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Abstract

Purpose It still remains challenging to treat CP cases with spastic hemiplegia using SDR via a single-level approach when guided
by the traditional EMG response grading system. Our aim was to assess the feasibility and effectiveness of a newly modified
protocol-guided single-level laminectomy SDR to treat such pediatric patients.

Methods A retrospective cohort review was conducted in the CP cases with spastic hemiplegia undergone our newly modified
protocol-guided single-level approach SDR since May 2016 to October 2017, and followed by intensive rehabilitation program
for at least 12 months in both Shanghai Children’s Hospital and Shanghai Rehabilitation and Vocational Training Center for the
Disabled. Inclusion and exclusion criteria were set for the selection of patients in the current study. Our study focused on the
setup, EMG recording interpretation, and outcome measures for this newly modified rhizotomy scheme.

Results Eleven cases were included in the current study. Based on our new rhizotomy protocol, a total of 34 rootlets over our 11
cases were cut (2in4, 3 in4, 4 in 1, and 5 rootlets in 2 cases, respectively). After SDR and the following rehabilitation program at
amean duration of 19 months, muscle tone of those “target muscles” in affected lower extremities which identified during pre-op
assessment decreased by a mean of 1.4 degrees (Modified Ashworth Scale) in our cases. Strength of those target muscles and
ROM of joints involved in their lower limbs were reported to have improved significantly as well. All cases showed major
progress with regard to their motor function. A mean of about 10-point increase of GMFM-66 score was reported, and five of six
cases who were with GMFCS level II preoperatively improved their GMFCS level at the last assessment. Kinematics of joints of
hip, knee, and ankle on the affected side in our cases demonstrated a major correction, along with improvement of their foot
pressure patterns to the ground during their gait cycles. Surgery-related complications, such as cerebral—spinal fluid
leak/infection, long-term hypoesthesia, or urinary/bowel incontinence were not recorded in the current study.

Conclusion Single-level SDR when guided by our simplified rhizotomy protocol is feasible and effective to treat pediatric CP
cases with spastic hemiplegia.

Keywords Simplified rhizotomy scheme - EMG response interpretation - Outcome measures - Comparison

Introduction in cases with spastic cerebral palsy (CP), thereby to improve
their motor function [1]. Intra-operative EMG response grad-
Selective dorsal rhizotomy (SDR) is a neurosurgical proce-  ing system has been widely applied as a crucial measure to

dure developed to decrease spasticity in the lower extremities ~ help neurosurgeons deicide which rootlet required transaction
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during SDR procedure [2-5]. In clinical practice, neurosur-
geons hardly perform SDR via single-level approach in spas-
tic hemiplegic cases. One major reason is that EMG responses
in those cases during surgery are relatively difficult to match
the rhizotomy criteria when using the rhizotomy scheme
based on the traditional EMG response grading system.

In the current study, our aim was to assess the feasibility
and effectiveness of single-level approach SDR guided by a
newly modified rhizotomy protocol when treating CP cases in
children with spastic hemiplegia by focusing on its setup,
EMG recording interpretation, and outcome measures.

Methods

A retrospective study was carried out in pediatric CP cases
with spastic hemiplegia undergone our newly modified
protocol-guided SDR in our institute since May 2016 to
October 2017. Relevant clinical and follow-up data were tak-
en from the Database of Pediatric Cerebral Palsy Patients in
the Rehabilitation Department of both Shanghai Children’s
Hospital and Shanghai Rehabilitation and Vocational
Training Center for the Disabled. Diagnosis of spastic hemi-
plegic CP in these cases was made by a multidisciplinary team
that included rehabilitation physicians, pediatric neurologists,
and physiotherapists. This study was supervised and approved
by the Institutional Science and Research Board in our
institute.

Inclusion and exclusion criteria

Selection criteria for CP cases included in the current study
were as follows: (1) with the diagnosis of spastic hemiplegia;
(2) age at SDR guided by our newly modified protocol >3,
but < 14 years old; (3) at least 12 months post-op rehabilitation
therapy conducted at our institutes; and (4) pre-op and follow-
up evaluation was made by the same rehabilitation team. The
exclusion criteria included were the following: (1) combined
with other neurological disorders, (2) fixed tendon contrac-
tures in the lower extremities, (3) with hip dysplasia, (4) pre-
viously operated on with tendon lengthening or other ortho-
pedic procedures to treat spasticity, (5) with moderate to se-
vere mental retardation, and (6) loss to follow-up.

