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Abstract: Introduction: Delayed intra-operative neuro-monitoring (IOM) events can be defined as loss of
responses, after baseline traces were present upon completion of instrumentation and deformity correction.
This study reports this subgroup of events, assesses their incidence and evaluates potential causative factors.
Methods: We reviewed 1881 consecutive patients who underwent spinal deformity correction between 2011
and 2021. Surgeries were performed using a standardised anaesthetic regimen and multimodal IOM protocol.
Results: 44 patients (2.4%) had an IOM event. 9 patients (6F:3M) had a true positive delayed event after
posterior segmental pedicle screw instrumentation. Mean age was 12.5 (2-17) years with mean thoracic Cobb
angle of 78° (51-94°). Mean estimated blood loss was 28%. Titanium beam shaped rods were utilised in 3
patients and 5.5mm titanium rods in 5 patients. Motor evoked potentials were lost on average 18 (10-30)
minutes after completion of instrumentation. 7 patients had bilateral loss and 2 patients had unilateral loss of
MEP traces. Sensory evoked potential amplitude was preserved in all cases. There was a transient latency shift
in one patient. MEPs returned within 20 minutes of rod release. The rod was re-contoured to incorporate more
scoliosis in 1 patient. 2 patients had beam rods exchanged to 5.5mm titanium rods. 6 patients had rod removal
with retention of pedicle screws and staged completion of instrumentation at mean 5 (1-7) days later. No
patients had a postoperative neurological deficit. Conclusion: Delayed IOM loss represented 15% of all events.
Increased cord tension and hypo-perfusion were considered likely mechanisms. Rod release restored MEPs in
all cases. The timing of events emphasises the importance of continued monitoring for minimum 30 minutes
after completion of spinal instrumentation or until wound closure.

Keywords: intraopeartive monitoring; spinal deformity; spinal cord hypoperfusion

Introduction

The incidence of neurological injury in paediatric and adolescent spinal deformity surgery varies
within the literature but is thought to range from 1 to 2% [1,2]. Due to the significant variation within
this large cohort, the incidence can vary depending on which subgroup of patients are analysed.
Specifically, the type and severity of deformity, curve stiffness and curve correction, underlying
medical conditions, surgical approach, intraoperative haemodynamic stability, and revision
procedures are all thought to have an effect [1,2]. In most cases, injury to the spinal cord occurs due
to direct trauma or secondary to ischemia. The utilisation of spinal cord monitoring can assist in
alerting the operating team that the cord is at risk in the hope to reverse actions to prevent permanent
neurological deficit. The method of assessing spinal cord function during deformity surgery has
moved from the Stagnara wake-up test to intra-operative neuro-monitoring [3].

Intraoperative neurophysiological monitoring (IOM) helps assess the integrity of neural
structures during surgical procedures. It includes both continuous monitoring of neural tissue, as
well as the localization of vital neural structures. IOM methods have evolved from the use of only
somatosensory evoked potentials (SSEPs) to the combined approach using SSEPs, motor evoked
potentials (MEPs) and free running electromyography (EMG) [4,5]. SSEPs monitor the dorsal
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column-medial lemniscus pathway, which mediates tactile discrimination, vibration, and
proprioception. MEPs monitor the motor pathways; transcranial electrical stimulation elicits
excitation of corticospinal projections at multiple levels with the electrical potential recorded at the
spinal cord or muscles. MEPs are generated and transported via the pyramidal tract.
Electromyography (EMG) records myoelectric signals from peripheral musculature to monitor
selective nerve root function.

Multimodal IOM has been established as standard method for early detection of an evolving or
impending spinal cord deficit during surgical deformity correction of the spine, that will allow timely
intervention before permanent neurologic injury occurs (SRS information statement 2019). This
combined approach has increased sensitivity and specificity for detecting neurological damage
during deformity correction [4,6,7]. Despite this there remains variability in individual practice
during utilisation of IOM and in handling of neuro-monitoring alerts [8]. There is also discrepancy
between surgeons with regard to when they discontinue monitoring. 12.7% of surgeons stop
monitoring when the anaesthetic is discontinued, 29.2% continue monitoring for 60 minutes after
deformity correction or until the wound is closed, and 45.4% continue for 30 minutes after correction
or until the wound is closed. Alarmingly, 12.7% of surgeons stop monitoring when the final
tightening of implants has been completed.

