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ARTICLE INFO ABSTRACT

Keywords: Quickly and efficiently extracting evoked potential information from noise is critical to the
Evoke.d potential clinical practice of intraoperative neurophysiologic monitoring (IONM). Currently this is pri-
Amplitude marily done using trained professionals to interpret averaged waveforms. The purpose of this
Least squares . . . . .

Correlation paper is to evaluate and compare multiple means of electronically extracting simple to understand
Receiver evoked potential characteristics with minimum averaging. A number of evoked potential models
Latency are studied and their performance evaluated as a function of the signal to noise level in

Detection simulations.

Methods: which extract the least number of parameters from the data are least sensitive to the
effects of noise and are easiest to interpret. The simplest model uses the baseline evoked potential
and the correlation receiver to provide an amplitude measure. Amplitude measures extracted
using the correlation receiver show superior performance to those based on peak to peak
amplitude measures. In addition, measures of change in latency or shape of the evoked potential
can be extracted using the derivative of the baseline evoked response or other methods. This
methodology allows real-time access to amplitude measures that can be understood by the entire
OR staff as they are small, dimensionless numbers of order unity which are simple to interpret.
The IONM team can then adjust averaging and other parameters to allow for visual interpretation
of waveforms as appropriate.

1. Introduction

In intra-operative neurophysiologic monitoring (IONM), evoked potentials are recorded after stimuli are delivered to different
pathways and an alert is generated when there is a significant change in the response. This provides a warning about impending injury
in the specific neural pathways being monitored. One problem with this paradigm is that the output of a clinical evoked potential test is
a complex set of waveforms that in current clinical application requires interpretation by trained technologists and neurophysiologists
even though most clinical applications are based on only amplitude and latency measurements. Another problem is that intra-
operative evoked potentials are often contaminated by high amplitude electrical and biological noise [1-5]which complicates
interpretation. In the clinical setting, the three primary techniques used to reduce the effect of noise include averaging [6], filtering [7]
and optimization of recording parameters [8]. Averaging requires time that reduces the speed of interpretations and can yield
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inaccurate results when the evoked potentials change rapidly. Filtering distorts the signal and is most helpful only when the fre-
quencies contained in the evoked potential are different from those of the noise. On the other hand, optimizing recording parameters is
always helpful, but even under optimal conditions it is impossible to remove all noise.

The field of signal processing has developed many ways to detect a signal in noise [9] and to find relationships between two signals
in noise [10]. The classical detection method, based upon radar and sonar, uses a quadratic cost function to compare an incoming
signal to an expected signal. Mathematically, this results in the “correlation receiver” where the correlation between the expected and
actual signal is the measure of signal amplitude. This approach works well when the shape of the expected signal is known, such as in
radar, but is not optimal when there is little knowledge of the expected signal.

In many clinical applications other than IONM, the shape of the evoked potential and/or the noise is unknown and much work has
been focused on that problem [11-13]. In this particular case, there are three techniques used to extract signal from noise. If the
spectrum of the noise and the signal are known, the noise can be filtered using Wiener filtering [14-16], but this is most useful when
the noise and evoked potential spectra don’t overlap. When the noise satisfies and autoregressive model, this can also be used to reduce
the noise level [17]. It is also possible to project data into subspaces expected to be associated with less noise before analysis using
independent components analysis [18] or the singular value decomposition [19]. When data from multiple locations are available,
spatial filtering can be used [20]. In a related technique single trial ep data over time can be extracted from noise by creating 2-D
images of stacks of single traces [21-23] and then applying image processing techniques. This can find the similarities between
traces and help eliminate noise but it is not a realtime procedure as it needs to process multiple traces.

However, in IONM, the baseline studies provide the shape of the waveforms that will be encountered during the procedure. This
significant advantage makes the problem of extracting information from intra-operative evoked potentials very different from that of
blind waveform detection as described in the previous paragraph. Relatively little has been written on this particular problem in the
IONM literature. The purpose of this paper will be to propose, simulate and evaluate automated procedures that might be able to
extract information, especially amplitude, from an evoked potential during a surgical procedure when the baseline is known.

Since many different methods have been discussed in literature but rarely compared, an additional goal of this paper is to use
variational approaches to set a consistent mathematical approach which allows comparison of the underpinnings of the different
methods. This also facilitates comparison of the different methods both mathematically and through simulations. Some of the
methodological differences in the literature focus on the roles of different cost functions and the use of a priori information through
constraints. These differences are discussed in detail to facilitate future searches for optimal methods.

2. Methods
2.1. Annotation

x(T) will be used to denote a continuous measurement of a signal at time T recorded from a patient exposed to n stimuli delivered at
times 7;;1 = 1...n. Each evoked potential is recorded for a time t,,,x after each stimulus. The capital T will be used to denote times from
the start of the surgery and the small t (or q) will denote the time after the latest stimulus. s;(t) will be used as the actual evoked
response recorded at time t after a stimulus at time 0. As such, the evoked response s;(t) must begin only after the stimulus so s;(t) =
0,t < t; where t, is the shortest time after the stimulus at which an evoked potential can be recorded. It will also be assumed that the
evoked response has a finite duration so s;(t) =0,t>t; with ¢t shorter than any inter-stimulus interval (i.e.
0 <ty <ts <tmx <Min[{zriy1 — 7;}];i = 1..n— 1) as in Figure A7. In other words, each of the responses is assumed to have a finite
support: shorter in duration than the shortest time between stimuli and shorter than the length of the recording after each stimulus.

s(t) will be used to denote the evoked response to the stimuli in the absence of noise in the steady state where the response is to each
stimulus is the same from trial to trial. In a situation where the actual s(t) is not known a priori, this can represent a “trial function” or
guess as to a reasonable choice for the actual response. Within this framework, x(T) is the sum of the actual evoked response from each
trial and noise for each time point:

n

X(T)=">_si(T—1)+N(T) @

i=1

To distinguish the estimated value of the evoked potential from the (unknown) actual response, the estimated responses will be
denoted as s ;(t). A cost function will be used to compare two signals and will generally be denoted by I. The studies in the body of this
paper use the Ly or quadratic cost function. In appendix (A.2) other cost functions are studied and results compared.

