievable goals, particularly before surgery, which is by nature
irreversible. More recently, specialized surgical teams have begun to favor the use of soft-tissue
techniques over bony and joint procedures, except for spinal disorders. We highlight that
orthopedic surgery is no longer the end-point of treatment. For example, lengthening a
contractured muscle improves the balance around a joint, improving mobility and stability but
may be only part of the problem. Further medical treatment and rehabilitation, or additional
surgery, are often necessary to continue to improve the function of the limb. Despite the
recognized effectiveness of orthopedic surgery for neuro-orthopedic disorders, few studies have
formally evaluated them. Hence, there is a need for research to provide evidence to support

orthopedic surgery for treating neuro-orthopedic disorders.

Keywords: orthopaedic surgery, spasticity, neurotimy, neurectomy, hyponeurotization,

tendon lengthening, tendon transfer, arthrodesis, heterotopic ossification

Introduction

Orthopaedic surgery to correct limb and joint deformities is not new; one of the first papers
dates back to the 18th century, and there are traces of surgical procedures performed in ancient
times [1-3]. For patients with central nervous system (CNS) lesions, secondary orthopaedic
problems often develop as a result of muscle hypertonicity and paresis. The principles of
surgical treatment are to improve muscle balance by lengthening and/or reducing the activity
of the muscles that are agonists to the deformity, allowing antagonist muscle activity to be
expressed. If the treatment is to be successful, care must be taken to maintain joint mobility and

stability (Table). As such, combined techniques involving bony procedures and tendon transfers



or lengthening may be carried out [4]. Techniques to correct deformities have evolved
somewhat on a trial and error basis. Some disasters brought about an understanding that certain
deformities were actually useful to the patient. This situation led to the concept of producing
only the changes necessary to improve the patient’s function, without totally correcting the

deformity [5].

The aim of this paper is to explain the role of orthopedic surgery in the global management of
neuro-orthopedic disorders in patients with CNS lesions. We particularly wish to convey that
surgery should be considered one of many tools in the armamentaria of rehabilitation and should

not be reserved only for deformities that did not respond to non-surgical management.

The history of neuro-orthopaedics

Poliomyelitis. This disease causes lesions in the ventral horn of the spinal cord, leading to
muscle weakness, which in children, leads to limb deformities during growth. The surgical
speciality of neuro-orthopedics had its modern beginnings during the polio epidemics of the
1940s and1950s [5,6]. The complex inter-relationships of numerous deformities and muscle
weakness presented a challenge. The need for the collective contributions of multiple health
providers became apparent. Surgeons, physiatrists, pneumonologists, physiotherapists,
occupational therapists and orthotists had to work in teams for the optimal benefit for the

patient.

Surgery to rebalance muscle forces, stabilize a spine or flail joint, or correct limb deformities
became common. Physicians gained an understanding of how correcting static deformities
affected dynamic function. They developed the principles of redirecting muscle forces. Because
poliomyelitis is a lower motor neuron (LMN) problem, measurement of active and passive joint

range of motion (ROM) and muscle strength were straightforward. Early on, it became clear



