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Literature review in intraoperative neurophysiological monitoring during spinal deformity correction showed that the increase in the 
number of neuromonitoring modalities is viewed as a major trend with the technique. This makes the testing procedure more 
complicated and generates controversies in interpretations of the findings. Algorithmization of monitoring and formalization of the 
findings can be practical in addressing methodological problems. 
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There is a variety of neurophysiological monitoring 
(IONM) techniques established to accurately assess the 
functional integrity of different parts of the central 
nervous system (CNS) including spinal cord and pe-
ripheral nerves, in particular, during operative interven-
tion [1]. They are helpful in maximizing the safety of 
spinal procedures and limit the risk of iatrogenic neuro-
logic injury [2]. IONM modalities should provide high 
sensitivity and specificity (1) and the possibility of 
multiple usage with minimal risk to the patient (2) [3]. 
Neuromonitors are subdivided into two groups. The 
first group includes methods of passive recording of 
such physiological parameters as spontaneous electrical 
activity of excitable tissues, body temperature at a tar-
get point [4], the second is aimed at getting electrical 
responses to a test stimulus with strict standardization 
of evoking conditions and signal recording. Electrical 
[5] or magnetic [6] impulses can be employed for this. 

Several authors report effective usage of IONM in spi-
nal deformity correction [7–15]. Neuromonitoring modali-
ties have become available at regional hospitals of the 
Russian Federation [4, 16] and CIS countries [17]. 

However the evidence does not meet the level 1 
standard and is based on level 2 and 3 [22] with all high 
values in IONM sensitivity, specificity and prediction 
[18, 19, 20, 21]. Therefore, extended applications of 
IONM modalities revealed some methodological prob-
lems that were originally neglected. IONM applications 
received optimistic reports [10, 21] followed by publi-
cations [22, 23] featuring a number of difficulties with 
IONM introduction into surgical practice (Fig. 1). 
There is a need to systematize the existing methodolog-
ical problems with IONM and analyze Russian and 
foreign publications with the purpose of identifying 

ways of further improvement of intraoperative neuro-
physiological monitoring. 

Among the problems identified in the review, relia-
ble interpretation of the critical changes in test parame-
ters remains difficult and controversial (Fig. 1, А). 
Critical values of test parameters suggested by most of 
the authors indicating to a greater risk of neural tissue 
injury were determined empirically. Controversies can 
be reviewed at summarizing accumulated data [22]. 
There are evident reasons for the existing controversies. 
Almost no controversies can be found in spontaneous 
electromyogram (EMG) activity or critical values in 
decreased amplitude of somatosensory evoked poten-
tials (SSEP). Importance of changes in SSEP latency is 
still being discussed [4, 24] due to the fact that the pa-
rameter has a higher sensitivity to both injuries (me-
chanical trauma and ischemia) and background factors 
(temperature [23] and concentration of anesthetic com-
ponents [4]).  

Identifying critical response signs to operative in-
tervention with motor evoked potentials (MEP) engen-
dered a lot of controversy. Authors report critical de-
crease in amplitude by 50 % [17], 65 % [24], 80 % [25] 
from the baseline. Increase in latency is viewed as an 
ample warning sign by several authors [16], whereas 
others suggest recognizing it solely with decrease in 
amplitude [24]. There are also opinions to consider 
increase in test stimulus by more than 50 V, and in-
crease in a number of impulses in a train [25]. Some 
authors offer to assess a warning extent based on dy-
namics in a response type. However, no correlations 
can be seen between changes in MEP configuration and 
functional condition of nerve structures when ap-
proaching a critical level [22]. 
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Fig. 1 Hierarchy of co-relation between major methodological problems of a large-scale IONM introduction into clinical practice (described 
in the text) 

A variety of warning criteria with the MEP usage is 
associated with their high variability in the norm [26] 
that notably increases with anaesthesia [27]. This is the 
result of several factors the combination of which being 
unstable overtime and cannot be accurately established. 
Effects of the factors on human sensorimotor system 
are well understood and described. Effects of several 
factors (concentration of anaesthetic components, blood 
loss, body temperature) can be precisely estimated. 
Accuracy of other parameters can be provided in strin-
gent laboratory conditions that are difficult to arrange 
at an operation theatre. Nevertheless, there is a clear 
understanding of the processes to occur at the time of a 
certain effect at the operation theatre. But there are no 
clear criteria to identify which of the possible factors act at 
electrophysiological warning signs. 