To put the evoked potential signal detection algorithms in perspective, it is useful to consider a number of scenarios classified
according to the a priori assumptions made. Section 2.2 discusses models in which no assumptions are made about a specific shape for
si(t) and section 2.3 treats models in which the shape of s;(t) is not arbitrary but determined by a few parameters. Appendix A.4 will
address the situation in which s;(t) can take on only two distinct values and how this can be used to classify cases.

2.2. Models where the shape of the response is unknown

2.2.1. Steady state with minimal trial to trial variation
In the steady state s;(t) = s(t) and so the least squares estimate of the evoked potential s(t) results from minimizing (0.2):
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Tmax 2
I[?}:Z/dtx(tJrT,)fZE(t) @
=14 i=1
where I is the least squares difference between the actual and the proposed evoked potential.
Minimizing I with respect to s results in the solution (0.3):

al[s | 1¢ ~

——=0--> [x(g+1)]=75 (¢);0<q < tuux 3
ds (q) n 2:1:

This estimate is exactly the traditional averaging procedure that is applied to evoked potential recordings and illustrates that
traditional averaging gives the least squares best estimate of the evoked potential in the steady state when there is no a priori
knowledge of the shape of the response, except that it is stable from trace to trace. In IONM, the assumption is made that the responses
are in a steady state for the periods of time while each average is collected.

It is important to note that this result depends on using the least squares Ly metric for the cost of poor fit between the actual and
proposed signal. Other cost functions, particularly the L; which measures the absolute value of the difference between the values of the
signals, can be used although they are computationally more difficult. Appendix A.2 presents more information on this issue and
demonstrates that, in this case, for large values of n, the L; and L cost functions give the similar results. However, for small values of n,
the result that the mean over all traces is the best predictor is seen only with the Ly cost function. For this reason and the computational
simplicity, most of this study will involve the Ly cost function.

It is useful to quantitate the effect of noise on the estimated response. Substituting equation (0.1) into (0.3) yields (0.4):

(€))

where 5(t) represents the effect of noise. In the case where the noise has zero mean (See appendix A.1 for more details about handling
the situation in which the data and trial function do not have zero mean.), then if a large number of experiments were performed and
the averages taken (denoted by the angle brackets ()) (0.5):

(@) =0
(S

n

(@) =

If the noise is further assumed to be stationary and uncorrelated between different stimuli:

(Wiq-+ (g + o)) ={ 1= BN

then the result is (0.6):

- <(;Niq+r,»>) > <<N¢<;m2> o

Hence as expected the effect of noise in the estimation of the evoked response diminishes as the inverse of the square root of the
number of averages.

2.2.2. Trace to trace variations allowed
In many situations the assumption that the evoked responses do not vary from trial to trial is not a good one. In this case, the least
squares determination of the evoked potential comes from minimizing the least squares cost (0.7):

2

Imax
n

s N =151=3 [ a

i=1

n

x(t+17,) — Z 540

0 )

%: 0_’x(q+7i> = El(q)*o < q < fmax

Intuitively, when nothing is known about the trace to trace variability of the responses, the only choice is to take the evoked
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responses as equal to the recorded signal. Thus, the cost of making no assumptions (such as the assumption of steady state) is that the
algorithm has no way of telling signal from noise. In this case (still assuming the noise to be stationary and uncorrelated), the noise
level in the responses is determined from (0.8):

(9)) =

Gi(@) =0 .
VEar) = @) ®

which differs from (0.6) by the factor Jiﬁ . Thus, the price of not making the steady state assumption is that the noise level in each

estimated evoked potential is much larger than if the steady state assumption were made. This is consistent with the idea that the
increasing the amount of accurate a priori information about the evoked response, lowers the effect of noise on the estimated potential.

2.2.3. The shape of the evoked response is unknown but constrained
In this case, the cost function has the form (0.9):

x(t+1,-)—Z§,- (1)
pa

Imax

+§Z/ atls) () = 5 i(0)|° ®

Imax

{5 = Z/ dr

where s2(¢) is presumed to be known a priori. This results in the solution (0.10):

61[{/51'}]7 N N O B

(3§,~(q) =0 (x(q+r,) l(q)x)‘i‘é( l(q) l(q)) =0

Ma+m)+isila) g (10)
%@5'@ =5 1(9):0 < q <t

2.3. Parametric models

The above methods have assumed that relatively little is known about the expected shape of the evoked potential from trial to trial
si(t). However, in IONM, there is quite a bit known about the form of the evoked potential recorded from a set of electrodes in response
to a standardized stimulus [24]. Thus, another set of models might be based on the assumption that during an OR case, all important
variations in the evoked potential from trial to trial can be described by changes in a few parameters describing an evoked response
such as amplitude, latency and duration [12,25,26].

