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Abstract
This review looks at the advances in the surgical technique, selective dorsal rhizotomy, used for the management of spasticity in
children.
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In the mid-1980s, the selective dorsal rhizotomy (SDR) was
introduced to North America for the treatment of spasticity
and, in particular, the treatment of children with spastic cere-
bral palsy (CP). In the late 1980s, I was asked to write a review
of its history and its use [1]. At the time the favored technique
was based on Peacock’s [2, 3]. It consisted of a L2 through L5
laminectomies wide enough to view the nerve roots as they
exited the dura, separation of the sensory from the motor nerve
root at each targeted level then electrical stimulation of the L2
through S1 sensory roots bilaterally. Interpretation of the re-
sponses was based on Fasano’s manuscript that described an
normal root response to an electrical stimulus train (1 stimu-
lus/s) as causing contraction of a single muscle or muscle
group that continued in a one-for-one pattern [4]. As the fre-
quency of stimuli in the train was increased, the observed
muscle contraction rapidly lessened in duration and ceased
when the train’s frequency of stimuli went above 20 Hz. He
also described a normal root’s response as “The responding
muscle groups are always the same, for each root being ex-
amined, whatever stimulation frequency is employed.” He
observed that the threshold for stimulation of normal nerve
roots was between 0.1 and 0.5 V. Fasano deemed a nerve root
as being abnormal when its response to stimulation varied
from the above description.

Peacock’s presentation of his technique and his reports on
his CP patients’ outcome rapidly gained attention in North

America, both by its pediatric neurosurgeons and the public
at large. Much controversy was generated in the medical field
over the procedure and its efficacy. Surgeons employing the
technique were compelled to report their results in an increas-
ingly stringent manor. The result has been an evolution in the
methods used both surgically and for assessing the patients
undergoing SDR. This review will focus on this evolution and
how it has affected patient selection for treatment with SDRs,
the tools used for their assessment, the surgical technique, and
some of the complications that have been driving this
evolution.

Candidate selection

In his 1987 report on using SDR to treat “cerebral palsy spas-
ticity,” Peacock concluded that children with pure spasticity
that predominantly involves the legs benefited most from the
procedure and this became his ideal candidate [5]. The paper
also reported that “…athetoid and ataxic patients should not
undergo this form of surgery unless there is considerable
amount of coexisting spasticity.” Great attention was placed
on clearly defining spasticity as described by Lance (“…a
motor disorder characterized by a velocity-dependent increase
in tonic stretch reflexes (muscle tone) with exaggerated ten-
don jerks, resulting from hyperexcitability of the stretch re-
flex, as one component of the upper motor neuron syn-
drome.”) [6]. Peacock’s subsequent reports focused on the
results of using SDR to treat spastic diplegics. This, coupled
with the introduction of intrathecal baclofen, narrowed the
application of SDR to children in most centers by the late
1990s.
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Early on investigators during presentations and in informal
discussion antidotally mentioned that they were seeing better
function in their patients’ upper extremities, questioning if
SDR had wider applicability. Indeed, Peacock reported seeing
improvement in 19 0f 28 spastic diplegic children with abnor-
mal finemotor ability in their upper extremities but good trunk
control and some ability to locomote. Additionally, he report-
ed performing SDRs on 11 spastic quadriplegic children with
difficulties in upper extremity function and an inability to
voluntarily move finding all to benefit from the procedure.
In 1998 Loewen et al. using validated assessment tools for
upper extremity function and activities of daily living reported
statistically significant improvement in functional use of the
arms and in activities of daily living [7]. Their study group
included 22 spastic quadriplegics. Others reported improve-
ments in muscle tone in the upper extremities in their patients
undergoing SDRs [8–11].

More recently, as a consequence of these findings and a
realization of the problems in using intrathecal baclofen in
children, reports have begun to appear specifically addressing
the use of SDR in spastic quadriplegics. Morota reported on 3
spastic quadriplegics, all with severe spastic quadriplegics,
who he performed SDR on [12]. He found that all had signif-
icant drops in their lower extremity mean Ashworth scores
(3.5→ 1.4, 4.5→ 1.2, and 4.8→ 1.3). One of the three expe-
rienced a mild improvement in Gross Motor Function
Measure (GMFM) scores, and all were free of severe
opisthotonos posturing after their surgery. All the patients’
families were pleased with the result describing an easing in
the burden of caring for their family member. Ailon et al.
reported in 2015 on their patients’ long-term (> 10 years post
SDR) results, and included in this report were seventeen chil-
dren whose Gross Motor Function Classification Scale [13]
(GMFCS) was level 4 and three who were GMFCS level 5
[14]. When lumped together, they found that the group
dropped their mean Ashworth score by 1.4 at 6 months to
5 years and another 0.5 points when examined ≥ 10 years.
There was an initial improvement in function in this group,
but by 10 years, their functional scores were lower than those
obtained preoperatively. Ingale reported on an interesting
group of spastic quadriplegic children who initially were treat-
ed with intrathecal baclofen and whose families chose to
switch their treatment to a SDR either because the pump be-
came infected (3 children) or at the time of battery exhaustion
of the pump they expressed displeasure with the treatment and
requested an alternative (7 children) [15]. Three of these chil-
dren were GMFCS level 4, and seven were GMFCS level 5.
The stated goal for these children was to decrease their spas-
ticity to ease in their care by their families. They found that
there was a drop in the mean Ashworth score of 2.4 (pre-op to
8 months 3.6→ 1.3) but that only half of the patients main-
tained this improvement when examined at 14 months. Two
of the GMFCS level 4 children gained the ability to quadruped