Clinical assessment

Based on the Rehabilitation and Evaluation Protocol for CP
Children in both institutes, assessments included measure-
ments of (1) muscle tone (using the Modified Ashworth
Scale (MAS)) and strength (Muscle Strength Grading
System) of those spastic muscles (particularly on muscles of
hip adductor, hamstring, rectus femoris, gastrocnemius, sole-
us, tibialis anterior); (2) range of motion (ROM) of those joints
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involved in lower limbs (hip, knee, and ankle), which included
both passive and active; (3) the level of Gross Motor Function
Classification System (GMFCS) and Gross Motor Function
Measure 66 items (GMFM-66) score; and (4) gait analysis.

Pre-op assessment required to identify those “target
muscles” in lower extremities which was part of our newly
modified rhizotomy protocol. Target muscles were defined as
muscles of which muscle tone was > grade 2 (MAS). Head
and lumbar MRI without contrast were performed preopera-
tively in all our cases, in order to rule out those potential
structural abnormalities in central nervous system, and clarify
the location of conus medullaris.

Surgical procedure

Patients were operated on under general anesthesia in prone
position on a water-garment warmer to maintain body temper-
ature between 36.0 and 37.0 °C during surgery. Minimum
alveolar concentration (MAC) of sevoflurane inhalation was
kept at 0.5 since the skin incision was made.

The skin cut was typically at the level of L2 with the length
of 3.5-4 cm. After L2 laminectomy was done, microscope
was required to move in. The dura was then sharply incised
in the midline for a length of approximately 1.0-1.2 cm.
Arachnoid membrane was then opened, and a sheet with a
width of 5 mm was placed ventrally around all of the roots
of the cauda equina at this level. The tip of the sheet directed
towards the chief surgeon was sutured to the skin to prevent its
migration during the procedure. Each rootlet was suspended
over rhizotomy probes and tested by electrical stimulation.
Rootlets were then left spared or cut based on our modified
rhizotomy protocol. This procedure was repeated until all
rootlets are probed. The dura mater was then closed with run-
ning stitches of 4-0 monocryl, and skin incision was sutured in
layers.

Intraoperative nerve rootlet stimulation and EMG
interpretation

EMG needle electrodes were placed in the bilateral hip adduc-
tors, rectus femoris, hamstring, gastrocnemius medialis, gas-
trocnemius lateralis, peroneus longus, tibialis anterior, and
anal sphincter. Direct stimulation over those nerve rootlets
was achieved through bipolar stimulation with rhizotomy
probes. All stimulation and EMG recordings were conducted
using Cadwell-Cascade Elite neurophysiological monitoring
system.

Single pulse of electrical stimulation with duration of
0.2 ms and intensity started since 0.00 mA with step of
0.01 mA was applied to differentiate the following: (1) wheth-
er the rootlet stimulated was motor or sensory (differentiation
of ventral and dorsal nerve rootlets was based on the threshold
of stimulation, and the latency of EMG responses to the
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stimulus); (2) if it was sensory rootlet, whether stimulation
initially innervated target muscle responses (among 15 chan-
nels monitored, EMG responses in which first reached
200 pV amplitude). If yes, then we perform train stimulation
on the same rootlet for 1 s with stimulation duration of 0.2 ms,
intensity of by which 200 pV EMG amplitude could be
reached during single pulse stimulation, and in a frequency
of 50 Hz, in order to decide whether we needed to section it in
50% or 75% (detailed in “New rhizotomy protocol” section).

New rhizotomy protocol

Our modified rhizotomy protocol was briefly graded into three
levels (Fig. 1):

Postoperative care and rehabilitation

After SDR procedure, the patients were kept in PICU for one
night. Postoperative analgesia was administered as a routine
with intravenous morphine drip for 48 h and use of ibuprofen
starting 24 h after the surgery. Once their activity was liberal-
ized, the patients were transferred to an inpatient rehabilitation
unit for an intensive therapy program focusing on stretching
and strengthening of their lower extremities. The typical
length of stay was 3 weeks in the inpatient rehabilitation unit.
As a routine, our team was required to perform an additional
static assessment (measurement of muscle tone, strength, and
range of motion) in those cases before transferring them to an
intensive outpatient program of 3-5 days of rehabilitation
therapy per week for 12 months.