A general, parametric representation of the recorded data is (0.11):

- ia,ﬂ(T—T,-, {PP}) +N(T) (11)
i=1

where o(t, {Pl(k)}); 0 <t < tmax can be any function of t that depends on the n;, parameters {Pl@l)...Plg"”)} which may vary from trace to
trace. a; is the amplitude index for each trace. All of the variations in the shape of the response from trace to trace are contained in the
changes in the parameters {P } One simple choice is to take 6(T — 7;, {P }) s(t), the known “steady state” baseline response, but
many other choices would be possible. The function o(t, {Pik>} will be referred to as the “trial function”. In this approach, no averaging

is specified and the variations from trial to trial can be estimated.
In general, the values of all unknown parameters can be estimated through a least-squares method with the cost function (0.12):

Imax

W (PN =3 [

x(t+ 1) Zaa {P }) 12)

Although the parameters may enter into the cost function in complex ways, the amplitude measures have a simple effect on the cost
function and so it is easy to determine the amplitudes that minimize the cost function (0.13):

I]/Wdtxt-i-‘r, ot (V)

aliay 2y,
da ; ! fmax

[ aote g2}y

0

13

This leads to a cost estimate as a function of the parameters {ng)} as (0.14):
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max

([ astompate )

/dtx(l‘+‘[[)2 -y 14
pn = a ~ 2

. o [ iry)

thus, estimating the amplitude is relatively simple while finding the values of the {P§k>} that control the shape of the trial function and

~ (k)
minimize I({P; }) is much more complex and is highly dependent on the choice of the trial function.

2.3.1. Trace to trace variations described by changes in amplitude, latency and duration
The most intuitive trial function would be the steady state baseline evoked potential, s(t), which could be shifted in latency or
duration (or more properly “time warping™) (0.15):

~ (k) ~ ~
6(1‘7{Pi }):s(w,»(t—(p,-)) (15)
This fits in well with visual analysis where changes from the baseline shape are monitored. However, not all possible choices for
w i, ¢ ; yield acceptable trial functions. The requirement that the response to a stimulus must be delayed from the stimulus onset any

~ (k)
chosen parameters forces o(t,{P; }) = O0;t < t,. The fact that the evoked potential does not have a longer duration than the recording

— (k)
window implies that o(t,{P; }) = 0;t > tmu. These are satisfied if (0.16):

Vﬁ"( ®) = t_)(wi_l)t>w(/]z (16)
W (tmax /) ) < [max (W - 1) max S W i(ﬂj

in addition, it is expected that intra-operative damage would be associated with increased latencies ¢; > 0 and increased durations
w; < 1. Now (0.17):

Tmax fmax Wi(fmax = ;)

/dto‘( {P }) /dts wit — )’ =Wi’_ / drs(r) a7

when —w;g; < tg; Wi(tmax —@;) > ts this simplifies to (0.18):

Imax

[ ot py =2

- (18)
S = / dis(t)?
0
= (k) ~ ~
Under these simplifying conditions, the criteria for minimizing I({P; }) =I({¢ ;,w:}) become (0.19):
L, fmax 2
I({ai,@i}):Z/dtxt+T ZW, /dtxtJrr,)( (=9 )
=y
L fmax
M —0- / dix(t+ )@ i(t— ) = 0
P i
0 (19)

dix(t +)s(wi(t— @ ;)
o

ow ; i = [
2 [ diste+ 20— )50 0= 5.)

As a check, it is relatively simple to show if s is continuous that these equations yield the expected result ¢ ; = 0,w ; = 1 when x(t +
7;) =s(t). Appendix A.4 shows that the trial function may not have the expected intuitive meaning unless — w;p; < 0; W;(tmax — ;) > t;.

Of course, all positive latency shifts with w; = 1 do satisfy this criterion. However, even in this case, solving these equations can be
complex and so it is useful to consider some special cases.
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2.3.1.1. Changes in the evoked potential from trial to trial can be described mainly by changes in amplitude. The simplest case is when it is
presumed that the waveform changes only in amplitude over the course of the study. In this case ¢; = 0,w; = 1 and so (0.13) becomes
(0.20):

max
dr x(t+7;)s(1)

~ _ 0
a;=

(20)

tmax
/ dr s(1)?
0

This is the classical “correlation receiver” and provides the best estimate of the single trial evoked potential amplitude in this model

tmax

relative to the baseline. Note, that if the evoked potential experiment was in the steady state without noise, then: / dt x(t+7;)s(t) =

Emax

dt s(t)* and so a ; = 1 as expected.

It is important to see how this amplitude estimate is affected by noise. As above, let: x(T) = "1 ;a;s(T — 7;) + N(T).
so that (0.21):

Imax

/ di Nt +7)s(2)

a;=a;+ p—

/ dr s(1)?

0 21
(ay)=a

</ dt N(t+1;)s(1) / dt N(t'+1i)s(z')>
(@ -ap)=—" :

If the autocorrelation function of the noise is known (0.22):

'

(N()N(1)) = vg(t — 1);8(—1) = g(1); 8(0) = 1

G= /dtg(t) (22)
Then (0.23):

<7 dt N(t +1)s(t) 7 di N({ +r,»)s(t’)> v 7 I/ drdt g(t—1)s(t)s(r)

<(ai*ai)2>: 0 0 0 0

5 - 52
If the noise autocorrelation is significant different from 0 only over time periods so short that s(t) does not vary significantly (i.e. the
noise is nearly white), it is possible to write (0.24):

(0.23)

V2={(a;—a)) z§ (24)

This is just the total noise power divided by the total power in the trial function (i.e. signal). It is important to notice that this
decreases as the duration of the template signal increases.