Continuation of IOM after completion of instrumentation is very important as there is a potential
for loss of IOM signals in this period. There is paucity of literature regarding these events. Within our
institution we would classify this as a delayed IOM event. We define delayed IOM events as ‘loss of
responses, after baseline responses were present upon completion of instrumentation and deformity
correction’. The aim of this study is to evaluate the IOM results within our service and specifically
investigate this subgroup of delayed events with the aim to assess their incidence and determine the
need for continuation of IOM after completion of instrumentation.

Methods

We performed a retrospective study of all paediatric and young adult patients who underwent
spinal deformity surgery with instrumentation and intended multimodal IOM within our service
between December 2011 and August 2021. Patients under the age of 25 years were included for
analysis. Data was collected from the medical, surgical, and IOM records and documented
postoperative complications. The primary objective was to identify and investigate those patients
who had an IOM event.

IOM Technique

IOM was performed by 2 nationally certified senior clinical physiologists who were present
throughout the entire procedure using a 10-channel Medelec© Synergy IOM constant voltage system
(2009-2013) and a 24-channel Inomed ISIS IOM constant current system (2014-2021). We aimed for
multimodal IOM in all patients, recording of cortical SSEPs, cervical SSEPs, and MEPs. Reference
traces were obtained before skin incision.

Somatosensory Evoked Potentials

Sensory evoked potentials were recorded from the brain (cortical SSEP) and spinal cord (cervical
SSEP). Responses were evoked by cathodal delivery of 0.2 ms duration, square-wave impulses at a
range of 3.7-4.3 Hz to bilateral posterior tibial nerves using pairs of adhesive electrodes. The
stimulation intensity was 45 mA. Upper limb SSEPs were introduced in a similar fashion with square
wave impulses delivered to bilateral ulnar nerves at 25 mA. Cortical SSEPs were recorded from
corkscrew electrodes placed in the scalp at Cz’ and referred to Fz (identified using the 10-20
international head measurement system). Cervical SSEPs were recorded from a needle electrode
placed subcutaneously over Cv2 and referred to Fz.
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Motor Evoked Potentials

MEPs were recorded bilaterally as compound muscle action potentials (CMAPs) from the tibialis
anterior (TA) and abductor hallucis (AH) muscles in the lower extremities (the rectus femoris [RF]
was added in 2013) and from the abductor digiti minimi (ADM) muscle in the upper extremities.
Bilateral ADM responses were used as controls to differentiate between surgical and nonsurgical loss
of limb responses and identify brachial plexus compromise due to patient positioning. MEPs were
elicited periodically by delivering an anodal pulse train of 4-7 pulses of 0.5 ms duration and
interstimulus interval of 2-4 ms at amplitudes of 200-500 V (fixed voltage system) or 150-220 mA
(fixed current system) between two corkscrew electrodes positioned over the motor cortex at C1 and
C2. The stimulus strength was optimised to elicit reproducible responses. In patients with grade IV
and V spondylolisthesis included in this series we added MEP recording from the anal sphincter and
the gastrocnemius to the multimodal technique in order to monitor the sacral nerve roots.

Alarm Criteria

Action was taken when:

e  Mode 1-cortical SSEPs: unilateral or bilateral responses dropped >50% in amplitude with or
without a corresponding increase in latency >10% of reference traces.

¢ Mode 2-cervical SSEPs: unilateral or bilateral responses dropped >50% in amplitude with or
without corresponding increase in latency >10% of reference traces.

e Mode 3-MEPs: MEP-evoked CMAP responses in any muscle were lost and remained absent.
Any sudden drop in amplitude of MEP traces >80% of reference traces was reported and
investigated.

Decisions during surgery in response to IOM findings rested with the surgeon. Close
collaboration with our anaesthetic and neurophysiology teams was mandatory to secure accurate
interpretation of IOM changes, to initiate an immediate response, and prevent neurological damage.
In all cases of IOM events, the routine initial check included mean arterial blood pressure that was
raised to >80mm Hg and body temperature >36.5°C. Technical problems with the recording system
or due to dislodgement of the electrodes were also excluded. Muscle relaxant (atracurium) given
during soft tissue dissection had metabolised and another baseline IOM recording was obtained
before placement of instrumentation.