that prevention of deformities was paramount to diminish the need for surgical correction and
the potential and unnecessary loss of precious muscle strength. Spinal fusions were performed
for stabilization [7]. It was important that the patient could sit upright to facilitate respiratory
function. A challenge was to avoid prolonged immobilization of the spine in a cast while
awaiting fusion. With no internal fixation devices yet developed, the halo vest cast was devised
to provide external support and allow for patient mobilization [8]. Other procedures commonly
performed to control the knee during the stance phase of gait to compensate the quadriceps
paralysis included fusion of the talocrural and subtalar joints to position the foot in equinus [9]
and generate an extension force at the knee [10]; soft-tissue interventions such as hamstring
muscles transfer [11] or reconstruction of the posterior tissues [12], although success was
limited by recurrence; fusion of the knee in a more functional position to improve stability,
although this tended to restrict participation [13]; and supracondylar femoral osteotomy to
reduce recurvatum by allowing forces to pass in front of the flexion/extension axis of the knee
[14]. The other aim of interventions was to control troublesome deformities: knee varus
osteotomies and osteotomies and fusion for foot deformities [9,15]. These techniques could be
complemented by tendon transfers to rebalance or enhance muscle function [9]: weakness of
the triceps surae could be improved by transfer of the extrinsic muscles to the heel (flexor
digitorum longus, flexor hallucis longus, fibularis longus); correction of hyper-extension of the
hallux improved foot alignment during dorsiflexion, which was further improved with transfer
of the extensor hallucis longus tendon to the base of the first metatarsal; and excessive eversion
of the foot caused by paralysis of the tibialis anterior muscle could be improved with transfer
of the fibulares muscles to the medial side of the foot. Varus deformity resulting from weakness
of the foot inverters could be improved by transfer of the extensor hallucis longus or tibialis

anterior muscle to the lateral side of the foot.



Cerebral palsy (CP). In the 1940s, Drs. Baker, Banks, and Green, as well as others, noted that
too much attention was paid to nonsurgical treatment in children with CP [16-18]. They began
to develop surgical procedures to correct deformities in patients with spasticity [19]. From the
knowledge and success obtained in polio patients, the clinical evaluations and surgical
techniques were then applied to other neurologic disorders such as CP. As with polio, the
decisions regarding surgical treatments were based on clinical evaluation. The treatments
focused on the lower extremities to enable a patient to walk or to improve the quality of
ambulation [16]. Surgeons soon learned that the techniques initially used for polio were less
successful because of lack of appreciation of the differences between upper and LMN disorders.
Muscle spasticity, muscle activation, the presence or degree of motor control, sensory function,
and cognitive abilities presented clinicians with new and more complex challenges. The
deformities were a result of multiple muscle forces, which were more difficult to discern.
Equinus was treated by surgical lengthening of the Achilles' tendon [5]. Equinovarus with the
inversion of the foot was attributed to abnormal activity of the tibialis posterior muscle. For this
deformity, the tibialis posterior muscle was transferred or lengthened [20,21]. More severe or
rigid varus and valgus deformities of the foot were corrected by bony stabilization [15]. Patients
with CP benefited from the development of 3D gait analysis for planning appropriate surgical
techniques. Indeed, 3D gait analysis changed the management of all central neurological
injuries.

The treatment and follow-up of children with CP provided an understanding of bone and muscle
growth and development in the presence of spasticity and paresis. Several orthopedic surgical
techniques were proposed, with good results notably for gait. These children reached adulthood
with orthopaedic issues that required specific reasoning and management approaches different
from those applied to patients who acquired lesions during adulthood. Adults with CP tend to

develop arthritis in specific joints because of joint deformities. This in turn exacerbates the joint



deformity to angles that cause pain and loss of function (i.e., increasing knee recurvatum with

age).

Stroke and traumatic brain injury (TBI). In the 1970s and 1980s, survival rate and life
expectancy after stroke became longer; thus, residual limb deformities and resulting disabilities
became apparent. More attention was paid to functional losses. Advances in anesthesia and
medical management resulted in more confidence in performing surgery in stroke survivors.
Similarly, the 1980s saw the development of more formalized, systematic and invasive trauma
care programs. TBIs were common in multiple trauma cases. Initially, little attention was paid
to orthopedic injuries as physicians concentrated on injuries to major organs. As survival rates
improved with intensive multidisciplinary care, crippling limb deformities became common.
Fracture non-unions and malunions, undiagnosed peripheral nerve injuries, the development of
contractures and heterotopic ossification caused severe impairments and impediments to
rehabilitation. Surgery to correct the orthopedic problems resulting from delayed treatment of
the spastic limb deformities often led to a poorer outcome. Even when fracture care was possible
soon after injury, spasticity or flaccid paralysis in an uncooperative patient made care extremely

challenging.