For comparison, it is useful to compute the peak to peak amplitude A? of the putative evoked potential after each stimulus and its
variability once the peak and trough times for the signal t,eq, tirougn are known:

Ai')p = S(tpeuk) + N(tpeak + Ti) - S(t!mugh) - N(ltr(lug/z + T,-)
<Alpp> =S (tpeuk) - (ttmugh)

(A = (M) = 208(0)3]8 (tt — tman) | < 8(0)

o L@r—any) )
” <Afp>2 (S (tpeak) - (ttrough) ) :
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now X—: is an index of the effects of noise on the two different amplitude indices (0.25):
pp

L‘f _ G (S (tpeak) - s(trmugh))z
V2~ 2g(0) S

pp

(25)

Notice that this is independent of the actual amplitude of the noise or signal and is only dependent on their shapes. Defining (0.26):

7 dis(1)*

D, = ’°°—2
(S (Zpeak) - S(["!’”Kh)) (26)
/ dig(t)
DN = W

These are markers of the duration of the signal s and time over which correlations in the noise are significant respectively. In terms
of these variables (0.27):

V2 G (5(fpeat) —s(t,,,,ugh))z_lﬁ
v, 28(0) s 2Dy

(27)

Thus, the ratio of noise estimates from the correlation receiver and the peak to peak measurement increases as the duration of the
trial function increases and as the time over which the noise is autocorrelated is decreased. In fact, with discretely sampled signals with
white noise, Dy approaches 1 and D approaches the number of sample points over which the signal has significant power and hence

V2 4. . . . . . . . . . .
\/+# diminishes as % where ng is the number of sample points over which s(t) is non-zero. This is as expected since, with the cor-
PP s

relation receiver, the amplitude is the result of averaging the noise over the time periods where the signal has high amplitude. This
emphasizes that the estimates of the amplitude can be improved using the correlation receiver by increasing the sample rate up to the
point where it reaches at least the inverse of the correlation time of the noise. In this model, the optimum sample rate is not simply that
which defines the signal but it must also fully define the noise.

One important question is what the role of the choice of cost function in this context is. Appendix A2.2 shows that both the L; and Ly
cost functions can be used to extract a reasonable estimate of the actual amplitude of the evoked potential while other cost functions do
not provide as good results. The standard deviation of the estimates using the L; cost function as in Figure S4 are higher than with the
Lo cost function.

2.3.1.2. Amplitude estimations when only an approximate steady-state response is known. The above approach used knowledge of the
form of the evoked response to be detected s(t). It is useful to explore the case in which instead of s(t), there is knowledge only of an
approximate signal sq(t) # s(t). In the case where x(T) = > ;a;s(T — 7;), (0.13) becomes (0.28):
Imax
/ dt s(t)sa (1)
a i= Hib,nmi (28)

/ dt 5,(1)?

o

finax
As long as the two signals are correlated / dt s(t)s,(t)| > 0, then, although the amplitude estimates may not be accurate, relative
0
variations over time are still accurate. In order to understand this from a more practical level, it is useful to explore the simple case in
which both s and s, are rectangular functions having amplitudes of A and A, and widths of r and r, respectively. Then (0.29):

Imax

/ dt s(1)sa (1)
3 s :a-i Min|r,r,]

(29)

=

fmax A, Fa

/ dr s,(1)°

0

Thus, when the duration of the approximate template is shorter than that of the actual signal r > r, the estimated amplitude from

the least squares method is directly proportional to the exact amplitude and does not vary with the actual choice of r, or r. However, if
r < ry, the amplitude estimate will decrease as r, increases. This shows that, under many circumstances, reasonable choices of the
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evoked potential template yield amplitude measures proportional to the actual amplitude and hence could be used in evoked potential
monitoring. Appendix section A3 shows more general results.

2.3.1.3. Effects of data transformation on amplitude estimates. Many previous investigations involving extracting single trace evoked
potentials [11,17,27] have focused on means of reducing the effect of noise. In particular, it is commonly proposed that certain types of
“noise” (especially that from cerebral activity) may be well fit by an autoregressive model. In such cases, it is possible to apply the
corresponding “whitening filter” to the data and the evoked potential template. Because this results in white noise, as noted above, the
parameter estimates will have less variability. It is useful to note that even if the signal is transformed before analysis as long as the
template signal is transformed similarly, the resulting amplitude estimate from the correlation receiver is the same. Consider these
linear transformations of the template and data (0.30):

Tmax

s.(t) = / c(t,£)s(f)dr

Imax

s+ n) = [ il + o)

Imax Imax tmax

/ dt x.(t +7;)sc(t) / dididi c(t,1)e(t,1) x(f +7;)s(f) / didid(i, 1) x(f +7,)s(7)

0
a. = = =

Tmax Imax Tmax

/dtsc(t)z /dtdt’dt”c(ut’)c(t,z”)s(t/)s(t”) /dtrdl”d(ﬂt")s(t/)s(t")

o
o

(30)
a;s(T —1;) + N(T)

=
Gl
1
4M‘ A

Imax

/ didid(,1) N(E +2)s(¢)

0

a; =a; + P
/ didid(i,f)s()s(f)
0
<ac[> =4a;
tmax max
/ dldid(i, 1) N( +1)s(t)\” v / didididt”d(d,0)d(f' 1) g(f — 1 )s(()s(d")
<(ar'i - a,')2> = . T = P 2
didid(f,0)s(t)s(r) / didid(f,)s(f)s(r)
0 0

Thus, transforming both the signal and template gives us the same estimate of amplitude on average (when the trial function is a
multiple of the actual evoked potential) but the effect of noise can be different depending on how c is chosen. Section 2.2.3.1 shows
that the variance is as low as possible when the correlation function of the noise has the shortest duration. If there is a single type of
noise obeying a single model, such a transformation can be of value but if there are multiple noise sources, this can be problematic as a
transformation which “whitens” or shortens the correlation time for one noise source can increase the correlation time of other noise
sources.