IOM Diagnostic Criteria

IOM events were classified by time of onset and by type of event. Time of onset was split into
immediate events that occurred immediately after a surgical action or delayed events that we defined
as a loss of responses, after baseline traces were present upon completion of instrumentation and
correction. Our diagnostic criteria for type of IOM monitoring events are presented in Table 1 [11].

Table 1. Description of our diagnostic criteria for IOM events [9].

Diagnostic performance characteristic Criteria

Lost IOM responses
Linked to patient positioning on the surgical
table or a surgical event (occurring after
instrumentation placement, spinal osteotomies,
deformity correction manoeuvres)
Responses do not return despite appropriate
change in patient position or surgical action
Potential postoperative neurological deficit

True positive

Lost IOM responses
Linked to patient positioning on the surgical
table or a surgical event (occurring after
instrumentation placement, spinal osteotomies,
deformity correction manoeuvres)
Responses return following appropriate change

Transient true positive
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in patient position or surgical action
No postoperative neurological deficit

Lost IOM responses
Not linked to a clear surgical event (possibly
associated with an anaesthetic, metabolic,
technical, or unknown cause)
Transient false positive Responses return following appropriate action

(for example increase in blood pressure,

reversal of muscle relaxation, change in
anaesthetic agents)

No postoperative neurological deficit

. IOM responses remain unchanged throughout
True negative . i ¢
No postoperative neurological deficit

. IOM responses remain unchanged throughout
False negative . . .
Postoperative neurological deficit

Results

We identified 1881 patients (562 male:1319 female) with a mean age of 14.2 years (range 1-25
years). 59.1% (n=1112) of patients had surgery to treat an Adolescent Idiopathic Scoliosis (AIS). A
further breakdown of the primary diagnosis is listed in Table 2. In total, 1780 patients underwent
posterior spinal instrumentation and fusion, 41 patients underwent anterior spinal instrumentation
and fusion, and 36 patients underwent a combined anterior release and posterior instrumented
fusion. 24 patients had insertion of growing rods. Multimodal monitoring was achieved in 93.9%
(1767/1881) of patients. In 0.6% (11/1881) of patients reproducible monitoring responses were
unachievable and so intraoperative neuromonitoring was abandoned. Unimodal monitoring was
achieved in 2.3% (44/1881) and bimodal monitoring was achieved in 3.1% (59/1881) of patients. Of
those patients that multimodal was not achieved, the predominant (75%, 85/114 patients) diagnosis
was either neuromuscular or syndromic scoliosis.

Table 2. Primary diagnosis within our patient cohort and rate of true positive (TP) IOM events
according to diagnosis.

Diagnosis Number of Patients  Rate of TP IOM Events
Infantile Idiopathic Scoliosis 40 0% (n=0)
Juvenile Idiopathic Scoliosis 85 3.5% (n=3)

Adolescent Idiopathic Scoliosis 1112 2.1% (n=23)

Adult Idiopathic Scoliosis 23 0% (n=0)
Congenital Scoliosis 154 1.3% (n=2)
Syndromic Scoliosis 181 5.5% (n=10)
Neuromuscular Scoliosis 109 1.8% (n=2)
Spondylolisthesis 27 3.7% (n=1)
Scheuermann Kyphosis 111 1.8% (n=2)
Other 39 2.6% (n=1)

Neuro-Monitoring Events

Of the 1870 patients that had intra-operative monitoring for the duration of their surgical
procedure, 3% (61/1870) of patients (18 male: 43 female) had a positive IOM event meeting the alarm
criteria outlined in Table 3. 2.4% (44/1870) of patients had a true positive event, of which 43 events
were transient. 35 patients had acute events and 9 patients had delayed events. 0.9% (17/1870) of
patients had a false positive event. 97% (1809/1870) of patients had a true negative IOM. No patient
had a false negative IOM. The sensitivity of intraoperative spinal cord monitoring with MEPs and
SSEPs for our cohort was 1.0 and the specificity was 0.99. The positive predictive value was 0.73 and
the negative predictive value was 1.0_
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Table 3. Classification of IOM events.