When a patient had stabilized after stroke or TBI, spastic limb deformities were noted to impair
function. The surgical procedures for CP were used to treat the deformities after stroke and TBI
[5]. These procedures had variable results. It was then understood that the muscle groups
involved in the deformities and the biomechanical presentations were not the same for lesions
acquired during adulthood as for lesions acquired at birth or during childhood. In the 1970s and
1980s, instrumented gait analysis and multi-channel dynamic electromyography were
developed [22,23]. Application of these technologies greatly enhanced decision making. The

timing of muscle activation during walking and other activities provided a more sophisticated



understanding of the nature and cause of deformities as well as compensatory adjustments.

Later assessment tools such as motion analysis led to an even greater understanding of function

[5].

Tetraplegia. In parallel with all these advances, upper-limb surgery for patients with tetraplegia
gained recognition in the early 1970s thanks to the work of Moberg [24], Zancolli [25] and
Lamb [26]. Their work formed the basis for the Giens International Classification, which is still
used today [27]. The goals of surgery were to produce active elbow extension to improve
grasping abilities, wheelchair propulsion and, to a lesser extent, the capacity to transfer [28].
Two techniques were proposed: transfer of the posterior deltoidus on the triceps brachii and
transfer of the biceps brachii on the triceps brachii [29]. The second objective was to restore
grasping by strengthening the key grip (thumb and index) and the global digito-palmar grip by
tendon transfers that had an active or passive (tenodesis effect) effect [29]. These techniques
are still used today and measuring patient satisfaction is very important (30). Activity and
participation should be particularly evaluated because they may improve markedly, even with
small improvements in muscle strength and grip capacity [30].

Following the success of neurotization in patients with peripheral nerve lesions, Benassy,
followed by Kiwerski and then Krasuski, demonstrated the feasibility and the effectiveness of
transfer of the musculocutaneous nerve to the median nerve for patients with tetraplegia [31-
34]. Since these investigations, many more studies, especially in animals, have demonstrated
the feasibility and effectiveness of transferring peripheral nerves emerging from above the level

of the spinal cord injury to nerves emerging below [35-37].

Heterotopic ossification (HO). HO is the presence of bone in soft tissue where bone does not

normally develop; it causes pain and loss of ROM. Guy Patin, a French physician and



philosopher, was the first to describe this phenomenon, in 1692. He described it in children with
fibrodysplasia ossificans progressiva [38]. Several descriptions of the disorder were then
reported, by Coppnig in 1740, Freke in 1741 and Riedel in 1833. It was not until 1918, when
Augusta Klumpke-Déjerine and André Cellier provided a histological, clinical and anatomical
description of these ectopic bone formations in soldiers with war-related spinal cord injuries
[39,40]. Later, neurogenic HO (NHO) was described in stroke [41], TBI [42], poliomyelitis
[43], and tetanus [44]. Attempts have been made to develop prophylactic treatments for NHO.
Studies carried out in patients with spinal cord injury provide strong support for the use of non-
steroidal anti-inflammatory drugs; however, their use is limited by side effects [45]. Currently,
the only treatment for NHO is surgical excision, and there are no guidelines for management of
the condition [46]. Surgical excision increases ROM and, importantly, also improves both
active and passive function and reduces pain and bedsores. The pathophysiological mechanisms
behind the development of NHO are still poorly understood, and medical and clinical treatments
are based on the experience of surgical-rehabilitation teams, with no real measure of their

effectiveness.