2.3.1.4. Effect of latency and duration variations on the correlation receiver amplitude measure. The latency and duration of the evoked
potential may also vary over time. The purpose of this section is to understand how those variations might affect the amplitude
produced from the correlation receiver if these variations were not specifically corrected for.
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max
dr x(t+7;)s(1)

~ _ 0
a;=

tmax
/ dr s(1)
0

If x(t +7;) = aos(t +¢) for some small value of ¢ a series expansion can be used (0.31):

Tmax Tmax Tmax
/ d st +@)s(t) / dr $(0)s(0) / dr 5 (0)s(r)
~ 0 0 1 2 0
a;=a — = ap + pag—— + E(p ao—— + ..
/ dr 5(1)? / dr s(1)? / dr s(1)?
0 0 0
Imax Tmax Imax
/ dt $(1)s(t) = 0; / dt 5 (0)s(t) = — / dr (17 31)
0 0
Tmax
dr s(1)’
1
a;=a|l— quz 0“
dr s(t)’
0

So, if no explicit correction is made for latency shifts, the amplitude estimated from the correlation receiver would undergo an
apparent reduction in amplitude for small latency shifts. Thus, declines in amplitude could be due to an actual change in amplitude or a
change in latency but the latter effects are very small for small changes in latency as the effect is proportional to ¢?.

In the same way, the effect of a small change in the duration (w) of the signal on measured amplitude of the signal can be computed
(0.32):

/ dr s(wt)s(r)

—~ 0

a;,=——w=l+woxl
/ dr s(1)?
0
fmax max Tmax fmax
, 1 ,
/ dt s(1+ w)t)s(t) ~ / dr s(t)s(t) +a)/ dr ts(1)s(t) +§w2/ dar s (0)s(t) + ...
0 0 0 0
Imax Imax Imax
/ dt s (0)s(t) = [ des@)* — | di s (1)
0 0 0
Tmax max Tmax 1 Tmax Tmax
/ dt s((1 + w))s(t) ~ / e s(0)s(1) 2 / dr s(t)2+2wz[ / dr s(1)° — / dr zzs’(z)z} +.. 32)
0 0 0 0 0
fmax
. dr s (1)
_ o 1, 0
= [ dt s(t)s(t)| 1 > + 7@ -
0 dr s(t)s(1)
0
Tmax
d 175 (1)
~ o 1 0
a =ap 17§+§w2 lfﬁ

/ dr s()s(t)

0

This fits with the bound placed by the Cauchy-Schwartz inequality (0.33):
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max max

/ dr s(wi)s(r) / dr s(wi)s(r)

1
0 0 <

<l- (33)

Tmax Tmax Tmax

/dts(t)z/ dt s(wr)* /dzs(t)2 o

Given that small changes in duration near w; = 1 cause linear changes in the amplitude estimate while small changes in latency
near ¢; = 0 are associated with second order changes, it is expected that slight changes in duration may have larger effects on the
amplitude estimated by the correlation receiver. In addition, even small reductions in w (longer durations) can cause increased
amplitude measurements and so interpretation of the correlation receiver response would require some measure describing the change
in shape of the response. It is rare in the clinical situation for amplitude, latency and duration shifts to occur independently and so a
better estimate of the effect of shape changes on the correlation receiver amplitude can be estimated only if we know the likely
trajectory of changes in w; and ¢; during IONM.

2.3.1.5. Least squares determination of latency shifts. The equation determining the latency (0.19) does not involve the amplitude and
so the latency can be determined independently. Basically, the latency is determined by shifting s to maximize the overlap between s(t)
and the recorded signal. This is, in general, a better way to determine the latency than a formal solution of the equations but for small
latency shifts (0.19) yields (0.34):

max Imax fmax

/ dtx(t+1)s(t—g,) =0 / drx(t+1)s(t) — @ ; / dex(t+1,)s (1) =0

/ di x(t +7)3 (1) (34)

-~ 0

! Imax

/ dr x(1 +1,)s (1)

0

This reveals one of the problems in estimating the latency using the least squares approach. The calculated change in latency is
heavily dependent on higher order derivatives of the expected signal and hence may be unreliable in the presence of noise.
A rough estimate of the effect of noise on the estimation of latency can be made when:

n

x(T)="_s(T—1) + N(T)

as (0.35):
/ difs(t) + N(t +1,)]s (£) / di[N(t + )]s (1)
o~ ~ D : / dt [s(t))s (1) > / dt [N(t + )]s (1)

Imax Imax

Tmax Tmax

/ dt [s(t) + N(t+ )]s () / @@ @ 0 0

o

Tmax Tmax (35)
y d ) ’

s()s (1) = . [s(n)s (1)] = ()= [ dils(t)]s ()=~ [ dis(t)' =S

0 0
vG | dis(1)?
~2 G
<(,0 > ,maxo 27 I/S_/
drs (1)’

0

where it has been assumed that the signal to noise ratio is high. This has a similar form to that of the estimate for the variance in the
amplitude estimate except that the denominator relates to the derivative of the expected signal. Again, this variance decreases as the
duration of the signal increases but it also decreases for signals with higher derivatives or sharper contours. This is to be expected since
it is easier to align signals with sharp contours. In the case where the noise is very high in amplitude compared to the signal the
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assumption in (0.35) is not valid and (0.36):

Tmax Tmax

/ dfs() + Nt + )]s () / diN (i +7))s (1)