Event Timing

Event Type Acute Delayed Total
True positive 1 0 1
Transient true positive 34 9 43
Transient false positive 14 3 17
True negative - - 1809
False negative - - 0

True Positive Acute Events (Table 2)

There was 1 true positive event and 34 transient true positive events. In the true positive event
the change in monitoring was not attributable to a surgical step and failed to improve after reversal
of surgical steps including removal of spinal instrumentation. No canal breach was identified and
postoperative investigations supported a vascular event to the cord. The patient recovered to baseline
neurological function within 3 months of surgery. The transient events were associated with surgical
events, with the most common being rod reduction (11 patients, 41%) and screw insertion (10
patients, 37%). Other causes included pedicle hook insertion (3 patients, 11%), sublaminar wire
insertion (2 patients, 7%), posterior facetectomy (2 patients, 7%), patient positioning (2 patients. 7%),
rod distraction (1 patient, 4%), application of skeletal traction (1 patient, 4%), psoas retraction during
an antero-lateral approach (1 patient, 4%) and 1 was undetermined.

True Positive Delayed Events

9 patients (3 male: 6 female) had a true positive delayed event after posterior segmental pedicle
screw instrumentation. Mean age was 12.5 (2-17) years. 6 patients had idiopathic scoliosis (4 AIS, 2
JIS), 1 patient congenital scoliosis, 1 neuromuscular scoliosis and 1 patient had thoracic kyphosis post-
vertebral osteomyelitis. In those patients with scoliosis, the mean thoracic curve angle was 78° (51-
94°). Mean estimated blood volume loss was 28%. Titanium beam shaped rods were utilised in 3
patients and 5.5mm titanium rods in 6. MEPs were lost on average 18 (10-30) minutes after completion
of instrumentation. All alarms were Mode 3 alarms; 7 patients had bilateral loss and 2 patients had
unilateral loss of MEPs. Sensory evoked potential amplitude was temporarily reduced in 1 patient
and was preserved in all other cases. There was a transient latency shift in one another patient. The
MEPs returned within 20 minutes of rod release in all patients. The rod was re-contoured to
incorporate more scoliosis in 1 patient. 2 patients had beam rods exchanged to 5.5mm titanium rods.
6 patients had rod removal with retention of pedicle screws and staged completion of
instrumentation at mean 5 (1-7) days later. No patients had a postoperative neurological deficit.

False Positive Events

0.9% (17/1870) of patients had a false positive event. 14 of these were acute and 3 were delayed
events experienced after completion of instrumentation. 53% (9/17) of false positive events were
associated with a reduction in patient blood pressure and resolved with an increase in mean arterial
pressure to 85-90mm Hg. In one patient this hypotension was secondary to intra-operative
administration of Clonidine for analgesia. In 1 patient, responses dropped during exposure and
recovered before placement of instrumentation. This was attributed to be an acute drop in patient
temperature, normalising with patient warming. In 1 patient MEP loss recovered to reproducible
baseline after adjustment of stimulus. 1 patient had IOM loss attributed to a technical fault with the
monitoring software and confirmed with a normal wake up test. 2 patients had return of baseline
monitoring without surgical intervention or identified haemodynamic adjustment. In 2 patients with
AIS, removal of instrumentation was done with no change in monitoring. Despite monitoring change,
both patients woke with no neurological deficit and normal postoperative imaging. Re-
instrumentation and definitive fusion were successfully re-attempted and completed within two
weeks of initial surgery.
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Discussion

IOM is recommended in procedures where there is risk of neurological injury including scoliosis
surgery [6,10]. Fehlings et al. [11], in their systematic review of 32 studies determined that strong
evidence exists that multimodal IOM is sensitive and specific for detecting intra-operative
neurological injury and recommended the use of such monitoring for spinal deformity correction.
Our series shows that multimodal IOM is achievable in 94% of paediatric and adolescent spinal
deformity procedures while reproducible neuro-monitoring was not achievable in less than 1% of
patients. Furthermore, when used in conjunction with a standardised management algorithm, IOM
is highly sensitive (100%) and specific (99%) in the detection of acute intra-operative neurological
dysfunction [9].