Types of interventions currently performed

Tendon lengthening is the surgical lengthening of a tendon of a contractured muscle. The aim
can be to restore function, prevent secondary complications, or modify the function of a muscle.
Lengthening a tendon can also reduce focal spasticity by modifying the threshold of the
neuromuscular spindle [47]. This procedure is often associated with a partial neurotomy.
Medical techniques to lengthen muscles (casting, rehabilitation etc.) are almost exclusively
used in children [48] to avoid or postpone surgery because with continued skeletal growth, the
muscle tension characteristics will change. Medical techniques are also used in adults but

mostly to combine or complete surgical techniques. Different surgical procedures can be carried



out depending on the expected ROM and antagonist activity (e.g., voluntary and mainly
involuntary activity masked by the contracture and deformity): simple tenotomy (surgical or
percutaneous); intramuscular tendon lengthening, or lengthening of the tendon proper (simple,
“Z” performed percutaneously or with sutures); and proximal disinsertion using the Flexor
Origin Slide (Page-Scaglietti procedure) [49,50] (Fig. 1). Tendon lengthening can be performed
on an upper limb (i.e., tendon fractional lengthening to improve shoulder function in patients
with spastic hemiparesis (pectoralis major, latissimus dorsi, teres major) [51] or to treat a closed
spastic and contractured hand (flexor carpi radialis, palmaris longus, flexor carpi ulnaris;
interossei and abductor digiti minimi; adductor pollicis, interossei palmaris, flexor pollicis
brevis; extensor carpi ulnaris) [49,50]. Lower-limb percutaneous tenotomies, developed in the
early 19th century are being used again because they are considered safe alternatives to more
invasive surgical techniques [52-54]. Very rarely and when there are significant anesthetic or
vascular risks, a progressive correction by external fixator can be performed [55,56].

The purpose of tendon transfers is to rebalance the forces across a joint or enhance the strength
of another muscle. The original biomechanical function of the muscle may or may not be
modified. If it is changed, extensive rehabilitation is required to learn new motor control. This
is particularly appropriate for peripheral neurological lesions because of no alteration of the
central motor command and thus the new control can easily be integrated by the patient. If the
muscle is spastic (CNS lesion), the effect of this will automatically transfer to the function
allowed by the new insertion. Tendon transfers may be partial or complete (Fig. 2A1). A
minimum muscle strength is necessary (MRC score of 4) because one point will be lost after
treatment. Clinical assessment of strength is accurate in LMN patients. In most cases, muscle
strength cannot be realistically assessed in CNS patients. Spasticity and the impaired volitional
muscle activation will obscure the estimation of strength. The inability of a muscle to relax is

not the same as strength. It should be assumed that all spastic muscles are weak. Effective



treatments show that the diminution of spasticity will uncover underlying weakness. Transfers
can be performed on an upper limb (i.e., flexor carpi ulnaris on the back of the hand as “active
tenodesis” to help the extension of the wrist) or lower limb (i.e., partial transfer of the tibialis
anterior on the fibularis brevis or the lateral surface of the cuboideum to compensate for
deformity in "pronation-adduction” of the foot when the synkinetic contraction of the tibialis
anterior is triggered during the swing phase of gait [Fig. 2A1 and A2] or the rectus femoris to
gracilis muscle transfer with fractional lengthening of the vasti muscles for adults with stiff
knee gait [57]). In some cases, a passive transfer (tenodesis) is indicated. This transfer is more
common in the upper limb (i.e., shortening of the carpus extensors, mainly extensor carpi
radialis brevis, to compensate for a wrist "falling" in flexion). Preoperative assessment of the
postoperative supposed action of the antagonists or the effect of gravity is essential to avoid

recurrence of the deformity.

Associated bone and joint procedures may still be performed, but the need for these
procedures has decreased with improved early care [5,49,50]. Soft-tissue surgery (tendon and
muscle) has become more successful, especially if performed early when deformities are mild
[5,50]. Soft-tissue surgery is more easily performed and preserves more function and mobility.
Bone surgery may require prolonged immobilization and prevent weight bearing. Although
uncommon, delayed bone healing or infection can occur. Bony procedures are more frequently
performed in the lower limb. The most common bony procedure is the triple arthrodesis: fusion
of the talocalcaneonavicular, subtalar and calcaneocuboid joints (Fig. 2D1 and D2). A triple
arthrodesis is used to correct a severely pronated foot. Foot pronation can occur as a result of
long-term walking with an uncorrected triceps surae contracture. Loss of function of the tibialis
posterior also leads to a pronated foot. Other than resection of HO, bony procedures in the upper
extremity are far less common. Pronation deformities can be corrected by lengthening the distal