Tmax Tmax

~ L A dr[s())s ()| < | | de[N(E+1)]s (1)
/ 0+ N+ )5 () / dt NG+ )]s @) 0 0
/ dis()s (1) = 0= (@) = 0
' fmax fmax (36)
s(0)s (1) = %[s(t)s(t)] —s(1)° de [s(n)]s (1) = — [ drs(n)’ ==
vG | drs (1)
~2 0 _ ﬁ
et
(/ dt sr(l)z)
If the noise is sinusoidal then (0.37):
N(t+1;) = A Sin(wt)
/ difs(t) + N(t +1,)]s (¢) / dr Sin(w1)s (1)
0~
/ dt [s(t) + N(t + 7,)]s (1) / dt Sin(wt)s
/ dt Sin(n)s (1) = @ / dt Cos(@1)5 (1);5(0) = 0,5 (tmes) = O 37)
/ dt Sin(w1)s (1)
? %44%;f444444447
® / dt Cos(wt)s (1)

So that in this case the noise induced latency shift is inversely proportional to the frequency of the noise.

2.3.2. Other trial functions

2.3.2.1. Derivatives of the steady state response. Although the latency and duration trial function has intuitive appeal, it is complex and
the parameters are not truly independent (A4). Other trial functions can provide a better index for shape changes. One very simple
choice is (0.38):

Zas -1 +st —1;) +N(T)

fmax
n

1{a@ 3. (b }) = Z/dr

i=1 0

xt+1 Za N 7§:Est
i=1

(38)

Tmax

0- / (i +73) — @ w5() — b 15(0)s(e) = 0

0

ar({a i}, b)) _
65,»

max

— 0 / di(x(t 4+ 7)) — a@ ss(t) — b 45 (1)) () = 0

0

a{a }.{b})
ob ;

11
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Since (0.39):
/ dis(1)s () =
0

% (s(ta)? — 5(0)%) =0 (39)

It is easy to show that (0.40):
/ drx(t + 7;)s(1)

0
a; =

Imax

/ dis(1)’

(40)

Tmax
/ dix(t +7,)5 (1)
b ="

Tmax
/ ds (1)’
0

Two observations are important. First, if there is no change in the shape then b; = 0. Second, for small latency or duration shifts
(0.41):

Xt +7) = st =) = (1) — gs(1) + %ﬁ”zsﬂ(l) + éfﬂ"s'"(t)

Tmax Tmax Tmax Tmax
/ dix(t +7,)s (1) / drs’ (1)s (1) / dis’ (1)5 (1) / drs (1)
1 1 1
b :Otwiz *@*5‘?20 -~ +6(P3 : — +..= 7(p76¢32m7+...
dts (1)° / dts (1) / dts (1) drs (1)’
0 0 0 0
, 1 1 s (41)
x(t+ 1) =s((1 + w)t) = s(t) — wts (1) +5(a)t) s(n)+ 6(a)t)’s (1)
fmax Tmax Tmax fmax
dx(r +7,)s (1) di1s (1) / di s (1)s (1) / di s (1)s (1)
1 1
by = =0’ + sz L + gaf L + ..

/ drs (1) / s (1) / s (1) / a5 (1)

So that b; is equal to the latency shift and is directly proportional to the duration shift. However, if the duration and phase co-vary,

fiax
dtts(t)?
b; will not always change to lowest order if ¢ + (’tmi = 0. In the special case where the steady state evoked potential can be
/ dts ()2
0
described as a Gaussian:
L) fmax — &
s(t) = Ae @ Dy 17M > 1
P
x(t+ 1) = s(w(t — @)
Then (0.42):
7((“‘*1)'02’//'“)2
— — 2(1+w2)p?
b WZ%((W 1)t (pw)e; G
(1+w?)* (42)
b 2w(w— 1)ty — 2w
a 1 4 w?

Which is —¢ to lowest order when w = 1 as expected. It should be noted that b is zero as long as: (w — 1)ty — ¢w) = 0. Thus, this
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method cannot detect all shape changes.
Using the previous discussions for the amplitude noise (equation (0.21) to (0.24)), the effect of noise on b is (0.43):

Imax

/ ds(1)*

bi—b) VG
v = b R o =V (43)
ds (1) ds (1)
0

tmax

For a signal discretely sampled at times t, k = 1...npt the relation: [ dts(t)s(t) = 0 is replaced by (0.44):

0
npt—1
Z (s(terr) + 5(1)) (s(ti1) — s(8)) =0 (44)
k=1
and so, the quantities of interest are (0.45):
npt—1
PZ (x(tesr +75) + x(te + 7)) (5(teg1) + 5(11:))
k=1
ai = npt—1 2
> (s(ten) + s(t))
k=1
(45)
npt—1
; (X(kar] + T,’) +X(lk + Ti))(S(tk+1) — S(tki))
bi = =

npt—1

> (s(ten) = sti))*

k=1

The ratio b/a and the individual values of a and b are easily computed and are still a useful index of shape change. Figures A8 and
A9 compare the ability of different techniques to detect phase changes.

Appendix A5 gives additional information on the use of using correlations with the derivative of the steady state response to
indicate and illustrate in a simple manner how evoked potential shape changes could affect the amplitude measure.

(a) (b)
Stimulus
s(t) Artifact l N(t)
- AP N
AAAAAAAAAAA na Random and Sinusoidal Noise
20\ 40 &0 8 100 | .
= X/ WS AWES /. v/
5 _ w U ¥ &
() ‘ , ) ) (d)
evoked rFotentia 3CeS Ve
6 -
\ Trace #
’ %k N~
a &4 ~—" -
0
" - -
3] Riap . N
H2
- - > 21
i\ /\
Y
0 40 €0 0 0 20 40 60 80 ) 100
i-> >

Fig. 1. Components of the simulation study. (a) The template for the evoked potential which is essentially the baseline response. (b) an illustration
of the noise used in the simulations. (c) The planned changes in the evoked potential amplitude, a, or peak to peak amplitude, pp, over time during a
given case. (d) a stacked plot showing the evoked potentials during a simulated case in the absence of noise.