1. Dorsal rootlets that evoke EMG response in non-target
muscles were left intact. Data collection and analysis
2. Dorsal rootlets that could evoke responses in a target mus-
cle with NO EMG responses observed in the opposite =~ Demographic data were interpreted using descriptive statis-
extremities during train stimulation were transected 50%.  tics. Data are reported as number and percentage, mean =+
3. Dorsal rootlets that could evoke responses in a target mus-  standard deviation, or range. Comparison between preopera-
cle with EMG responses observed in the opposite extrem-  tive and postoperative GMFM-66 score was performed using
ities during train stimulation were transected 75%. Wilcoxon signed-rank test. A p value of less than 0.05 was
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Fig. 1 Examples of modified EMG interpretation (obtained in four
cases). (a) When single-pulse stimulation was carried out, EMG re-
sponses obtained in Rt. tibialis anterior which was not the “target muscle”
identified during pre-op assessment, the rootlet was left intact. (b) EMG
responses obtained in Lt. lateral gastrocnemius which was the target mus-
cle, but train stimulation did not elicit EMG responses on the Rt. side, and

the rootlet was cut 50%. (c) EMG responses obtained mainly in Lt. ham-
string which was the target muscle, but train stimulation did not elicit
EMG responses on the Rt. side, and the rootlet was cut 50%. (d) EMG
responses obtained in Rt. hamstring which was the target muscle, but train
stimulation did elicit EMG responses on the Lt. side (mainly hamstring
and the medial gastrocnemius), and the rootlet was cut 75%
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regarded as being statistically significant. All data were en-
tered into IBM SPSS Statistics Version 23.0 for further
analysis.

Results

Among 15 cases with spastic hemiplegia undergone our
modified rhizotomy protocol-guided SDR since the mid-
dle of 2016 to October 2017, 11 matched the criteria of
the current study. The age at SDR in these children was
between 4 and 8 years. Preoperatively, prominent spasm
solely restricted in the posterior part of the leg (gastroc-
nemius and soleus) was found in six cases. One case had
his marked spastic muscles of hip adductor, hamstring,
gastrocnemius, and soleus in the right lower extremity.
A total of 28 muscles were identified as target muscles
in these 11 cases. The mean follow-up duration post-SDR
was 19.0+5.2 (15-31) months. Long-term surgery-related
complications were not recorded in our study. None of our
cases received additional orthopedic procedure or pharma-
ceutical treatment for spasticity during the whole follow-
up. All cases improved dramatically post-op with regard
to their motor function. Among six cases with their pre-
OP GMFCS level II, five were revealed upgrading to level
I at the time of the last assessment. GMFM-66 score in all
11 cases in our study at the last follow-up was statistically
better than at pre-op (84.9+9.1 vs. 75.0+10.3). Clinical
data are summarized in Table 1.

Intra-operative EMG interpretation and rhizotomy
results

The number of rootlets stimulated during surgery varied from
55 to 67 across cases, among which, about one third were
motor. Differentiation of motor and sensory rootlets was main-
ly based on their electrophysiological characteristics. Sensory
ones required ten times higher amplitude of electrical stimu-
lation to elicit EMG responses. When stimulation over senso-
ry rootlets, EMG latency was about 7 ms longer than on those
motor ones.