tendon of the pronator teres and disinsertion of the pronator quadratus. A forearm supination



deformity can be corrected by re-routing the biceps brachii tendon around the proximal radius.
For very severe flexion contractures of the wrist and fingers, resection of the proximal row of
the carpal bones (very rarely associated with shortening of the distal radius and/or lengthening
of the flexor tendons) and arthrodesis of the wrist may be required [58,59]. Lengthening of the
wrist and extrinsic finger flexors may also be performed [17,49,50]. The wrist is immobilized
until full bony fusion is obtained. Patients with vascular disorders such as arteriopathy (e.g.,

after ischemic stroke) and smokers are at increased risk of delayed bone healing and sepsis.

Neurosurgical treatments for spasticity mainly involve neurotomy and DREZotomy.
Neurotomy is a partial section of the branches or fascicles of the motor nerve, including motor
alpha and gamma fibers, but mostly the proprioceptive Ia, Ib and II fibers, which are the main
targets of this technique. Neurotomy has a permanent effect on spasticity, but the induced
muscle weakness is reversible because of collateral sprouting [60]. Transient motor nerve block
with local anesthetic is nearly always useful to determine the presence of contracture before
surgery but also to evaluate the muscle strength, analyze the function of antagonist muscles,
and predict the result of a neurotomy. If the causes of the deformity are mixed (spasticity and
contracture), neurotomy (to reduce spasticity) can be associated with tendon lengthening or
transfer (to reduce contracture) to obtain a full correction. Neurotomy can be proposed as first-
line treatment, when the maximum total dose of botulinum toxin has been reached, or if the
patient wishes to stop regular injections. DREZotomy involves sectioning the dorsal roots as
they enter the spinal cord. It is also not reversible. This procedure is useful for regional
spasticity. Although some surgeons still promote the technique, use of intrathecal baclofen may
be more appropriate (simpler surgical procedure, short-course of rehabilitation and

reversible)[61].



Heterotopic ossification (HO)

Current management of HO involves excision as soon as the patient’s function is reduced by
stiffness or pain becomes a problem, as long comorbidities are controlled and there is a suitable
cleavage plane to remove the bony outgrowth [62-65]. The main limitation of early
management is diagnosing the HO [66,67]. The current gold standard for diagnosis is CT (with
contrast) with 3D reconstruction and standard X-rays [67] (Fig. 2B1, B2 and B3). Because of
the lack of motion, positioning of the limb is limited, so standard radiographs in multiple
projections are needed (Fig. 2B1). Radiographs provide important information regarding the
relation between HO and neurovascular structures and helps determine the surgical approach
[68,69]. Surgical resection of HO is technically challenging. At times, alternate surgical
approaches must be used to find the best access to the cleavage plane [68]. Intra-operatively,
HO and native bone have the same appearance. Decisions as to which bone should be removed
is largely based on the morphology. Intra-operative radiographs can be used to confirm whether
the bone in question is HO. Large vessels and nerves may be adherent to or contained within

the HO (Fig. 2C1 and C2).

Because we now know that there is no benefit in waiting for the maturation phase of the HO
before surgery, serum alkaline phosphatase assay and scintigraphy are no longer recommended
[64,65]. The risk of recurrence is not related to the time since the CNS lesion [67], the multisite
nature of the HO or extension around a joint [70], or the severity of functional and cognitive
deficits [71]. To allow for inflammatory processes to settle and to reduce the risk of recurrence,
1 week of rest and non-steroidal anti-inflammatory drugs, if possible, are recommended after
the HO removal. Rehabilitation can then begin gradually with no particular limitations. Another
useful alternative is the infiltration of cortisone in the zone where the HO contacts another bony

structure (including other part of the HO), causing pain.