These obstacles can partially be overcome by im-
proving testing technology. For example, an effect 
from a test stimulus depends on resistance of biological 
tissues through which (as through discrete wire) it 
reaches excitable structures (neurons, nerve conductors, 
receptors). The resistance fluctuates depending on tis-
sue blood filling and electrolytic saturation and is asso-
ciated with the condition of autonomic nervous system. 
Consequently, changes in characteristics of the test 
signal contribute to MEP variability [22]. For this rea-
son monitors are equipped with a current intensity indi-
cator showing actual amount of the current passing 
through the tissues. Fluctuations in biological discrete 
wire can be a hidden factor being beyond control with-
out such indication. All of the above hampers standard-

ization of assessment criteria of significant changes in 
MEP. Though there are fewer controversies seen 
among neurophysiologists approaching to consensus 
can be provided rather by accumulated empirical 
IONM experience than by evolving an appropriate the-
ory. 

The group of factors influencing the patient’s sen-
sorimotor system can conventionally be divided into 
baseline and damaging. Baseline factors include blood 
pressure, hemoglobin level, etc. that function continu-
ously. Intensity of the influence is within monitored 
range and the effect on excitable body structures can be 
assessed as neutral to moderate. The second group in-
cludes mechanical influence on sensorimotor structures 
and ischemia that are directly associated with surgical 
aggression and are the source of immediate threat gen-
erating from iatrogenic injury. However, certain scenar-
ios can lead to intensity of baseline factors going be-
yond the acceptable limits. Moreover, baseline factors 
can become damaging or produce a secondary traumat-
ic event that is revealed in changing characteristics of 
neurological responses [22, 23]. 

Electrophysiological response to damage and the 
response rate are largely dependent on a type of the 
injury. If it is a mechanical injury SSEP changes occur 
within two minutes, and if it is a vascular trauma SSEP 
changes are seen within 20 minutes [28], hence, there 
are continuing attempts of classifying damaging mech-
anisms [29]. 

The variety and ambiguity of the factors influencing 
the patient’s intraoperative functional condition generate 
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(Fig. 1, B) the second problem in the usage of IONM 
technology, namely, false positives [7, 20], obtained in the 
absence of postoperative sensory and motor deficits with 
critical decrease in amplitude of corresponding responses 
all the way down to the complete suppression. A small 
number of such observations (about 10%) should also be 
interpreted. We suppose that false positives are not associ-
ated only with controversies regarding critical changes in 
monitored parameters. Although each possible factor be-
ing capable of causing critical changes in neurophysiolog-
ical parameters is well known and thoroughly studied, the 
collective effect is very ambiguous in attempt to build up a 
system of cause-and-effect relations between alerts and the 
possible reasons. And a neurophysiologist together with 
an anesthesiologist addresses an inverse problem of look-
ing for a cause (out of several probabilities) with a set of 
signs. However, inverse problems can be attributed to 
inadequate formulation [30]. 

The first and the second problems are closely asso-
ciated with the third one (Fig. 1, C), a controversy re-
garding the scope of monitoring information to be 
relaid to a surgeon by a neurophysiologist. Does the 
surgeon need to know all the changes in the parameters 
being critical or not, or the surgeon needs to learn sole-
ly high alerts to experience minimum information pres-
sure on his operation focus. In our opinion, a blend of 
skills and personal qualities in the team of a surgeon, 
neurophysiologist and anesthesiologist and a complexi-
ty of a surgical intervention must be considered with 
the issue. 

The above issues can be solved with extensively 
developing IONM technology by increase in monitored 
parameters that provide additional intraoperative in-
formation about nerve tissue condition and contribute 
to reliability of neurophysiological findings for each 
critical episode. 

Retrospective review of IONM history demon-
strates strong evidence to the approach. Initial usage of 
SSEP as an IONM instrument [21] ensured the safety 
of sensory pathways and proper response to a situation 
leading to a devastating spinal cord injury [31]. There 
were reports indicating to absence of SSEP recordings 
followed by postoperative motor disorders [22, 32, 33, 
34], as well as cases of considerable delay of SSEP 
response relative to MEP [35, 36]. 