In a total of 411 dorsal rootlets identified in these 11 cases,
34 matched our newly modified rhizotomy criteria, most of
which (33/34) were cut 50%. Number of rootlets required
sectioning during SDR procedure ranged from 2 to 5 across
our cases when based on our rhizotomy protocol.
Interestingly, when tried to apply the traditional EMG re-
sponse grading system virtually to guide rootlet rhizotomy
in these cases by using our EMG data, we found out that 5
rootlets matched the traditional criteria in only 3 cases (27.2%)
(Table 2).
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Table 1 General clinical data of 11 cases included in the study
Characteristics No. (%)*
Gender
Boy 6 (54.5)
Girl 5(45.5)
Age at surgery (years) (mean, SD) 5713
Etiology of spasticity
Premature 2(18.2)
Asphyxia 2(18.2)
Unknown 7 (63.6)
Spastic side
Right 8(72.7)
Left 3(27.3)
Target muscle identified at pre-op
Gastrocnemius and soleus 6 (54.5)
Gastrocnemius, soleus, and hamstring 4 (36.4)
Gastrocnemius, soleus, hamstring, and hip adductor 19.1)
GMECS level
At pre-op
Level I 5(45.5)
Level II 6 (54.5)
At the last follow-up
Level I 10 (90.9)
Level II 19.1)
GMFM-66
At pre-op (mean, SD) 75.0+10.3
At the last follow-up (mean, SD) 84.9+9.1*
Surgery-related complications
CSF leak or infection 0(0.0)
Hypoesthesia 0(0.0)
Hypersensitivity (<2 weeks) 2(18.2)
Urinary/bowel incontinence 0(0.0)
Follow-up (months) (mean, SD) 19.0+£5.2

SD standard deviation, GMFCS gross motor function classification sys-
tem, GMFM gross motor function measure, CSF cerebral spinal fluid

*Statistically significant difference obtained when compared with pre-op
*Unless otherwise indicated

Muscle tone, strength of target muscles, and ROM
of joints involved

Muscle tone of target muscles had a tendency to decrease with
time post-SDR (2.3 0.5 vs. 1.5+ 0.4 vs. 1.0£0.4 in 28 mus-
cles, pre-op, 3 weeks post-op, and at the last follow-up, re-
spectively). Among the four main muscles we focused on (hip
adductor, hamstring, gastrocnemius, and soleus), muscle tone
of gastrocnemius and soleus reduced the most. Ankle clonus
which was observed pre-op in three cases was completely
vanished after SDR surgery. With the post-SDR rehabilitation
program being on, the strength of those target muscles
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Table 2 EMG interpretation and

rhizotomy data in the study Characteristics

Value (mean, SD)

Rootlets stimulated (number)
Motor rootlet (number)
EMG threshold (mA)

EMG latency to the stimulus (ms)

Sensory rootlet (number)

55-67 (60.9+3.6)
22-25(23.5+1.3)
0.01-0.10 (0.05 +0.02)
3593 (54+1.9)
3542 (37.4+3.6)

EMG threshold (mA) 0.18-1.80 (0.49+0.24)

EMG latency to the stimulus (ms) 6.7-15.5 (12.2+2.5)
Sum of rootlets matched our criteria (number) 34

Rootlet cut 50% (number) 2-53.0+1.0)

Rootlet cut 75% (number) 0-1(0.1£0.3)
Sum of rootlets matched the traditional criteria (number) 5

Rootlet cut 50% (number) 0-2 (0.4=+0.7)

Rootlet cut 75% (number) 0-1(0.1£0.3)

EMG electromyography, SD standard deviation

improved dramatically after the reduction of muscle tone in
these cases. Both passive and active ROMs were revealed
notable increase post-SDR as well (Table 3).

Gait analysis

Gait patterns improved significantly post-op in all our cases
included in the current study. Kinematics of the affected ankle
joint demonstrated major improvement during the whole gait
cycles in all 11 cases. Our patients showed as well progress of
knee extension (spastic side) at initial contact during stance
phase. In addition, improvement of internal tibia torsion was
observed in all cases at the last assessment. Prominent correc-
tion of hip external rotation was revealed in all our cases as
well. Foot pressure patterns on the affected side during gait
cycles also improved dramatically (Fig. 2).

Discussion

SDR under the guidance of the traditional EMG response
grading system to treat spastic CP cases has been widely prac-
ticed for decades [2, 6-10]. It was first applied in SDR via
multilevel approach which was mainly based on the principle
that each dorsal root contained the sensory input from the
structures within the distribution of its corresponding body
segment (dermatome) [2, 6, 7]. Due to the nature that a dorsal
root at a particular level usually has few rootlets, such EMG
interpretation scheme initially was adopted to help neurosur-
geons during surgery to differentiate which rootlet required to
cut, and how much to cut. The electrophysiological EMG
grading method turned extremely important after the advent
of the single-level approach SDR, and became an essential
part of the surgery [8—11]. With more SDR surgeries being
practiced, neurosurgeons have gradually been aware that it is

difficult to use this grading scheme in children with spastic
hemiplegia to guide the rhizotomy procedure. A crucial reason
is that it could hardly reach the 3+ or 4+ EMG responses when
stimulating dorsal rootlets in those cases.