Decision-making for orthopaedic surgery

Clinical assessment. Neuro-orthopaedic surgery can only be as successful as the pre-operative
assessment is accurate. Deformities that are useful for function and those that are detrimental
must be differentiated. Also, whether muscle hypo-extensibility is due to hypertonicity or fixed
contracture must be determined. Thorough examination of the antagonist muscles is vital
because masked hyper-activity released after surgery can render the surgery unsuccessful.
Motor nerve blocks [72—74] or botulinum toxin injection may be useful to fully assess joint
motion and the status of adjacent and antagonist muscles. Assessment should be
multidisciplinary, including at least surgeons and physiatrists, and often physiotherapists and
anesthetists [49,50]. The examination should include the patient’s (and/or caregiver’s) needs
and expectations. It should also determine the current use of the limb, often underestimated by
the patient. For example, an elbow-flexion contracture may be useful to hold a bag against the
side, freeing the other hand, and contractures of the extrinsic finger flexors may allow the
patient to hold a bicycle handlebar. These functions will no longer be possible after the

deformities are corrected. The patient must be aware of this.

The objective examination must include a functional examination to determine how the
deformity affects movement [75]. A sound knowledge of functional anatomy is necessary to
determine the muscles involved in a deformity. For example, functional analysis of knee
extension in weight bearing provides an indication of the function of the quadriceps muscle and
also the triceps surae, especially the soleus, and the gluteus maximus (with other secondary
knee extensors). In fact, both these muscles extend the knee when the foot is on the ground: the
triceps surae extends the tibia on the femur, whereas the gluteus maximus extends the femur on

the pelvis.



Determining goals. Once the causes of the deformity have been established, realistic,
appropriate goals must then be set and prioritized with the patient and caregivers [50]. Goals
can range from correcting an adductus of the fifth finger of the hand to facilitate dressing, to
complex global surgery of the lower limb to make walking possible. The goal could also be to
reduce pain and improve hygiene and appearance. Goal Attainment Scaling is a useful tool to
assess the outcome of surgical procedures [50]. The expectations of patients who have been
disabled since childhood differ from those of patients who sustained a neurological injury in
adulthood. For the former, they have often already undergone many interventions and their
expectations are less ambitious than those with a CNS injury in adulthood. Patients who have
adulthood CNS injuries often wish to become "as before". The goals of surgery and medical
treatments are often below their ambitions and thus we must spend time educating them in terms
of realistic expectations [76]. The patient should also be made aware of the time the different

procedures and subsequent rehabilitation will take [5].

Failures. The success of neuro-orthopaedic procedures depends on the quality of the
preoperative examination. The two main complications are overcorrection, with release of
previously masked dystonia of the antagonist muscles, and the recurrence of the deformity by
transferring a muscle that was too weak or after failure of sutures. Associated impairments may
also be missed (proximal muscle weakness, cerebellar syndrome, etc.). All the risks of invasive
procedures in fragile patients also exist: germs (bacteriuria etc.), vascular impairments and bone

loss increase the risk of complications such as sepsis and delayed bone healing.



Botulinum toxin injection as a complement to orthopedic surgery

Botulinum toxin injection reduces spasticity but cannot change muscle properties such as
viscosity and elasticity that cause hypoextensibility and contracture [77,78]. In this case,
orthopedic surgery is the treatment of choice to improve function. However, if botulinum toxin
injection is unsuccessful, the reason must be determined before surgery. The physiatrist should
ensure that the correct muscle was injected [79], with an appropriate dose [80]. Botulinum toxin
can be useful as a clinical test to simulate to a certain extent the effects of reducing muscle
activity on the function of the relevant limb segment to ensure that the desired effect is achieved

[81]. It can help to differentiate between spasticity and true contracture.

Botulinum toxin injection can also be used along with surgery. Pre-operative injections can
reduce the temporary increase in spasticity caused by pain. They can also reduce the tension on
a tendon transfer or lengthening, protecting the repair during the early phase of healing. One
advantage of surgery is that if botulinum toxin injection is no longer required in the segment,
the dose can be redistributed to other muscles, thus increasing its effectiveness on other

segments.

