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Abstract
Purpose Sciatic nerve palsy after periacetabular osteotomy
(PAO) is a serious complication. The purpose of this study
was to determine whether a multimodal sciatic monitoring
technique allows for identification of surgical steps that place
the sciatic nerve at risk.
Methods Transcranial electrical motor evoked potentials
(TcMEPs), somatosensory evoked potentials (SSEPs), and
spontaneous electromyography (EMG) were monitored in a
consecutive series of 34 patients (40 hips) who underwent
PAO for the treatment of symptomatic hip dysplasia between
January 2012 and November 2014. There were 29 females
(85%) and five males (15%) with an average age of 19 years
(range, 12–36 years) at the time of surgery.
Results We detected eight temporary sciatic nerve monitoring
alerts in six patients (incidence of 15%). The events included
decrease in amplitude of the TcMEPs related to the position of
the hip during incomplete ischium osteotomy and placement
of a retractor in the sciatic notch during the posterior column
osteotomy (N = 3), generalized bilateral decrease in TcMEPs

during fragment manipulation and fixation in association with
acute blood loss (N = 2), and a change in SSEPs during a
superior pubic osteotomy and supra-acetabular osteotomy
(N = 1). At the end of the procedure, TcMEPs and SSEPs were
at baseline and there was no abnormal pattern on EMG in all
patients. Post-operatively, at two, six, 12 weeks, and six and
12months, no motor weakness or sensory deficits were noted.
Conclusion Multimodal neuromonitoring allowed for identi-
fication of intra-operative steps andmaneuvers that potentially
place the sciatic nerve at higher risk of injury.
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Introduction

The Bernese periacetabular osteotomy (PAO) is a well-
established procedure for the treatment of symptomatic hip
dysplasia [1]. Sciatic nerve injury is one of the most serious
complications of PAO with previously reported incidence be-
tween 0 and 15% [1–8]. In a multicenter study of 1677 pa-
tients who had undergone PAO, sciatic nerve palsy occurred
in 28 (1.7%) cases [9]. The mechanisms causing sciatic nerve
injury are not well elucidated but due to its close proximity,
the nerve may be at risk of direct trauma during the incomplete
osteotomy of the ischium and the posterior wall osteotomy.

Intra-operative nerve monitoring has been applied to several
orthopaedic procedures [10, 11]. The goal of intra-operative
monitoring is to identify early changes in neural activity to
guide for procedural actions and adjustments that ultimately
may avoid definitive injury to the nerve. Different monitoring
techniques have been described in the past, however, currently
a multimodal technique including somatosensory evoked po-
tentials (SSEPs) to provide information of the sensory
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pathway, continuous spontaneous elicited electromyography
(EMG), and transcranial motor evoked potentials (TcMEPs)
to monitor descending motor pathway is recommended to in-
crease sensitivity and accuracy [12–15]. Although multimodal
sciatic monitoring has been reported to be reliable and effective
in alerting the surgeon of the possibility of nerve injury during
complex hip surgery [14], its application to PAO has been
limited [14, 16].

The purpose of this study was to report our preliminary
experience with a multimodal sciatic monitoring technique
using EMG, SSEPs, and TcMEPs to determine whether neu-
rophysiologic monitoring allows for identification of surgical
steps that place the sciatic nerve at risk; and to investigate
whether actions taken after detection of early changes in nerve
activity would avoid definitive nerve injury during Bernese
PAO.

Material and methods

Patients

Multimodal intra-operative monitoring of the sciatic nerve was
performed in a consecutive series of 34 patients (40 hips) who
underwent Bernese PAO between January 2012 and
November 2014. There were 29 females (85%) and five males
(15%). The average age of the patients at the time of surgery
was 19 years (range, 12–36 years) and the average body mass
index (BMI, kg/m2) was 22.9 (range, 18.7-28.4). The right hip
was involved in 22 patients (55%) and there was bilateral in-
volvement in six patients (17.6%). All patients had hip or thigh
pain for minimum of three months and radiographic evidence
of acetabular dysplasia with a lateral center edge angle inferior
to 20° on an anteroposterior pelvic plain radiograph. A retro-
spective review of the electronic medical records was per-
formed to collect data on post-operative evaluation in regards
to neurological examination of the involved lower extremity
for all patients at two, six, 12 weeks, and six and 12 months
after surgery. An Institutional Review Board approval was ob-
tained prior to the commencement of this study.