Due to anatomical and physiological autonomy of 
sensory and motor pathways [22, 23] INOM cannot 
provide neurophysiological control for sensory-motor 
pathways and ventral roots with SSEP only [23]. Addi-
tional control of motor pathways of the spinal cord with 

spontaneous EMG and MEP is required due to higher 
sensitivity of motor pathways to ischemia as compared 
to that of sensory pathways [22], and autonomous 
blood supply of ascending sensory and pyramidal tracts 
[10, 13]. On the one hand, it provides a considerable 
reduction in postoperative motor deficits and cases of 
wake up tests [4], on the other hand, imposes strict cri-
teria for anesthesia. 

While comparing the dynamics in MEP changes 
throughout intervention less sensitivity of early SSEP 
components to anesthesia appears to be practical in 
assessing fluctuations of excitability of cortical and 
spinal neurons evoked by pharmacological stimulus 
[23, 37] that makes the recordings more reliable. 

MEP used for IONM minimizes application of 
muscle relaxants that entails some technical difficulties. 
All cases of necessitous usage of muscle relaxants 
should be considered when interpreting neurophysio-
logical recordings and included in IONM protocol. One 
can wait for excitability of muscle indicators to restore 
following myorelaxant application (if a surgeon does 
not produce a potentially risky maneuver for the spinal 
cord) or apply medications to restore synaptic transmis-
sion. However, the latter is associated with greater 
pharmacological loading on a patient. 

Recorded activity from the spinal cord, D wave, can 
be used as an additional tool of neurophysiological 
monitoring of pathways if muscle relaxants to be ap-
plied intraoperatively [2]. It is not dependent on condi-
tion of neuro-muscular synapses. But electrodes are 
required close to surgical activity area and they can 
make surgeon’s manipulations difficult in some cases. 
Furthermore, D wave does not allow for an accurate 
localization of an injury side. 

According to many authors, a combination of SSEP 
and MEP provides a more effective monitoring than 
either technique does alone [12, 14, 38, 39]. The pre-
sent IONM diagram (Fig. 2) has become the standard 
of spinal surgical intervention [2]. It allows for minimal 
usage of wake-up test, in particular [40]. 

Spontaneous EMG and SSEP monitoring are 
completely neutral to the patient’s body. MEP moni-
toring can be associated with several contraindica-
tions [22] and possible complications [41]. Contra-
indications to MEP include epilepsy, a cerebral le-
sion, skull defects, elevated intracranial pressure, 
implanted intracranial devices (electrodes, vascular 
clips, shunts, etc.), cardiac pacemakers or other im-
planted biomedical devices [22]. 
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Fig. 2 A complex effect of surgical aggression and general anesthesia through intensive interoception (including nociceptive activity) in re-
structured microcirculation and fluctuations in excitability of CNS neural network results in changes in signal transmission from stimulus 
(sensory fraction of peripheral nerve for SSEP, cortical projection to the represented indicator muscle for MEP) to the take-over point of 
evoked response (sensory cortical representation of a limb, for SSEP; a set of indicator muscles, for MEP). Possible consequences from a 
mechanical injury/ischemia can influence the background effect 

Tongue laceration is the most common complica-
tion of MEP modality and can be easily treated with a 
bite block created from rolled gauze pads. Cardiac ar-
rhythmia is considered the next highest complication 
with MEP monitoring (a rare complication as compared 
to tongue laceration and is easily detected by anesthesi-
ologist). Scalp electrode burns are very rare. There is a 
published report of a thermal injury to the motor cortex 
in response to transcranial stimulation [42]. It should be 
stressed that all possible complications are associated 
with high intensity stimulus to be repeated several 
times when CNS excitability is very low initially and/or 
there are expressed abnormalities localized at the pro-
jection area of motor cortex. The available reports pub-
lished no cases of electrode related infection (although 
potentially it can happen), body movements related 
injuries through evoked stimulation, psychic problems, 
headaches or other changes in CNS associated with 
continuous electric impulses to the brain. 