Patients with multiple deformities

Patients with multiple deformities often require multiple interventions. If the goal is to improve
passive function, all the interventions can usually be carried out simultaneously. However, if
the aim is to improve function, interventions should be prioritized. The static and dynamic
components of the limitation of the ROM of the joint should be considered: if a contracture is
involved, this should be corrected first [82]. In our experience, lengthening a shortened tendon

can reduce the tonic reflex response to a stretch of the muscle, reducing spasticity [47].



If several procedures are required, careful planning is necessary to preserve maximal autonomy
in between the interventions and provide appropriate rehabilitation. For example, the late
removal of a complex NHO of the elbow with an ankylosis of the joint that requires subsequent
arthroplasty (and frequently instability) must often be performed after correction of equinovarus
of the foot, so that the patient can use crutches during recovery. An elbow-flexor-pronator
contracture should be treated before a wrist flexion contracture to avoid the recurrence of the
wrist deformity. A hip-flexor contracture should be treated at the same time as that of a knee-
flexor contracture in patients on bedrest to avoid recurrence. Indeed, hip flexor and knee flexor
deformities occur simultaneously. Correcting only one of these deformities will allow or require
that the other joint remain flexed. Both deformities require correction at the same time whether
by medical or surgical techniques. Equally, bilateral equinus deformities should be corrected
simultaneously. However, if the deformities are bilateral, and a simultaneous correction of both
extremities is envisaged, it is important to consider how the patient will cope during the post-

operative period and organise appropriate care.

Postoperative care and rehabilitation

Post-operative care after upper and lower extremity surgery is procedure- and immobilization-
dependent (Figure 1). For example, for the upper limb, with tendon lengthening at the shoulder
or elbow, active and passive motion can be started immediately. For the elbow, a removable
splint may be helpful for pain control for a short period of time. With a biceps brachii
suspension procedure performed to correct inferior glenohumeral subluxation, an arm sling is
used for 6 weeks. Physiotherapy may begin with gentle passive mobilizations at 1 week post-
surgery. For the wrist and hand, splint or cast immobilization is used for fusions until bony
union has occurred. Tendon transfers, such as a wrist flexor to a wrist extensor, are protected

in a wrist splint for 6 weeks. Intramuscular lengthenings of finger flexor tendons are protected



with a wrist splint for 2 weeks to prevent inadvertent over-lengthening, which could occur with
wrist hyperextension. Active flexion can be started immediately after surgery. No passive finger

extension should be performed to avoid over-lengthening with subsequent weakness of the

grasp.

For the lower limb, stiff knee gait may be treated by transfer of the rectus femoris to the gracilis
tendon, with a removable knee splint used for pain control. Correction of knee flexion
contractures often requires the application of serial casts to obtain full knee extension. If full
extension is obtained at the time of surgery, then a removable splint is used to control pain.

Active and passive motion of the knee can be started as tolerated.

After bony procedures (arthrodesis or osteotomy), a cast is required for 2 months, with total
unloading for 1.5 months for the lower limb. If only soft tissue procedures have been carried
out, the cast will be required for 35 days, and complete loading will be possible. Botulinum

toxin injection 1 month before surgery may be helpful to improve tolerance of casts.

Monitoring of the patient is necessary to ensure that postsurgical complications do not occur.
For patients who are unable to cooperate or who are returning to a facility with limited care and

supervision, it is safer to provide more immobilization for a longer period of time.

Appropriate physiotherapy is a major key for success. The aim of the medical-surgical treatment
of deformities is to alter the alignment and function of limb segments, so specialised
rehabilitation is an essential component. A relationship of trust must be developed to ensure
genuine collaborations for the benefit of patients. Rehabilitation is often necessary before
surgery or just after to teach safety and autonomy while the patient is in the cast. One of the
goals of physiotherapy is to integrate the new state of the limb into the patient’s motor program,

which requires early, repetitive, intense and multimodal rehabilitation [83] [84].