crawl, and two of the GMFCS level 5 children gained the
ability to independently sit. 9/10 families felt that the SDR
had been beneficial. Buizer et al. reported their early experi-
ence in treating severely involved children with a history of
CP or other congenital conditions resulting in spasticity. In
their group of 18 patients were 15 with CP [16]. They found
that all experienced a decrease in the number of spastic mus-
cles after their rhizotomy. Many, however, still presented
problems in daily care to their families and had persisting pain.
Five of these CP children developed evidence of dystonia after
their SDR in spite of preoperative MRIs showing no evidence
of basil ganglia abnormalities. They concluded that while
SDR is an alternative to be considered in treating such chil-
dren, but caution was needed to discern any evidence of dys-
tonia. They also felt that their results needed to be considered
with caution owing to their lack of long-term follow-up.

Gump et al. published a review of the literature for SDR
used to treat individuals with spasticity due to conditions other
than CP [17]. They found reports on its being used for 74
patients with multiple sclerosis, 35 patients with spinal cord
injuries, 9 with neurodegenerative disease including amyotro-
phic lateral sclerosis, 8 traumatic brain injuries, 2 congenital
brain malformations, 2 hemorrhagic stroke, 2 ischemic
strokes, 2 hydrocephalus, 2 hypoxic brain injuries during heart
attacks, 2 near drownings, 2 transverse myelitis, 1 brain tu-
mor, 1 hereditary spastic paraparesis, 1 meningitis, 1
myelomeningocele, and 1 myelopathy of an unspecified na-
ture for a total of 145 non-CP spastic patients receiving a
SDR. They found difficulty in analyzing the results because
the standardized assessment tools commonly used for patients
with CP had not been employed and because of the lack of
description of long-term outcome. The reports they did review
seemed to indicate a high success rate in treating the spasticity
present and mixed results in improving function. In 2014
Reynolds et al. added three patients with severe spasticity
due to a spinal cord injury [18]. Two of these patients experi-
ence good relief short term from their spasticity (mean
Ashworth scores of 1 for each), while the third had return of
his spasticity within 6 months and went on to have intrathecal
baclofen therapy. In the same year, Li et al. added 4 patients
with spastic hereditary paraparesis [19]. For this group, they
found that the mean Ashworth score preoperatively averaged
3.8 ± 0.3 and that this average dropped significantly to 1.8 ±
0.2 at the 2-year follow-up examination. In their conclusion,
they emphasized that their results were preliminary and need-
ed long-term validation.

While the studies above and their mixed results emphasize
our continued lack of understanding of the neurophysiology
of spasticity and the precise neural circuitry that SDR is
targeting for lesioning, they support a continued exploration
of the efficacy for SDR in treating individuals with conditions
other than spastic diplegic CP. This exploration, however,
should include attempts at better understanding how such
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patients differ physiologically from the patient with spastic
diplegic CP for which the efficacy of SDR is nowwell proven.

Assessment tools

Strength examination

Children with spastic diplegia (symmetrically involvement of
the leg muscles with spasticity and minimal spasticity in the
arms) have traditionally been the preferred patients for treat-
ment with a SDR. The vast majority of such children will be
ambulatory, distributed in the GMFCS levels 1 through 3.
Historically, there was great concern about the degree children
with spastic diplegia incorporate the spasticity in their leg
muscles into the forces being used to stand and walk. In an-
other words, is there sufficient underlying muscle strength to
maintain the functions of standing and walking after the leg
spasticity is removed? In his first manuscript about outcome
of South African patients who had undergone SDR, Peacock
described 3 patients who could stand using extreme knee ex-
tensor spasticity but lost that ability after undergoing SDR [2].
In his summary, he warned that when “…voluntary power is
poor spasticitymay be useful in helping the patient tomaintain
the standing position, and its relief is then questionable.” The
therapist involved in patient selection for his group described
a simple examination (squat-to-stand test) to differentiate
strength from spasticity in the leg’s antigravity muscles [20].
It required the child to rise from a deep squatted position to
full standing and then returning to a deep squat 7 times in
succession using only the leg’s muscle strength (i.e., the child
could not use the arms to pull to stand). The examiner was
allowed to provide assistance in balance during the maneuver.
This test allowed the examiner to evaluate the child’s ability to
isolate and use the volitional strength of the leg to weight bear.
Others heeded his warning and adopted this test to identify
children at risk for losing the ability to stand if their spasticity
were to be eliminated in the antigravity muscles of the legs [1,
21–23].