Testing general condition of pyramidal tracts re-
quire a minimal number of indicator muscles. Howev-
er, placement of screws for construct fixation creates a 
potential threat to spinal nerve roots. This process can 
be controlled neurophysiologically with spontaneous 

EMG and MEP in transcranial stimulation of the motor 
cortex or with direct stimulation of paravertebral tis-
sues while testing the contacts of transpedicular screws 
with spinal nerve roots. It would require more deriva-
tions in conformity with interested roots. 

An additional temperature control was offered for 
target points of lower limbs since a combination of 
SSEP and MEP and greater derivations of activity does 
not exclude false positive responses [4].  

The short retrospective review shows the major trend 
in intraoperative neurophysiological monitoring toward 
extensive development of derivations of activity and 
modalities of information channels. The volume of in-
formation has been growing respectively. There is re-
ported evidence of the efficacy of such approach [43], in 
complicated high-risk operations, in particular [19]. 

The extension of control methods and monitored 
parameters leads to the fourth methodological problem 
with a complicated procedure of neuromonitoring, 
premonitoring preparation and more time to be spent 
with the technique (Fig. 1, D). There is also an in-
creased need in expendable materials used for neuro-
physiological monitoring that results in higher costs of 
operative intervention. 
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With polymodality available for IONM, interpreta-
tions of changes become more complicated [23] due to 
multifactorial activity. The methodological aspect 
makes specialists focus on further development of theo-
retical rationale to interpret complex dynamics in a 
large number of parameters. 

Side effects of extensive development of IONM 
technology were recognized by specialists and there 
were attempts to simplify the testing scheme. SSEP 
and MEP modalities were compared for the purpose 
[5, 9, 10, 45] to identify the cases when either tech-
nique can be used. Finally, a flexible scheme of a 
limited set of neurophysiological techniques can be 
established among a potentially large arsenal of con-

trol tools depending on a specific goal and condi-
tions of an expected procedure. The approach re-
quires further development of effective interpretation 
system for the findings. Tentative neurophysiologi-
cal examination of the patient is important (Fig. 3) 
during preoperative period [2]. Electroencephalog-
raphy and evoked potentials can be practical in eval-
uating CNS related contraindications and initial con-
dition of sensory system that can be considerably 
changed in patients with severe spinal deformity. 
EMG provides important findings of motor system 
that serve the basis for choosing optimal muscles for 
MEP. Tentative neurophysiological information can 
be properly used during IONM. 

 
Fig. 3 Diagram of preoperative preparation of a patient for intraoperative neurophysiological monitoring established at the Russian Ilizarov 
Scientific Center for Restorative Traumatology and Orthopaedics 
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Summarizing the literature review and our own 
IONM experience of surgical correction of spinal de-
formity we conclude that the control method is success-
fully used in clinical practice and has high potentials for 
further improvement considering the four methodologi-
cal problems we identified. First, the theory of the com-
plex usage of IONM needs further improvement based 
on formalization obtained during intraoperative neuro-
physiological control. This would allow for more effica-
cious interpretation of the findings and less ambiguity 
when evaluating the reasons of a neurophysiological 
phenomenon observed in a particular condition (low 

response amplitude, changes in a number of phases and 
latency, etc.). Introduction of various rank tests and rele-
vant scales can be the first step in the formalization to 
assess electrophysiological responses of the brain con-
duction systems and a risk of an iatrogenic injury. 

Secondly, there is a need to optimize the complex 
polymodal IONM procedure using different modifica-
tions of EMG [46], SSEP and MEP [38]. An algorithm 
of preoperative IONM preparation (Fig. 3) and the 
monitoring process (Fig. 4) must be built. Formaliza-
tion of the information can be successfully used to im-
prove the algorithm suggested. 

 
Fig. 4 Diagram of intraoperative neurophysiological monitoring established at the Russian Ilizarov Scientific Center for Restorative Trauma-
tology and Orthopaedics 
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CONCLUSION 

Intraoperative neurophysiological monitoring is a 
high technology method for control of the functional 
condition of somatosensory and pyramidal tracts 
during spinal deformity correction. It is effective in 
detecting and preventing most iatrogenic injuries to 
the nerve structures. IONM related technical, meth-

odological problems cannot hamper its widespread 
application and can be successfully addressed in the 
near future. The solution contains potentials for fur-
ther development of the method based on formaliza-
tion of the information and optimization of IONM 
procedure. 
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