Anesthesia protocol and surgical technique

General endotracheal anesthesia with a total intravenous an-
esthetic (TIVA) was utilized in all cases without the use of
non-depolarizing neuromuscular blockade [17] and
sevoflurane [17–19], which may influence monitoring. A
lumbar epidural was placed prior to the operation to facilitate
pain management after surgery; however, no local anaesthetic
was administered until neuromonitoring was completed. This
study includes the first 40 osteotomies performed by a single
author according to a previously described technique [20].
Briefly, an anterior approach to the hip through the interval

between the sartorius and tensor fascia lata is used. The
iliopsoas and hip joint capsule interval is exposed to allow
for the incomplete osteotomy of the ischium under fluorosco-
py imaging. Then, the inner table of the ilium is exposed and a
Hohmann retractor is placed in the quadrilateral surface or in
the sciatic notch to allow for exposure for the subsequent
osteotomies. The second step is an osteotomy of the superior
pubic ramus. The third step is a supra-acetabular cut per-
formed with an oscillating saw and followed by the fourth
osteotomy through the posterior column aiming toward the
first osteotomy. After the acetabular fragment is completely
cut, a Shanz pin is inserted to allow for manipulation and
positioning of the acetabulum. The osteotomy is then fixed
with three or four 4.5 mm screws.

Sciatic nerve monitoring protocol

All patients were monitored by parallel use of TcMEPs,
SSEPs, and EMG using a Cadwell/Cascade acquisition sys-
tem (Cadwell Laboratories, Inc. Kennewick, WA). A three-
channel electroencephalogram (EEG) was also recorded to
monitor anesthesia depth. For TcMEPs monitoring, stimulat-
ing electrodes were placed overlying the motor cortex at C1’
and C2’ scalp sites. Trains of seven stimuli, 50 μsec pulse
duration, and interstimulus interval of 3 ms were used with
stimulation intensities ranging from 200 to 500 V. The time
base for recording was set at 10 ms/division. Subdermal nee-
dle electrodes for EMG and TcMEPs recordings were posi-
tioned in bilateral tibialis anterior, medial gastrocnemius, and
abductor hallucis muscles. Routine acquisition of TcMEPs
was elicited after the first (incomplete ischial) osteotomy, sec-
ond (pubic) osteotomy, third (supra-acetabular) osteotomy,
and at the completion of the posterior column osteotomy, after
manipulation and provisional fixation of the fragment and
after definitive fixation of the osteotomy (Figs. 1 and 2).
Other acquisitions of TcMEPs were elicited with direct notifi-
cation to or from the surgeon. The criteria for alarm were a
complete loss of the TcMEPs signal from the baseline record-
ing (disappearance) or a relative or asymmetric change in the
amplitude of the compound muscle action potential [21].

Somatosensory evoked potentials were elicited by stimula-
tion of the posterior tibial nerve on both ankles. Recordings
were acquired from the scalp from C2 to C4 [17]. The SSEPs
were generated in both ankles ranging from 10–20 mA. The
repetition rate was set to 4.13 stimulations per second and
pulse width was set at 0.3 ms. The low frequency filters were
set at 50 Hz and high frequency filters at 500 Hz. The record-
ing time-base was set at 10 msec/division. Throughout the
surgical procedure, new SSEPs averages were acquired and
compared to baseline data. Any recordings with a 50% reduc-
tion in amplitude and/or a 10% increase in latency from base-
lines were considered criteria for alarm and the surgeon was
promptly notified.
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Spontaneous EMG was recorded from bilateral tibialis an-
terior, medial gastrocnemius, and abductor hallucis muscles.
The time-base for recording spontaneous EMG was set to
50 ms/division. The filter settings were set 30 Hz for low
frequency and 1500 Hz for high frequency. Criteria for noti-
fying the surgeon included any continuous, repetitive EMG
firing with change in waveform morphology. At the time of
any persistent neurotonic discharges, TcMEPs were elicited.

Results

We detected eight events of transient sciatic nerve monitoring
changes in six patients, for an incidence of 15% of the surger-
ies (Table 1). Three events were decrease in amplitude of the
TcMEPs related to the position of the hip in flexion and ad-
duction during incomplete ischium osteotomy (n = 1) and

related to the position of the hip and retractor placement close
to the sciatic notch during the posterior column osteotomy
(n = 2). TcMEPs returned to baseline in all these events after
the hip was repositioned to flexion to about 30° and slightly
abducted and the retractors were moved distally toward the
ischial spine in the quadrilateral plate. Generalized bilateral
decrease in TcMEPs was found in two patients during frag-
ment manipulation and fixation in association with blood loss
and arterial hypotension (Fig. 3). In one patient there was a
generalized loss of TcMEPs found during the initial step of the
PAO because of a break in the anesthesia protocol. Change in
SSEPs was found in a 13-year-old girl who had undergone an
intertrochanteric femoral osteotomy for treatment of coxa-
valga and excessive anteversion one year before PAO.
During subperiosteal exposure of the quadrilateral surface
and posterior column, the periosteum was thick and found to
be under tension. A reverse Hohmann retractor was placed in