More recently there have been reports of utilizing gait anal-
ysis to differentiate volitional muscle strength from spasticity
[24, 25]. Roberts found that a child with good muscle strength
but “bad” spasticity tended to have a gait pattern that was
repetitive without variation whereas a child with a variable
gait pattern had weakness, poor motor control, or some other
muscle disorder [24].

Tone examination

As noted above in the discussion about candidate selection,
the young child with spastic diplegic cerebral palsy has tradi-
tionally been the preferred candidate for SDR. Broadening
candidates to include spastic quadriplegia was explored early

but with experiencemost groupsmoved to confine application
of SDR to spastic diplegics as their experience grew [23]. A
dogma developed that children with quadriplegic cerebral pal-
sy were best avoided when selecting candidates for SDR. The
difficultly with this is there is no precise definition of quadri-
plegic cerebral palsy and the condition has a spectrum of in-
volvement of the upper extremities [26]. More recently, there
has been a trend to first categorize children not as diplegic or
quadriplegic but rather to use the GMFCS [13]. In doing so,
children who have involvement of their upper extremities tend
to distribute themselves into GMFCS levels 3 through 5. As a
result, more mildly involved spastic quadriplegics are being
included in patient populations undergoing SDR to improve
motor function, and severely involved quadriplegics are re-
ceiving SDRs to ease in their care and/or provide pain relief
[16, 27–30]. This stratification of quadriplegics based on their
functional capabilities has allowed for a more discerning anal-
ysis of the applicability of SDR for treating spastic quadriple-
gic CP.

The trend of using functional classification in selection of
treatments for children with cerebral palsy is undergoing fur-
ther refinement. A recent paper by Schwartz et al. argues for
assessing motor control over simple measures of single mus-
cle and joint elements such as strength, tone, or mobility [31].
They argue that assessing such single elements only allows for
an understanding of the “status quo” and that understanding a
patient’s ability to control movement will perhaps allow for
improvement in predicting outcome from a treatment, partic-
ularly in a child who has ambulator abilities at the time of
considering a treatment.

Function examination

Programs developed to provide SDR treatment to children
with disabling spasticity in the late 1980s and early 1990s
most sought to document their patient’s functional abilities
using tools developed in-house. Most sought to document
how well the child could transition through the motor posi-
tions important in developing the ability to get from lying on
the floor to standing. Many such tools broke the overall move-
ment of lying to standing into stages such as moving from
lying to hands and knee crawling position, then to kneeling,
then to ½ kneeling and finally to stand. These tools graded the
child’s quality of getting to each position as well as how well
they lookedwhile holding each position.While these in-house
tools proved useful for tracking a treatment’s impact on any
given patient for the center providing the care, they were not
as useful in reporting overall results to colleagues at meetings
or in scientific communication. In 1987 Russell et al. first
published a tool developed to evaluate patients’ response to
physical therapy, the Gross Motor Function Measure
(GMFM) [32]. The tool consisted of 85 “items” or tasks that
a 5-year-old child with normal motor abilities would be
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expected capable of completing. The items were grouped into
5 dimensions of body positions: (1) lying and rolling; (2)
crawling and kneeling; (3) sitting; (4) standing; and (5) walk-
ing, running, and stair climbing. Each task was scored on a 4-
point scale with 0 = cannot do, 1 = initiates, 2 = partially com-
pletes, and 3 = completes. This tool gained widespread respect
among physical therapists in the early 1990s owing to the
extent its developers had gone to ensure the tool’s sensitivity
to documenting change in function and its intra-observer/in-
ter-observer reliability. Concern arose as the GMFM-88 be-
came widely used that it was most sensitive to changes in
function in moderately involved children and that investiga-
tors had begun testing using only items contained in the di-
mensions felt appropriate for their study group. To increase
the sensitivity of the GMFM and to accommodate how the
tool was being used, the developers eliminated 22 of the
GMFM-88’s items, introducing the GMFM-66 [33]. These
two tools have been widely used to document change in motor
function for many treatments used on children with CP includ-
ing SDR [29–34]. The GMFM has become the gold standard
for documenting change in the functioning of the motor sys-
tem domain of the ICF resulting from a therapy being studied.

3D gait analysis has been available for several decades, and
the need for its use has sparkedmuch controversy [34]. It may,
however, offer tools that would be helpful for differentiating
patients in GMFCS level 3 who would be benefitted by un-
dergoing a SDR from those who would not. Wong found that
children who exhibited co-contraction of distal musculature
when contracting the quadriceps had improved ambulation
after SDR while those showing diffuse co-contraction did
not [30]. Perhaps more important when considering level 3
children is whether or not they have sufficient control over
the patterns of muscle contraction required for walking, i.e.,
sufficient muscle synergy. Cappellini et al. have shown that
locomotion consists of two centrally controlled motor pro-
grams, one that organizes the pattern of muscle contractions
during stance phase in the legs and the other during the swing
phase [35]. These programs vary with the speed of locomo-
tion, both in the timing of contraction for each involved mus-
cle and in the strength of the contraction. Schwartz et al. have
described a 3D gait analysis test for dynamic motor control
(DMC), the so-called Walk-DMC [31]. This test seeks to
quantify variance from the expected norm for muscle contrac-
tion patterns during the gait cycle. By analyzing muscle con-
traction, patterns during the gait cycle dystonia as well as
spasticity can be recognized [30]. Such applications of gait
analysis could prove a useful adjunct in considering
GMFCS level 4 childrenwhere the presence of dystoniamight
sway one to consider intrathecal baclofen over the SDR for
treatment. Using strategies such as this, we may be able to
differentiate patients whose activation patterns predict insuf-
ficient control over their musculature to derive benefit from
relief from their spasticity.