13



M.M. Stecker et al.

Heliyon 9 (2023) e18671

2.3.2.2. Two fixed latencies. It is useful to explore the effects that other trial functions might have in understanding the shape and
amplitude of the evoked potential. A very simple one would involve a linear mixture of the baseline response plus the baseline response

shifted by a fixed amount ¢; (0.46):

- iais(T —7)+ ibis(T -1
i=1 =1

max
n

i@y o=y [ a

i=1 0

— ;) +N(T)

2

- ZE is(t = @;)
=1

xt+1, Zas

ar(fa i}, b)) _
65,»

afa b
L 0—>/dt t+t)—ast)—b

oa/lmnHwﬁ—aﬂﬂ—sz—wm%ﬁ:O

0

s(t=¢))s(t —¢;) =0

Imax Imax

/ drs(t)? / dts(t)s(t — ¢;)

0

o

Tmax Tmax

/ dis(t)s(t — @;) / ds(t — @;)°

S}
o

fmax

dis(t)x(t + ;)

a; 1
| =M= - ™ 2
b ) ‘max tmax tmax
[ aste—p? [ ast ( [ ast z—m) - [ astoste -0

0 0 0
Imax Imax
/ dis(t — @, dis(t)
0
fmax
/ dis(t)x(t + ;)
0
Tmax

dis(t — ;)x(t + ;)

0

Clearly (0.47):

s 2
( dts s(t— q;,))

’ max. Tmax

/dts(tfqai) /dts(t)2

0 0

fma 2
(/ drs(t)s(t — lﬂ;))
0
)2

ix(t+ 1) =

<1

<1
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So that the deviation of b; from zero is a measure of the actual shape of the evoked response differing from s(t). Figures A8 and A9
compare the ability of different techniques to detect phase changes. Section A5 discusses other shape representations.

2.4. Simulations

It is useful to see how the different theoretical models perform under different circumstances. In some cases, this is best done
through the theoretical methods discussed above and in the Appendix especially since there are a huge number of variables that could
vary in one clinical situation to another. However, simulations will allow a complementary exploration of the above ideas. In the main
text some simulations are shown with more discussed in Appendix A7. All of the simulations were carried out using Mathematica
(Wolfram, Champaign IL). Each evoked potential trace had 100 sample points and the base evoked potential is of the form shown in
Fig. 1a (the difference between two time shifted Gaussians) and recorded signal in each trace is (0.48):

K1) = Y astu(T — gy~ ) + N(T) (48)

i=1

where i labels each trace. The values of {a;, ¢;, w;} are set in advance and define the particular case simulation. The noise has three
(T—1;)2

components. The first is stimulus artifact and has the form Z;’:laefﬁ . Another component is uniformly distributed random noise
over the range [0, §] . The final noise component is sinusoidal noise of the form ¢ Sin[27zp(T —1;) +¢] . For the sake of simplicity the phase
for each trace is chosen as uniformly distributed on [ — x,7]. Each “case” consists of 100 traces. Four algorithms were studied to extract
an amplitude measurement from the data. The first uses the largest peak to peak value in each trace (PP). The second uses the peak to
peak amplitude values at the actual peak and trough levels expected at the peak and trough latencies in the baseline evoked potential
waveform (PP-Fixed). The third uses the simple amplitude variation from the correlation receiver (0.13) (Corr Rec) and the fourth
(Corr Rec+) uses a variational procedure in which different values of w (0.5-1.15 in 10 steps) and latency (—10,10 time points in steps
of 1) were used to construct expected signals and the correlation receiver applied to this signal to determine amplitude. The best
latencies and durations were then chosen by the parameters that provide the best fit to the recorded noisy waveform. No averaging is
used and each trace is analyzed separately. This first set of simulations was performed in order to determine the ability of the methods
to find the trend in evoked potential amplitude over time.

In a second set of simulations 250 repetitions of each two traces which contain evoked potentials with a 25% difference in
amplitude were performed at different noise levels. This allowed a determination of the ability of different algorithms to detect 25%
reduction in amplitude of the evoked response. Statistics on true and false positive detections as well as the area under the receiver
operator characteristic (ROC) curve are collected for each algorithm. In addition, Cohen’s D is computed as a measure of the difference
between the amplitude measurements made when a = 0.75 and a = 1. The Kruskal-Wallis non-parametric test is used to compare the
values of these amplitude measurements in the same two conditions.

Evoked Potential Traces Over Time (b)

(a) Evoked Potential Traces Over Time
6
20

5 " %
) . o 15
© o
5 I :
o y "
S « '§ 107% , X .