Fig. 1 Routine acquisition of
TcMEPs following each step of
PAO surgery with no
neuromonitoring alert during the
entire procedure
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the quadrilateral surface at the level of the ischial spine to
facilitate exposure. However, during the pubic and the
supra-acetabular osteotomy there was more than 50% reduc-
tion in amplitude of SSEPs. In both instances, SSEPs returned
to baseline with reducing the tension on the retractor and
changing the position of the leg to slight flexion in neutral
adduction/abduction (Fig. 4).

At the end of the procedure, TcMEPs and SSEPs were at
baseline and there was no abnormal pattern on EMG in all
patients. Postoperatively, at two, six, 12 weeks, and six and
12 months no motor weakness or sensory deficits on the deep
and superficial peroneal and tibial nerve distribution were
seen in any of these patients.

Discussion

Transitory or permanent sciatic nerve injury is a rare but major
complication following PAO [9]. In this study, we investigated
the role of a multimodal technique for monitoring the sciatic
nerve in a consecutive series of PAOs.We found a 15% rate of

abnormal nerve findings associated with hip position in flex-
ion, adduction, and internal rotation, placement of Hohmann
retractors with excessive tension and in close proximity to the
sciatic notch, and with blood loss. All nerve changes resolved
after a pause in the procedure followed by identification and
correction of the underlying cause.

We acknowledge several limitations of this study. First, we
report on a relatively small sample of 40 hips that may be too
small to determine if it would be possible to reliably identify a
nerve injury that has been reported to occur in only 2% of all
PAO [9]. However, based on the fact that this study describes
the first patients undergoing PAO by a young hip preservation
surgeon, we would have expected to have some cases of nerve
dysfunction based on the incidence reported in studies describ-
ing similar surgeons’ learning curve [5, 6]. Second, it is not
clear from our findings whether the cases that had
neuromonitoring changes would have developed clinical nerve
palsy if the actions taken to correct those changes had not taken
place. However, neuromonitoring allowed for valuable infor-
mation about the surgical steps of PAO that place the sciatic
nerve at risk of injury and for corrective actions including

Fig. 2 Routine acquisition of
SSPEs following each step of
PAO surgery with no
neuromonitoring alert during the
entire procedure
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repositioning of the limb, adjustments of retractors away from
the sciatic notch and control of blood loss and blood pressure.
We do not have enough data to support routine use of
neuromonitoring during PAO but we believe that it gives help-
ful information especially to the novice surgeon. In addition, it
may be helpful in difficult cases with history of multiple previ-
ous hip surgeries. Although we showed the ability of multi-
modal monitoring to identify surgical steps that place the nerve
under the risk of injury, further studies using larger number of
patients would be necessary to test whether multimodal moni-
toring would allow for prevention of nerve injury during PAO.
Finally, multimodal neuromonitoring has its own limitations. It
requires general anesthesia and extensive communication with
the anesthesiology team to avoid interference with the readings.
In our study we found one case in which communication was
broken and the patient received an epidural test dose with local
anesthetic, which eliminates the possibility of accurate moni-
toring. The success of neuromonitoring depends further on the
availability of an experienced neurophysiology team that is
familiar with PAO surgical steps.

To the best of our knowledge only two previous studies
have evaluated the neuromonitoring during PAO [14, 16].
Pring et al. [16] reported a study of 127 patients who
underwent PAO with nerve monitoring using continuous
EMG. Neurotonic discharges were recorded in 36 (26%) of
the patients, which is a higher occurrence rate compared to the
present study. Seven patients had various degrees of sciatic
nerve dysfunction after surgery. Intra-operative EMG identi-
fied abnormal neurotonic discharges in 5/7 patients but in
the remaining two patients no EMG abnormality was detect-
ed. The authors concluded that EMG monitoring contributed
to the lower incidence of nerve injury by allowing the surgeon
to take quick action when a neurotonic discharge was identi-
fied. However, EMG did not identify all nerve irritation and
did not allow for prevention of nerve dysfunction in all pa-
tients. We believe that monitoring of the sciatic nerve should
include SSPEs and TcMEPs in addition to EMG as major
nerve trauma, including a direct laceration, may not produce
neurotonic discharges on EMG [22]. Exclusive use of SSEPs
should also be discouraged because it only effectively

Table 1 Neuromonitoring alerts during periacetabular osteotomy

Pt Age Sex BMI Monitoring change Surgical step/circumstance Action by the surgeon/
anesthesiologist

Monitoring change

1 17 F 28.4 Decrease in TcMEPs
amplitude

Posterior column osteotomy Hip flexion reduced to 30° and
Hohmann retractor readjusted
away from the sciatic
notch with less tension

Resolved

Bilateral global decrease
in TcMEPs

Fragment manipulation and
fixation BP 89/49

Procedure paused for acquisition
of adductor Hallucis that was
present. Continued with fixation.