The impact of SDR on a child’s ability to engage in desired
activities is important to consider, if for no other reason than to
justify its use. There are tools that have been developed and
are now validated for documenting changes in this ability. The
two most widely used for children are the PEDI (the Pediatric
Evaluation of Disability Inventory) and the WeeFIM (the
Functional Independence Measure for Children) [36, 37].
The PEDImeasures a child’s functional ability, his or her level
of functional independence, and the degree of modifications
need for this ability. It describes a child’s abilities for self-care,
mobility, and social function in terms of his or her functional
ability, the degree of caregiver support required, and modifi-
cations needed (i.e., none, child oriented, rehabilitation equip-
ment, or extensive modifications). It contains 197 assessment
questions that can be answered by parents, caregivers, or ther-
apists in about 20–60 min, depending on the experience level
of the individual scoring the questions. It is validated for use in
children ages 0 to 8 years of age. The WeeFIM measures a
child’s functional abilities in three domains: self-care, mobil-
ity, and cognition. It contains 18 items that are scored on a 7-
point scale with 6 and 7 describing independence with or
without modification of task (e.g., +/− using an assistive de-
vice) and 1–5 lessening levels of caregiver assistance to com-
plete a task. It can be completed in less than 20 min and can be
done by parents, caregivers, or therapists who have received
instruction in use of this tool (formal course and online test for
credentialing). The PEDI and WeeFIM differ in their empha-
sis with the former being stronger in assessing the social as-
pects of the child’s disability and the later the medical.
Additionally, the WeeFIM is much more expensive, costing
almost 20 times more than the PEDI to use on a child in the
outpatient community. The PEDI has been used to assess out-
come in children undergoing SDR by three groups and the
WeeFIM by one [38–43]. When used to follow a large popu-
lation, the cost factor of theWeeFIMmay be offset by the time
used to complete the assessment. The use of a validated tool to
document the impact of a treatment on a child’s functional
abilities may prove important as such information can be used
to document a decrease in the burden and costs for caring for a
child with a disability and thus justify continued use of a
treatment to treat disabled children by the entity funding the
treatment.

As the realization that assessment of the type and distribu-
tion of hypertonia was inadequate for candidate selection, at-
tention was also turning towards functional assessment. In
2001 the World Health Association published a revised clas-
sification system for individuals with disabilities, the
International Classification of Functioning, Disability, and
Health (ICF) [44–46]. The premise for the revision was to
describe and classify according to ability or the components
of health [46]. It broadened the concept of disability from
simply residing inside the individual to one that also included
the ability of the individual to interact with their environment.
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This will and should increasingly come into play when we
consider treating an individual with a disability. We will first
be expected to correctly assess what a person is capable of
doing. This is reflected in articles such as Schwartz’s where he
seeks to analyze an individual’s ability to control the motor
system when walking and not to simply document the abnor-
malities present [31]. In the future, we should anticipate the
need to assess how successfully a person can interact with his
or her environment and whether the same outcome could be
obtained by either modifying the environment or giving the
individual a tool to enable him or her to successfully interact
as would be expected if a proposed surgical treatment were
employed. This should result in much more rigorous thought
being given to a patient’s goals and how best to achieve them.

Imaging

Dystonia has been a contraindication for a child to undergo a
SDR. Its presence can be difficult to discern on examination, so
authors have sought other means of identifying a risk for its pres-
ence. Engsberg et al. reported using MRI in screening their pa-
tients, looking for indications of damage to the basil ganglia [47].
In 2007 Cole mentioned using MRI of the brain and spinal cord
but did not report on the results of this study in their patients or
describe how the information obtained was used [48]. Grunt et al.
described usingMRIs of the brain and, in specific, T2whitematter
changes that extended into the basil ganglia and thalamus as
markers for risk of dystonia [49]. When present, they used it as
a contraindication for treating a child with a SDR, while using
MRI signs of basil ganglia and thalamic injury as indicators for the
substrate responsible for dystonia in children has merit what is
lacking in the validation. Undoubtedly there is a very low risk
for a false negative with regard to a child having dystonia but no
evidence of such injury on MRI. Would a SDR relief such a
patient of his/her hypertonia? Conversely are MRI findings of
T2 changes in the basal ganglia and thalmus contraindications
for performing a SDR on a child, even if ther is no evidence of
dystonia. The use of MRI in patient selection, while promising,
requires more study.