In the current study, we have also encountered this phe-
nomenon. Of the 411 dorsal rootlets we tested during surgery,
5 could match the rhizotomy criteria of the traditional EMG
scheme only in 3 cases. Three rootlets were revealed in one
case with spasm discovered in his hip adductor, hamstring,
gastrocnemius, and soleus on the right lower limb. Other
two rootlets were found in two different cases, one in each.
The traditional scheme of EMG response grading system
failed to differentiate dorsal rootlets which required sectioning
in the rest of eight cases during our SDR procedure when
based on data of our EMG recordings. This phenomenon sug-
gested the limitation of this traditional grading scheme when
surgically dealing with spastic hemiplegic children.

In 2016, Bales et al. [10] proposed a modified rhizotomy
protocol that suggested taking preoperative evaluation results
into account when performing SDR. Before the surgery, the
assessment is required to mark the so-called target muscles in
lower extremities of those CP cases, which need to be focused
on during the SDR procedure. Bales’ rhizotomy scheme for
the first time gives the potential to be applied to treat spastic
hemiplegic CP cases with SDR via single-level approach. Due
to the nature that spastic status in cases with spastic hemiple-
gia is relatively mild and the spasm affected body parts are
quiet limited, we simplified his scheme when applying it in
SDR to treat cases with spastic hemiplegia by eliminating the
small-probability event that the abnormal EMG responses
would be obtained via train stimulation on those dorsal root-
lets through which single-pulse stimulation only evoked EMG
responses on non-target muscles, therefore making our newly
modified protocol more simple and clearer. In the current
study, a total of 34 rootlets over our cases were considered
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Table 3 Changes of muscle tone,
muscle strength of the target
muscles, and ROM of the joints

Measures

At pre-op
Value (mean, SD)

At the last follow-up
Value (mean, SD)

3 weeks Post-op
Value (mean, SD)

involved pre- and post-op
Muscle tone (grade)

Gastrocnemius 2.5+0.5 1.7+£0.3 1.0£04
Soleus 22+04 12+03 09+0.5
Hamstring 22+04 1.5+04 1.1+£0.2
Hip adductor 2.0 1.5°% 1.0*
Muscle strength (grade)
Gastrocnemius 4.1+0.3 43+0.5 5.04£0.0
Soleus 41+03 42+04 46+0.5
Hamstring 42+04 4.0+0.0 4.8+04
Hip adductor 4.0 4.0 5.0
ROM of joints involved (degree)
Passive ROM
Ankle” 44.1+89 54.5+7.6 63.6+5.5
Knee® 107.0£4.5 119.0+6.5 129.0£8.9
Hip? 45.0° 55.0° 60.0*
Active ROM
Ankle® 34.5+9.3 377468 50.5+7.2
Knee® 97.0+4.5 100.0£3.5 116.0+6.5
Hip! 30.0° 35.0° 50.0°

ROM range of motion, SD standard deviation

“not applicable due to sample size (only in one case)

® Dorsal and plantar flexion
¢ Flexion
4 Abduction with hip flexed

to be associated with the spasticity of those target muscles.
Our results suggest that single-level approach SDR is feasible
to treat CP cases with spastic hemiplegia when guided by this
newly simplified rhizotomy protocol.