Transfusion of 375 ml of autologous
blood from cell saver

Resolved
TcMEPs at baseline

after completed
transfusion

2 27 M 25.6 Bilateral global decrease
in TcMEPs amplitude
(>50%)

Posterior column osteotomy
Fragment manipulation and

fixation
EBL: 2000 ml

Blood transfusion Resolved after
fixation and
completed
transfusion

3 30 F 19.3 Abnormal EMG
Bilateral loss of TcMEPs

Incision
Epidural test dose with local

anesthetic

Continue with procedure Resolved
TcMEPs at baseline

during closure

4 18 M 24 Abnormal EMG – random
discharges

Decreased TcMEPs
amplitude

Posterior column osteotomy Hip flexion and adduction
reduced

Retractors removed from the
sciatic notch and readjusted
with less tension

5 35 F 21.9 Decrease in TcMEPs
amplitude

Incomplete ischial osteotomy Hip was repositioned to slight
flexion, abduction and
external rotation

Continue with procedure

Gradually resolved
TcMEPs at baseline

after fragment
was fixed

6 13 F 27.2 Abnormal EMG
Decrease in SSEPs
(Normal TcMEPs)

Pubic osteotomy Hip adduction and flexion reduced
Hohmann retractor readjusted

(reduced tension on retraction)

SSEPs returned to
baseline

Abnormal EMG
Decrease in SSEPs
(Normal TcMEPs)

Supra-acetabular osteotomy Hip adduction and flexion reduced
Hohmann retractor readjusted

(reduced tension on retraction)

SSEPs returned to
baseline

Pt: patient; F: female; M: male; TcMEPs: transcranial motor evoked potentials; BP: blood pressure; EBL: estimated blood loss; SSPEs: Somatosensory
evoked potentials
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evaluates the sensory pathway and may not reflect the status
of motor fibres within the nerve. Adding TcMEPs to the mon-
itoring protocol allows for direct assessment of the motor
function pathway and due to its high sensitivity, false nega-
tives are very infrequent. In addition, TcMEPs deterioration
occurs before and even without SSEPs changes, which allows
for earlier recognition and action to prevent a nerve injury.

In a more recent study, Sutter et al. [14] reported on 18
patients who underwent PAOwith multimodal nerve monitor-
ing that included EMG, SSEPs, and TcMEPs. In 11 (61%)
patients there were intra-operative alerts given to the surgeon
following deterioration of the neurophysiological parameters.
In 4/11 alerts, the surgical action associated with the alert was
positioning of the leg; 3/11 alerts were given at time of mobi-
lization of the acetabular fragment; in 4/11 cases the alert was
related to an osteotomy being performed. In most cases the

neurophysiological parameters returned to baseline, however,
one patient with acetabular dysplasia and previous femoral
osteotomy experienced neurological deficit while the hip
was in flexion and internal rotation. We also noted a double
occurrence of SSEPs drop in one patient with previous femo-
ral osteotomy. Although we reported a lower occurrence of
sciatic nerve event in this study compared to the findings by
Sutter et al. [14], our findings showed similar intra-operative
steps as a cause of nerve alert. Positioning of the leg in flexion,
adduction, and internal rotation and placement of retractors
too close or into the sciatic notch were the main reasons for
nerve alert in our study. Further investigation is warranted to
determine whether patients with previous femoral osteotomy
are at higher risk of sciatic nerve dysfunction after PAO.