Surgical technique

Surgical exposure

SDR, as described by Peacock, consisted of a L2-S1 laminectomy
exposure of the spinal canal for the work to be done on the cauda
equina. There have been many modifications to this. One of the
first was tomove from performing a laminectomy to performing a
laminotomy for the lumbar segments and to then replace the lam-
inar roof at the completion of the case [50]. The technique as first
described by Raimondi in 1976 required drilling a trough into the
lamina just medial to the facet joints and using a chisel to free the

laminar roof [51]. The availability of high speed drills with cutting
bits and protective foot plates allowed for a more rapid removal of
the laminar roof, thus leading to a rapid adoption of their use for
performing an osteoplastic laminotomy by many surgeons doing
multilevel SDRs.

As early as 1990, surgeons began to explore more limited
exposures of the cauda equina to perform SDRs. Lazareff et al.
reported his results on 30 patients who underwent a L5-S1
laminectomy and SDR confined to the L4, L5, and S1 roots
using Fasano’s selection criteria for identifying those rootlets to
be sectioned. On average 40% of the L4 and 50% of the L5 and
S1 sensory rootlets were sectioned in the children. He reported
good relief from spasticity in the hip flexors, hip adductors,
knee flexors, and plantar flexors except in 3 children who still
had moderate spasticity in their plantar flexors. Barolat’s man-
uscript in 1991 reported on a technique of using a L1
laminectomy to expose the cauda equina to perform SDR
[52]. After performing the laminectomy, the L1 nerve root
was identified as it exited the dural sleeve, and the S1 nerve
root was identified as being the largest of the medial nerve
roots. The L2 nerve root was then identified as being just medial
to L1. In his report, he stated that L3–L5 nerve roots could not
be differentiated from one another as they were seen as “…a
group of rootlets.” He went on to stress the importance of plac-
ing colored threads around each identified nerve’s dorsal root
prior to proceeding with further dissection to secure their iden-
tity during the remainder of the procedure. In 1993 Park et al.
first described his limited laminectomy to expose the cauda
equina at the caudal end of the conus medullaris [53]. The
technique first exposed the L1–L2 interspace and then identi-
fying the conus’s tip using the intraoperative ultrasound. When
needed, the interspace below or above was also exposed to
allow a more extensive investigation with the ultrasound to
identify tip of the conus. The lamina immediately rostral to
the interspace containing the conus tip was then removed.
Using the surgical microscope, he would then identify the L2
nerve root at the L1–2 interspace. The root was then followed
back to the cord and separated into its dorsal and ventral com-
ponents, and the L2 dorsal root and the caudal dorsal roots were
elevated medially to allow him to place a cotton patty between
them and their ventral roots. The conus was then inspected, and
the S3–S5 dorsal roots were identified by their size being sig-
nificantly smaller than S2. A silastic sheet was placed to sepa-
rate the L2 through S2 dorsal roots from the remainder of the
cauda equina. He cautioned that in some cases differentiation of
S3 from S2 could be difficult and that one should be conserva-
tive in such cases, sparing the root just rostral to the presumed
S3–S5 complex from lesioning. He concluded that the tech-
nique offered the advantages of providing the option to lesion
the dorsal root of L1, performing the rootlet sectioning below
the conus, minimizing the risk for postoperative weakness, and
reducing the risk for developing postoperative spine deformi-
ties. However, he felt that the procedure was more demanding
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than the multi-laminotomy for performing a SDR due to the
difficulty in identifying the L3-S1 dorsal nerve roots. He has
subsequently published his results using this technique, and it
has been adopted by many [19, 27, 48, 54–61]. In 2015 Sindou
described his technique for limiting the required laminectomies
to perform a SDR [62]. Prior to surgery, he constructed a sur-
gical map of the dorsal roots to be targeted for lesioning. This
map was based on the muscles containing problematic spastic-
ity and the afferent nerve roots commonly thought to innervate
them. At surgery access to targeted sensory roots was accom-
plished by an enlargement of the interlaminar space while leav-
ing the spinous processes and interspinous ligament intact. In
discussing his technique, he raised concern about the need to
securely identify nerves being targeted during a SDR. He was
concerned that the procedures advocating more limited expo-
sures of the cauda equina at or just below the conus had the risk
of misidentifying the level of the nerve roots being worked
upon. He also raised a concern that there was a known variabil-
ity in the motor nerve innervation patterns in the leg’s muscles
and thus securing knowledge of a nerve’s spinal level was
important for correctly interpreting response patterns to stimu-
lation [63]. He favored his approach as it lessened the risk for
postoperative spinal deformities and maintained the ability to
securely identify each nerve root he would be potentially
lesioning.

At present the surgeon has several techniques to choose
from to expose the nerve roots of the cauda equina for
lesioning. In deciding which best fits the surgeon’s needs, he
or she should first consider what selection criteria will be used
for lesioning. Will the lesioning be done using neurophysio-
logical mapping, and if so, will this be done in the setting of
scientific assessment of the mapping technique or simply as
suggestive guidance for lesioning to reach a predetermined
percentage of lesioning in the cauda equina? The former ob-
viously mandates correct identification of the spinal level of
the nerve, and studies such as done by Schirmer et al. clearly
show the advantage of secure anatomical knowledge of the
nerve root exit level and the dangers of simply using electrical
mapping of evoked muscle activity to identify a nerve’s spinal
level [63].