Level of evidence

The number of manuscripts published on the effectiveness of these techniques has greatly
increased since the 1950s. As explained above, each decade offers studies on functional
treatments of neurological etiologies whose management is progressing or causing public health
problems owing to the number of survivors affected. Only retrospective and descriptive studies
are available regarding the surgical techniques described above. Samples are heterogeneous and
often small. Moreover, combined techniques are frequently used, and whether the technique
itself has been effective is unclear. Therefore, the level of evidence is low. In addition, follow-
up is often limited to 6 months. Some series of patients were evaluated after several years, but
this mainly concerns CP. The idea of these studies was to test the effectiveness of surgical
techniques (for spine and limbs) performed in childhood in adulthood. Expertise is essentially
clinical and empirical, and the techniques are defended by the surgical teams who created them
or who regularly performed them. However, in clinical practice, physicians and
physiotherapists are convinced of the effectiveness of these procedures. Moreover, from an
ethical point of view, performing prospective, controlled studies is complicated. However,
studies comparing techniques could be carried out. The use of databases for case—control
studies, as has been done for HO, may be a solution for evaluating surgical procedures,
especially since the development of tools such as artificial intelligence (i.e., database creation

from text file reading).

Conclusion

The aim of neuro-orthopedic surgery in patients with CNS lesions is to correct joint deformities,
improve function (active or passive), and increase quality of life. As such, it should not be

considered a last resort but as part of the overall management strategy. We believe orthopaedic



surgery should be performed as soon as possible to allow early and intensive rehabilitation to
optimise recovery. To ensure success, understanding the patient’s and caregiver’s expectations
is essential. Joint goals based on the patient’s needs and what is realistic need to be determined
before surgery. Thorough assessment should be performed by a specialist multidisciplinary
team to determine the causes of the deformity and plan appropriate surgery. Patients who have
undergone successful treatment return with new, more ambitious goals enabled by the

improvement in functional capability after the previous intervention.
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Figure captions

Figure 1. Characteristics of tendon-muscle lengthening techniques.

Figure 2. Examples of surgical techniques and imagery for neuro-orthopedic deformities. A)
tibialis anterior tendon transfer (Al: medialisation; A2: hemi lateral transfer); B) images of
heterotopic bilateral hip ossification (B1: X-ray; B2: CT scan; B3: 3D reconstruction CT scan);
C) Left anterior femoral neurovascular bundle embedded in the heterotopic ossification (C1:
CT scan; C2: 3D CT scan); D) Triple arthrodesis of the ankle (D1: diagram of fused joints; D2:

lateral X-ray after surgery).
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Technique Simple Simple Z Intramuscular Proximal muscle Z tenotomy
tenotomy Intramuscular tenotomy release
tenotomy (Forearm - Page-
Scaglietti procedure)
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Table. Aims and methods of focal medical and surgical treatments for neuro-orthopedic deformities.

Medical treatments and rehabilitation

Surgical treatments

Aim: Rebalance agonist/antagonist effects by reducing agonist activity

Spasticity
¢ Action on the nerve (phenolization)
* Action on the muscle (motor plate:
botulinum toxin injection)
* Intrathecal baclofen
Contracture
* Action on muscle and tendon
(physiotherapy, percutaneous tenotomy)

Spasticity
* Action on the nerve (partial
neurotomy)
* Action on the dorsal root (DREZtomy)
Contracture
* Action on muscle & tendon
(lengthening etc.)

Aim: Rebalance agonist/antagonist effects by increasing antagonist activity

Physiotherapy, self-guided rehabilitation,
functional electrical stimulation, etc.

Muscle transfers, tenodesis

Ensure mobility and joint stability

Physiotherapy, self-guided rehabilitation,
functional electrical stimulation, etc.

Arthrolysis, heterotopic ossification removal,
arthroplasty, arthrodesis, osteotomy