Thuet et al. [6] reported a false negative rate of 0.2% in their 23-year retrospective series of 3436
pediatric patients undergoing spinal surgery using varying IOM methods. This is in contrast to our
study where we had 0% false negative IOM events. We feel that this reflects the advancement of
monitoring techniques and further development of the skills of the specialised neuro-physiology
teams. Fortunately, the incidence of true positive events is low with only 1 patient having sustained
IOM loss together with a postoperative deficit that later recovered. The remainder of the acute true
positive events were transient with recovery to baseline following surgical intervention. Lee et al. [12]
identified greater preoperative Cobb angle of the major structural curve, number of levels fused,
operative time and estimated blood loss as risk factors for spinal cord injury during deformity
correction which can cause IOM loss. In our cohort, the most common cause of a transient true
positive event was during placement of instrumentation of the spine, accounting for 44% (15/34) of
events (29% screw insertion, 9% pedicle hook insertion and 6% sublaminar wire insertion). The
second most common cause of transient true positive events was during reduction manoeuvres
including rod distraction (35%, 11/34).

In our series, the highest risk of true positive IOM event was seen in syndromic scoliosis (5.5%).
The next highest within our cohort was seen in spondylolisthesis (3.7%). However, this only
represented a single event in a small sample size (1/27). The next highest was seen in juvenile
idiopathic scoliosis and adolescent idiopathic scoliosis. Neuromuscular scoliosis and Scheuermann
kyphosis had similar rate of true positive IOM events (Table 2). This is different from the rate of true
positive events reported in the literature [10,13-15]. We found a difference between Scheuermann
kyphosis and AIS on the risk of true positive events with event incidence of 2/111 patients (1.8%) in
Scheuermann kyphosis versus 23/1112 patients (2.1%) in AIS. Previous studies suggested greater risk
of neurological complications in patients with thoracic hyper-kyphosis and those requiring corrective
osteotomies [10,16,17]. Although there are differences in sample size, this was not demonstrated in
our cohort. The increased rate of events in early onset idiopathic scoliosis is likely representative of
curve severity and curve stiffness within this subgroup.

False positive events do continue to occur, however these can only be classified after
systematically excluding a direct cause for the event. This is best achieved by following a structured
algorithm or cord-at-risk protocol, such as that illustrated in Figure 1 [9]. This requires effective
working within the multi-disciplinary theatre team and good communication with the anaesthetic
team to ensure drug administration, haemodynamic stability and temperature are all appropriate.
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LOSS OF MEPs
Suspected True Positive Neurological Event

[ Surgeon alerted and operation stopped ]

1

Rule out anaesthetic / technical cause.
Adjust stimulation parameters

|

MEPs NOT RECOVERED

!

MEPs RECOVERED e T L LI b G MEPs NOT RECOVERED
surgical manoeuvres back to last normal
l MEPs l

Continue with planned procedure MEPs RECOVERED Repeat MEPs at 5 minute
Complete surgery as long as 10OM is stable Indication of spinal cord at risk intervals for 30 minutes
koptinue procedure MEPs PERSISTENTLY NOT RECOVERED
May have to modify surgical plan and accept more k of i Feir
moderate carrection as long as [OM is stable Risk of permanent neurological deficit

Assess neurology on wakin, Abandon procedure
= £ Remave all instrumentation

Figure 1. Algorithm to be followed by surgical team in the event of MEP loss [9].

Delayed Event

A delayed IOM event is defined as change in IOM after completion of instrumentation. There is
lack of information in the literature as far as delayed loss of IOM signals after spinal deformity
surgery is concerned. Stockl et al. [18] reported 2 cases of delayed motor deficit after posterior
scoliosis correction. Both patients improved after removal of instrumentation. Lovi et al. [19] reported
a case of delayed postoperative neurological deficit far from the surgical site in a patient with
syndromic scoliosis. The authors concluded that delayed postoperative neurological deficit far from
the surgical site can be considered a specific subgroup of these rare complication that can occur
several hours after spine surgery, regardless of intraoperative complication. Removal of
instrumentation was sufficient to regain full motor recovery caudal to the level of instrumentation.