Neurophysiological mapping and lesioning

The SDR introduced in the mid-1980s used Fasano’s tech-
nique for electrically stimulating sensory nerve roots and their
rootlets while monitoring the pattern of muscles responding as
well as their EMG recordings [4, 64]. In his 1982 paper,
Peacock et al. described a “normal root’s/rootlet’s” response
as “…characterized by: (i) a single muscular contraction at 50
stimuli per second; and (ii) no diffusion of muscular contrac-
tion to muscle groups other than the one being stimulated” and
an abnormal response as “(i) a tetanic muscular contraction at
50 stimuli per second; and (ii) a diffusion of muscular

contraction to muscle groups other than those being stimulat-
ed.” [2]. Early on questions arose about inconsistency in re-
sponse patterns obtained using Fasano’s stimulation parame-
ters and occurrences of muscle response patterns not predicted
in his manuscripts. Variability in response to repetitive stim-
ulation was noted in a presentation I gave at the annual scien-
tific meeting of the American Society of Pediatric
Neurosurgeons in 1990 [65]. Others reported finding that
Fasano’s and Peacock’s criteria of tetanic contraction of a
muscle in response to a sensory root being stimulated by a
threshold, 50 Hz train, could be seen in “normal” patients
without physical signs of spasticity preoperatively or a clinical
history of cerebral palsy [66, 67]. Other selection criteria to be
used to select candidate sensory rootlets to be lesioned have
been advanced. Storrs used the H1/H2 reflex recovery ratio
obtained by stimulating the exposed sensory rootlets of the
L2-S1 roots and included the S2 sensory rootlets when
clawing of the toes was present preoperatively, labeling ratios
of > 50% as abnormal [68]. They typically lesioned 2/3s of the
rootlets tested finding a 80% drop in spasticity as measured by
the Ashworth Scale at the 6-month postoperative examination
with this reduction persisting at 7–8 years postoperatively.
Bales et al. have described their technique of establishing
“nontargeted” leg muscles (those without problematic spastic-
ity) and “targeted” leg muscles (those with problematic spas-
ticity) preoperatively and then testing the sensory nerves via a
single level laminectomy at the level directly below the conus
(typically L2) [58]. The sensory rootlets were then differenti-
ated from the motor roots using electrical stimulation (thresh-
old needed to elicit a motor contraction much lower in motor
than in sensory). Sensory rootlets, when stimulated, that elic-
ited response in “targeted muscles” were then “…graded as
normal, slightly abnormal, or markedly abnormal based on the
presence of one or more of the following: a persistent re-
sponse; a waxing and waning response; an increasing, de-
creasing, or burst response, and a spread of tetanic response
to other muscle groups.” “If the response is markedly abnor-
mal (as defined by the above criteria), 75–90% of the rootlet is
cut. If slightly abnormal, 50% of the rootlet is cut. If the re-
sponse to tetanic stimulation is normal but the rootlet elicits a
response only in affected muscle groups, 50% of the rootlet is
incised. If the rootlet produces a stimulation response in a
nontarget muscle group but does produce an abnormal re-
sponse to tetanic stimulation, then 50% of the rootlet is cut.
Normally responding rootlets in nontarget muscle groups are
preserved.” They report their patients experience a mean
Ashworth Scale drop of 2.08 at a mean follow-up of
15months. Zang et al. have reported success in using the same
technique to treat children with spastic hemiplegic CP [69].

We clearly need more knowledge about the pattern of mus-
cle contraction elicited when sensory nerve roots are stimulat-
ed in normal children and those with spasticity to justify our
selection criteria for lesioning of sensory rootlets to manage
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muscle spasticity. At best, currently used selection criteria
give us a sense of which nerves when lesioned will assist in
normalizing muscle tone in a child with spastic cerebral palsy,
but they by no means guarantee that we will avoid residual
spasticity and/or have undesired effects on the muscle tone in
the legs or create undesired sensory abnormalities.

Complications

Spinal deformities

In 1990 Peter reported on the incidence of spinal abnormali-
ties in 51 patients who were 1–7 years postoperative from
undergoing SDR [70]. They found that 9 patients had scolio-
sis, 3 kyphosis, 4 lordosis, 2 degenerative osteophytic chang-
es, and 5 with spondylosis with 2 having grade 1
spondylolisthesis. The scoliosis was described as mild in most
cases and that it occurred in children with spastic quadriplegia
more commonly. They noted that this incidence was less than
that generally found in the CP population who had not under-
gone lumbar laminectomies. They could not explain the oc-
currence of spondylolysis but were concerned that it was as-
sociated with the loss of support for the posterior lumbosacral
spine due to the extensive laminectomies their patients had
undergone. Park, in his 1993 paper on the limited, single
laminectomy technique, mentions a lessened risk for postop-
erative spinal deformity as a justification for his technique,
and this has been mentioned widely in subsequent papers
describing experience with this technique [27, 48, 52, 53,
58–60, 62].