Reduction of muscle tone of those target muscles in our
cases is satisfactory after SDR when guided by this modified
rhizotomy scheme. Among all muscles focused on in our
study, muscle tone of gastrocnemius and soleus decreased
the most, which completely avoid tendon lengthening surgery
in these cases during the follow-up. Decrease of muscle tone
of those spastic muscle groups after SDR was widely reported
in previous studies since 1980s [12—14]. Our results are com-
parable with those in the previous studies, though rhizotomy
protocols are different. Improvement of muscle strength of
those spastic muscles and ROM of joints involved was widely
reported in literatures after post-SDR rehabilitation [15, 16].
Though using a modified rhizotomy scheme, muscle strength
of those target muscles in our cases increased markedly at an
average of 0.7 grades after the following intensive rehabilita-
tion program. ROM of those joints in the current study was
observed improved as well. The GMFM-66 is a measurement
widely accepted in rehabilitation field to assess motor function
in CP cases. In the current study, significant increase of
GMFM-66 score in our study was observed after post-SDR
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rehabilitation at a mean duration of 19 months, particularly in
dimensions reflecting motor function in lower limbs of our
cases. This result is consistent with others which were pub-
lished earlier [15, 17, 18]. Interestingly, five of six cases which
were with their pre-op GMFCS level II were observed
upgrading to level I after post-SDR rehabilitation, which is
much better than the previous study [19]. Whether it is due
to spastic hemiplegic cases with relatively mild pre-op status,
and operated on at a younger age in the current study remains
unclear. The comparison of gait kinematics in the cases in our
study after post-SDR rehabilitation is encouraging. Besides
the major improvement of the pressure patterns on their af-
fected foot to the ground, kinematics of all joints involved in
the lower limbs improved significantly during gait cycles after
our new protocol-guided SDR and the following rehabilitation
program. Major correction of hip external rotation and knee
internal rotation were observed in all cases at the last follow-
up. Our results are comparable with those in cases managed in
the traditional way, though all of those CP cases were diplegic
or quadriplegic [20, 21].

Based on our newly modified rhizotomy scheme, we solely
section those dorsal rootlets that mainly elicit EMG responses
on those spastic muscles. The basis of neuroelectrophysiology
of our modified rhizotomy scheme is slightly different from
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Fig. 2 Part of gait analysis data comparison in a representative case with
spastic hemiplegia on his left side (pre and at the last assessment). a
Improvement of dorsiflexion on the Lt. ankle joint during gait cycles
observed postoperatively. b Internal tibia torsion on the Lt. side

that of the traditional EMG grading system. When based on
the traditional scheme [2], the dorsal rootlet via which electri-
cal stimulation evokes activity in more diffuse electrical cir-
cuits of the spinal cord would be taken as the one having more
association with limb spasm during daily activity of that pa-
tient. While our newly modified scheme is based on the hy-
pothesis that only the dorsal rootlets which have lowest
threshold with those spastic muscle among 15 muscles mon-
itored during surgery are associated with spasm in that partic-
ular muscle in the physiological condition. Meanwhile, our
scheme takes it into account whether input via those rootlets
would evoke diffuse activity of electrical circuits in the spinal
cord. The reason we take L2 approach is mainly because we
believe that this approach can reduce the chance of damage to
the conus of the spinal cord, and at the same time completely
avoid the possibility of missing the dorsal rootlets.

Cases included in the current study had been undergoing
rehabilitation therapy for years before the SDR surgery.
Spasticity was still severe in their involved lower extremities
after long-term rehabilitation treatment, resulting in unsatis-
factory outcomes. Significant reduction of spasticity in those
target muscles right after our modified rhizotomy protocol-
guided SDR procedure was revealed in our cases (muscle tone

Assessment

\/\/_/\/\\
sc=::::>7vﬂ———fvﬁﬁ
©
w

ED o

Left step #1 Right step #1

Left step #1 Right step #1

improved dramatically after SDR. ¢ Correction of external rotation of
Lt. hip joint post SDR observed. d Foot pressure pattern on the left side
during gait cycles getting better

2.3+0.5, pre-SDR, vs. 1.5+0.4, 3 weeks post-SDR), which
provided a better condition for the following rehabilitation
therapy, leading to a major improvement with regard to their
motor function in those cases.

The current study has several limitations. In addition to its
retrospective nature, our sample is also small. Therefore, sta-
tistical analysis became difficult in the current study with re-
gard to some of our measurements. Moreover, the duration of
the follow-up for our cases is relatively short. All of our cases
have not yet reached their adolescency. Thus, whether such
effectiveness could sustain when their body weight rises re-
mains unclear. Following studies are required to verify our
conclusions with more cases, longer follow-up, and better
having a control group.

Conclusion

Single-level SDR when guided by our simplified rhizotomy
protocol is feasible and effective to treat pediatric CP cases
with spastic hemiplegia. Those patients could benefit from
such procedure followed by rehabilitation program with re-
gard to their motor function.
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