In our study, there were 9 delayed true positive IOM events. These represented 16% of all true
positive IOM events and an overall incidence of 1 in 200 procedures. This emphasises the importance
of continuation of monitoring after deformity correction and completion of spinal instrumentation.
In our cohort, patients” MEPs were lost on average 18 minutes after completion of instrumentation
with a range of 10-30 minutes. We, therefore, recommend continuing neuro-monitoring for at least
30 minutes after placement of instrumentation or until skin closure; thereby, minimising the period
between discontinuing monitoring and the patient being awake to perform a formal neurological
evaluation.

We would hypothesise that these delayed events are due to spinal cord ischaemia secondary to
segmental artery hypo-perfusion as a result of vessel tension. Meylaerts et al. [20] showed recovery
of MEPs by restoration of spinal cord perfusion during thoraco-abdominal aortic aneurysm repair.
Sandhu et al. [21] also described fluctuations in spinal cord perfusion pressure as cause of delayed
paraplegia after thoraco-abdominal aortic repair.
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The pathophysiology of intra-operative spinal cord injury during deformity correction was
studied by Turner et al. [22] combining spinal cord perfusion (SCP) with intrathecal pressure and
neurological monitoring (MEP). The authors depicted a direct relation between SCP fluctuation and
MEPs reduction. As we know hypotension correction is one of the most widely performed general
measure following an intra-operative alert, since there is good evidence that even a mild drop in
systemic systolic blood pressure can affect the motor potentials profile [11,22]. Releasing rods reduces
cord/vascular tension and aids cord re-perfusion. MEPs returned within 20 minutes of rod release in
all patients.

The stiffness of the rod could be influential in the incidence of delayed events. Within our
institution the beam shape rods are utilised in a small percentage of patients, yet these were
associated with 33% of the delayed IOM events. Due to the difference in Young's modulus of
elasticity, beam shape rods are stiffer than standard titanium cylindrical rods and, therefore, have
reduced capacity to undergo plastic/elastic deformation, thereby potentially leading to increased
cord/vascular tension. On review of patient risk factors for delayed events, we identified no
significant difference within this subgroup when we looked at age, diagnosis, curve angle and
estimated blood loss.

We have proposed an algorithm to allow the surgical team to decide appropriate actions in
response to MEP loss (Figure 1) [9]. There are existing guidelines, checklists, and algorithms for the
prevention, identification, and management of neurological complications in spine surgery [23-26].
We advocate the need for close cooperation and continuous communication of the
surgical/anaesthetic/neurophysiology teams before, during, and after surgery. In our experience, this
coordinated approach has allowed appropriate response to IOM changes and ensured that no patient
in this series developed neurological deficits contrary to previous studies which reported risk of
permanent neurological injury of 0.1-0.2% [13,17]. In the patient consent, we recommend a detailed
discussion on IOM and the possible need to abandon surgery depending on IOM findings and
complete it in a staged manner at a later date.

Limitations

While we have addressed some of the risk factors for neurological injury/IOM event, further
analysis could have been performed looking at curve stiffness and it would also be useful to assess
percentage curve correction at the time of IOM event but this is not possible with the patients lying
in the supine position and the limited information provided by intra-operative imaging.
Additionally, the literature reports the use of pre-operative MRI to assess the risk of intra-operative
neuromonitoring data loss and it may have been beneficial utilise this classification in our patients
and to correlate this with our findings [27]. Unfortunately, as we run a tertiary centre, many of the
MRI scans are performed at the point of referral, and not at the point of surgery, therefore we did not
feel they would accurately represent the curve characteristics at the time of intervention

Conclusions

We present one of the largest cohorts of spinal cord monitoring outcomes in spinal deformity.
This provides further support that multimodal IOM is the gold standard of neuro-monitoring during
deformity correction with excellent sensitivity and specificity. We feel that this study will aid the
surgeons in standardisation of practice and will also facilitate in educating and consenting patients
on the risks of monitoring events and neurological injury during spinal deformity surgery. Delayed
IOM loss represented 16% of all events with the likely mechanism of increased cord tension and
hypo-perfusion. The timing of events emphasises the importance of continued monitoring for at least
30 minutes after completion of instrumentation or until wound closure. Surgeons should be
particularly vigilant for delayed events when using stiffer rod constructs.
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