Children with CP are at risk for the development of scoli-
osis, and this risk should be borne in mind when considering a
treatment for their hypertonia. Mild scoliosis of less than 25°
is generally observed while bracing can be considered for
moderate scoliosis (25° to 45°). When scoliosis becomes se-
vere (> 45°), surgical correction/stabilization is considered to
avoid the pain, limitations on movement and breathing that
can be seen in a child with severe scoliosis [71]. In Peter’s
original report, the incidence of scoliosis was 18%; Spiegel
et al. found it in 17% of his patients after surgery; Johnson
et al. in 24% after SDR; in Steinbok et al.’s paper, scoliosis of
greater than 35° was found in 6% of 104 patients receiving
SDR; and in Golan et al.’s report, 3% had curves greater than
25° [70, 72–75]. When Langerak et al. looked at the
Cape Town SDR patients who were 17+ years out from their
SDRs, they found that 17 of the 30 patients had some evidence
of scoliosis with only 5 experiencing pain of a mild to mod-
erate degree which could be managed conservatively [76].
They concluded that overall, the reported incidence of scolio-
sis was what one expects in an unoperated population of chil-
dren with CP. Persson-Bunke et al., in a population-based
study from Sweden, reviewed the records of 666 children with

CP where scoliosis screening was part of their regular health
care [77]. Overall, 116 of 666 have some evidence of scoliosis
(17%) with 45/666 (7%) having curves of > 20°. They went
on to analyze the incidence as a function of GMFCS level
finding that the overall incidence of scoliosis in all patients
in either level 1 or 2 was 20% with none having curves ex-
ceeding 20°, while 20% of level 3 children had some evidence
of scoliosis with only 2 having curves exceeding 20°, and
43% of children in levels 4 and 5 children had scoliosis with
22% exceeding 20°. This study is valuable given its
population-based nature and puts the reported problem of sco-
liosis in the post-SDR patients into context, i.e., what is the
expected risk for occurrence of moderate to severe scoliosis in
the overall CP population. For each of the CP outcome studies
citing postoperative incidence of scoliosis, one should first ask
what is the degree (mild, moderate, or severe) of scoliosis
being reported and the range of GMFCS levels for the patients
being reported on before determining whether or not the inci-
dence of scoliosis is elevated above what is expected for a
child with cerebral palsy. Overall, it appears that the case for
SDRs done using extensive laminectomies or laminoplasties
raising the incidence of scoliosis still needs to be proved.

Progressive lordosis of the lumbosacral spine is somewhat
more problematic. It is a relatively common finding in chil-
dren with CP. It is typically a result of tightness in the hip
flexors creating a forward tilt of the pelvis that is, at first,
mobile but can become fixed in adolescence or adulthood.
When the tilt of the pelvis exceeds 20°, the angulation of the
sacrum nears horizontal (lordotic curve > 60–70°), and the
patient begins to complain of back pain [78, 79].
Additionally, the presence of a lordotic curve exceeding 50°
increases the incidence of spondylolisthesis from 21 to 29%,
and this hyperlordosis is associated with a L5-S1 facet ar-
thropathy in 67% [79]. Langerak et al. reported hyperlordosis
in 6 of their 30 patients when their x-rays were reviewed 17+
years after their SDR [76]. Johnson et al. found the mean
lordotic curvature in the 34 patients they analyzed to progress
from a mean of 17° preoperatively to 54° with 17 having
lordotic curves > 60° at a mean follow-up of 8.6 years [74].
Steinbok et al. found lordotic curvatures of > 54° in 10/47
children who had x-rays 1+ year (1–13.6-year range) after
their SDR [72]. An important point is made by Spiegel et al.
in their paper that assessment of the degree of lordotic curva-
ture present is susceptible to the position of the patient for the
films, citing the preoperative lordotic curve in their patients
being 17° when sitting but 45° when standing [73]. The mag-
nitude of this difference persisted in their postoperative mea-
surements (18° when sitting and 45° when standing). Many
reports do not document the patients’ positioning when the x-
rays are taken making their interpretation difficult.
Additionally, Lee et al. found a significant inter-observer var-
iability (0.59, 0.315–0.770 CI) in interpreting plain lateral x-
rays of the lateral spine when evaluating 184 children for
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lordosis [80]. The concerns raised by Spiegel et al. and Lee
et al. should be kept in mind when reviewing reports of the
incidence of lordosis in children who have undergone SDR.