An experimental study showed that nerve injuries occur if a
nerve is elongated by > 6% of its length [23]. Sciatic nerve

Fig. 3 TcMEPs during left hip
PAO in a 17-year-old female
demonstrates a reduction of
TcMEPs from baseline during the
posterior column osteotomy and
full recovery after adjustment of
hip positioning and removal of
Hohmann retractor from the
sciatic notch and placement at the
quadrilateral surface (black
arrow). The impact of blood loss
and relatively low arterial blood
pressure is shown (*) with full
recovery of the TcMEPs after
autologous transfusion and final
fixation

Fig. 4 Neuromonitoring during
PAO on a 13-year-old female
shows decrease of amplitude of
SSEPs during the pubic
osteotomy and supra-acetabular
osteotomy related to placement of
Hohmann retractor and tension
associated with hip position.
There is complete restoration of
SSEPs to baseline after
appropriate hip and retractor
repositioning
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injury may also have been induced by ischemia secondary to
traction. Ogata demonstrated that the average stretching of
more than 15.7% caused complete arrest of blood flow in
the stretching nerve [24]. Nerve tissue ischemia may be po-
tentially aggravated by blood loss that is associated with PAO.
In fact, we found two nerve-monitoring changes after blood
loss exceeded 2000ml associated with arterial hypotension. In
both cases the nerve function returned to baseline after blood
transfusion and reestablished normal arterial blood pressure.
One change in neuromonitoring baseline occurred during the
incomplete ischial cut. Return to baseline occurred with repo-
sitioning of the hip. This finding is in line with a previous
investigation of the effect of hip position on the location of
the sciatic nerve using MRI in which the nerve was found to
move away from the infracotyloid groove to an average of
20 mm with the hip flexed at 30-45°, abducted and externally
rotated. In a cadaveric study [25], the sciatic nerve was put
under greater tension and risk for laceration during the first
ischial cut as the hip was flexed. Reducing hip flexion resulted
in relaxation of the sciatic nerve that was further improved by
abduction. The authors showed that the short external rotators
of the hip are a barrier protecting the nerve during the first

incomplete ischial cut and the posterior column osteotomy. It
may be that our neuromonitoring findings reflect not a direct
contact of chisel to the nerve but rather a proximity to the
nerve with protection of this soft tissue, as we had no cases
of definitive nerve damage. These previous reports and the
findings of this study support positioning of the hip with min-
imal flexion to avoid tension in the anterior soft tissue enve-
lope and slight abduction to reduce tension of the nerve during
the first incomplete ischial osteotomy and at the lower end of
the posterior column osteotomy at the ilium-ischial junction
(Fig. 5a and b).

In our preliminary experience, neuromonitoring has
allowed for identification of surgical steps and maneuvers that
place the sciatic nerve at higher risk of injury and for correc-
tive actions to take place. As we gained more experience with
PAO, we were able to incorporate this knowledge to our sur-
gical routine.We currently do not exceed more than 30° of hip
flexion during the ischial osteotomy and abduct the hip slight-
ly when cutting the lateral cortex of the ischium. Aiming the
chisel medially also reduces the risk of sciatic nerve injury
during the incomplete ischial cut [12, 24]. We currently start
the posterior column osteotomy with a radiolucent reverse

Fig. 5 a Schematic illustration
showing the lateral portion of the
first ischial osteotomy. Note the
proximity of the sciatic nerve and
the direction of the chisel toward
the nerve. During this part of the
osteotomy, the hip should not
exceed 30° of flexion and be
positioned in slight abduction and
external rotation. The chisel
should aim medially pointing to
the opposite shoulder. b
Schematic illustration of the final
step of the posterior column
osteotomy. Note the chisel is
placed at the corner between the
posterior column and incomplete
ischial osteotomy. The chisel
points laterally toward the nerve
and during this osteotomy; there
should be no tension on retractors
placed in the quadrilateral surface
and the hip should be slightly
flexed, abducted, and externally
rotated to avoid tension on the
sciatic nerve. Ilustrations by
Nathan Billington - Childrens
Hospital Colorado Medical
Animation and Ilustration
Surgeon in Chief Program
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Hohmann placed at quadrilateral surface distal to the sciatic
notch. Once we have confirmed the appropriate path of the
chisel using fluoroscopy, we remove the retractor and contin-
ue with the posterior column osteotomy with palpation of the
medial tip of the chisel to avoid violating the lateral cortex
abruptly. Finally, to complete the distal corner of the posterior
column osteotomy, at the ilium-ischial junction, we place the
hip in slight flexion, abduction, and external rotation to avoid
any tension of the sciatic nerve. Although we cannot recom-
mend routine neuromonitoring for PAO, we suggest the use of
the multimodal technique described in this study to control the
sensory and motor pathways if neuromonitoring is chosen.
Patients with multiple previous hip surgeries, including pelvic
and femoral osteotomies, may have change in the native anat-
omy that could place the nerve under tension due to scar tissue
and may benefit from nerve monitoring. However, future re-
search is necessary to identify selective cases that could ben-
efit from neuromonitoring by investigating patient-specific
factors that may increase the risk of sciatic nerve injury during
PAO and to determine whether neuromonitoring can improve
PAO outcome by reducing the risk of nerve injury.
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