Spondylolysis and spondylolisthesis can develop after a
child undergoes a SDR. The occurrence of spondylolysis
and spondylolisthesis in children with cerebral palsy is impor-
tant because of the associated pain and instability.
Spondylolysis may be seen in 4% of children with CP by
6 years of age due to repetitive hyperextension causing stress
fractures in the pars interarticularis of the lumbar spine [81].
This incidence increases to 6% by age 14 years. Its presence is
thought to be a risk factor for the development of
spondylolisthesis. Peter first reported on the risk for
spondylolysis and spondylolisthesis in 1990, finding that 5
of his 51 patients had evidence of spondylolysis with two
having a grade 1 spondylolisthesis [70]. At long-term fol-
low-up, his group reported that 11 of 30 had developed
spondylolysis, while only one of these had spondylolisthesis
[76]. Spiegel found spondylolisthesis in 9 of 51 diplegics 2+
years after they had undergone SDR [73]. Eight of 34 children
reviewed by Johnson et al. 5+ years after undergoing SDR had
spondylolisthesis with two having had it before their surgery
[74]. Golan, reporting on the postoperative x-rays of 87 chil-
dren taken 1+ years after undergoing SDR, found 6/87 with
grade 1 spondylolisthesis and 12/87 with grade 2
spondylolisthesis at L5-S1 [75]. They also found
spondylolysis in 11 of 87 patients’ follow-up x-rays. All of
these outcome studies reported rates of spondylolysis and
spondylolisthesis higher than would be expected in the gener-
al CP population, so this risk should be taken into consider-
ation when following children who have undergone SDR. It
has been recommended that physical therapy measures
targeting anterior tilting of the pelvis due to hip flexor tight-
ness can be helpful in countering the risk for developing
spondylolysis and spondylolisthesis [81].

Spinal stenosis is a rare condition for children with cerebral
palsy and has not been widely reported to occur after SDR.
Gooch et al. reported on 2 cases of patients developing pain
and numbness in legs several years after undergoing a SDR
with replacement of the laminar roof [82]. TheirMRIs showed
lumbar canal narrowing consistent with lumbar stenosis. Both
had symptomatic resolution with surgical decompression of
the lumbar spinal canal leading the authors to conclude that
their patients had developed symptomatic lumbar stenosis as a
complication of their SDR. Langerak et al. also reported on
the development of spinal stenosis, finding it in 9 of 30 pa-
tients they reviewed 17+ years after their SDR with only one
reporting difficulties with pain [76]. All their patients had
laminectomies over multiple levels of the lumbar spine as part
of their SDR procedure. Given the limited number of reports
of spinal stenosis and the varying techniques of exposure
used, it is difficult to assign the degree of risk for its occur-
rence in children undergoing SDR or identifying particular

risk factors for its occurrence. It does bear watch as more
long-term outcome reports become available.

Low-back and radicular pain

Pain is a potential complication for spine surgery, and it has
been reported as occurring in children long after they
underwent SDRs. Park et al. surveyed 95 of their patients
who were 20–28 years after undergoing SDR [83]. 25/95 were
experiencing back and/or leg pain with the mean intensity
being 4.2/10 on the numeric rating scale (NRS), a 0–10 scale
with zero being no pain, and 10 the worst pain imaginable [83,
84]. Nine of their patients described the pain as being constant.
Hurvitz et al. surveyed 99 patients 18–22 years after they had
undergone SDR using multilevel laminectomies [85].
“About” half reported chronic back pain with 44% experienc-
ing pain during the week prior to being surveyed. The reported
pain had an intensity of 5 on the NRS.

Others have reported on the incidence of pain in long-term
outcome reviews of their patients. Johnson et al. reported 10
of 34 patients complaining of low back pain [74]. Langerak
et al. surveyed 30 patients 10 or more years after undergoing
SDR in Cape Town using the Oswestry Low Back Pain
Disability Questionnaire (QDI) [76, 86]. The QDI divides
scoring into 5 levels of disabling pain: minimally disabling
pain—no treatment needed; moderately disabling pain—
pain when sitting, lifting, and standing but not affecting level
of daily activities; severe disabling pain—pain adversely af-
fecting ability to engage in daily activities; crippling pain—all
aspects of life adversely affected and surgical intervention
required; and a last group where 80%+ of response to ques-
tionnaire are positive for pain due to patient being bed-bound
or to patient exaggeration of impact of pain on daily life.
Langerak et al. found that 23/30 of their patients scored as
being minimally disabled by back or leg pain and 7 as having
moderately disabling pain [76]. Low back pain occurred
weekly in 2 patients and daily in 5. It was reported in 5 of
17 with scoliosis, one of two with kyphosis, 4 of 12 with
hyperlordosis, 3 of 11 with spondylolysis, and in the single
patient with spondylolisthesis. Eight of 20 patients reporting
pain also reported using medications intermittently for their
pain. These long-term follow-up surveys identify pain in a
high percentage of patient’s questioned. The pain, in most
cases, seemed not to interfere with daily activities and, when
needed, was managed medically.

Conclusions

Since its popularization in the 1990s, SDR has dramatically
matured and is now a widely accepted tool for managing hy-
pertonia in children with CP. It appears that it may also useful
for managing hypertonia of other etiology. We now have
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validated tools for assessing children for the procedure and for
following them afterwards.We have a variety of surgical tech-
niques to choose from for performing the procedure and in-
formation about long-term complications associated with the
procedure that can be used to both help in selecting how to
perform it and to better inform patients and families who are
considering undergoing a SDR. When thoughtfully applied,
this knowledge can continue to provide valuable understand-
ing of the physiology of the nervous system, providing benefit
not only to patients undergoing the procedure but also to sci-
ence in general.
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