" s U \L p/ .F’ ;, \ :/ \'.’/ \J A\
- AASAVAYAYAVAVAC VA
20 40 60 80 100

f=1.5
Average over 100 Traces (d)

yA *.\_

Fig. 2. Stack plots of some evoked potential traces during a simulated case with two different noise levels (a) f = 0.1 and (b) f = 1.5. (¢) The average
of the evoked potentials over 100 traces f = 0.1, (d) the average of the evoked potentials over 100 traces f = 1.5.
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3. Results

In the first set of simulations, the amplitude of the evoked potential (0.48) recorded during the case is chosen as (0.49):

i i .
ai_l—zm(l—m),%_o,m_l,1_1...100 (49)

Thus, over a simulation comprised of 100 separate traces, the amplitude of the evoked potential signal drops by half in the middle of
the simulation and returns to baseline by the end of the simulation. The signal s(t) has the form shown in Fig. 1a. This leads, in the
absence of noise, to peak-to-peak amplitude changes in the actual signal shown in Fig. 1c and a stacked plot of the signal in the absence
of noise for some of the traces in Fig. 1d. A typical example of the noise added to a trace is shown in Fig. 1b and has the form (0.50):

n 2
& Z e + flewn; + & Sin(0.27i +¢)); (50)

i=1

Where f (the “noise index™) gives the amplitude of the noise (“log noise” in the figures refers to logf), 5; is a uniformly distributed
random variable on [0,1] (see appendix A7 for the effect of other noise choices) and is chosen independently at each sample point. ¢ is
uniformly distributed on [—x,7] and chosen once for each trace. &;,éy, s are fixed parameters determining the amplitude of the
stimulus artifact, the white noise and the sinusoidal noise. Thus the noise has an initial stimulus artifact in the setting of white plus pink
noise. Fig. 2a and b shows samples of some of the evoked potential traces for f = 0.1 and 1.5 respectively and Fig. 2c and d shows the
averaged evoked potential over all 100 traces. For a low noise condition (f = 0.1), Fig. 3a and b shows the measured amplitude for each
trace obtained using 4 different methods. They are: 1)maximum — minimum (PP) method which takes the amplitude as the difference
between the maximum signal in a trace minus the minimum signal in a trace. 2) (PP-Fixed) which takes the amplitude measure as the
difference between the amplitudes at the peak and trough latencies found in the baseline evoked potential. 3) (Corr Rec) is the evoked
potential amplitude estimated with the correlation receiver (0.13). 4) (CorrRec+) is the amplitude measure estimated with the cor-
relation receiver after a search over changes in latency and duration is performed to find the optimal latency and duration. In the low
noise condition all yield similar results. In a high noise condition (f = 1.5), Fig. 3c shows that although there are variations in the
amplitude estimated from the correlation receiver (Corr Rec), the result tracks the actual amplitude relatively well even in a case where
Fig. 2b shows that there is no easily visible peak. However, Fig. 3d shows that the peak to peak methods (PP and PP-Fixed) give a very
poor estimate of amplitude. Although there is a faint trend for the peak to peak amplitude measured from the baseline peak and trough
latencies (PP-Fixed) to correlate with the actual changes in amplitude, it is not as clear as with the correlation receiver (Corr Rec). Note
that using the corrections for changes in latency and duration (Corr Rec+) does not improve result from the simple correlation receiver
as it adds to the complexity of the calculation and in the face of high noise levels increases errors (Appendix A6). This is effect of

f=0.1 f=1.5

9]

{d)

Fig. 3. Computed amplitude of the evoked potential using 4 methods: PP = raw peak to peak amplitude, PP-Fixed = difference between the
amplitude at the points where the baseline tracing had its troughs and peaks, Corr Rec = the correlation receiver (0.28), Corr Rec+ = the correlation
receiver with template matching to find optimal latency and duration shifts. (a) and (b) show the computed evoked potential amplitude compared to
the actual values in the low noise condition f = 0.1. (c) and (d) show the computed evoked potential amplitude in the high noise condition f = 1.5.
Although all methods give similar results in the low noise situation, only the Corr Rec method produces good results in the high noise case.
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Detect 25% decline in amplitude
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Fig. 4. Performance of each amplitude measure for detecting a 25% reduction in amplitude for various noise (f) values. True positive detection rate
when the false negative rate is < 0.01 (a) and <0.05 (b). (c) Shows the value of Cohen’s D which is a measure of the difference between the statistic
values in two evoked potential traces with amplitudes of 1.0 and 0.75. Larger values indicate more significant differences. (d) The p-value generated
by the Kruskal-Wallis test to see if the data in the two traces are different. All show better results with Corr Rec method which can detect signals in at
least 3-5 fold more noise than the best peak to peak method.

worsening amplitude estimates in the face of fitting additional parameters is also reflected in the poorer performance of the PP as
compared to the PP-Fixed methods. Figure Al in the appendix shows the results of amplitude estimation in the case of a very high noise
level f = 5.

Fig. 4a and c shows the ability of the various amplitude detection methods to find a difference between two evoked potential traces
in which one evoked potential has a 25% lower amplitude than another, as a function of the noise level. Metrics used include the
probability of a true positive detection of 25% decrease in amplitude when the false positive rate is kept less than 0.01 or 0.05
respectively. This is very high for all methods when the noise level is low but declines as the noise level increases. Overall, the best
results (largest probability of a true positive detection) are seen with the correlation receiver which still allows a 50% true positive rate
for f = 1.5 where the peak to peak methods have a value near 0.1. This same trend is also seen in the Cohen’s D (Fig. 4b and d) which is
larger for the correlation receiver methods than the PP methods at large noise levels indicating better detectability. Fig. 5 shows how
the AUC (area under the ROC curve) changes with noise for each of the methods and is largest for the simple correlation receiver. This
method has the least number of unknown variables to determine and according to the arguments in appendix A6 is likely to be
associated with the lowest parameter variance estimates. Again the Corr Rec method has the largest area under the curve. The insets in
Fig. 5 illustrate the actual ROC curves for the (PP) and (Corr Rec) methods when the noise amplitude is unity. Figure A2 in the appendix
shows that the ROC curves for each method in the low and high noise conditions. Figure A15 illustrates this again at different values of
the noise.

Other simulations in which the effects of the different types of noise, the shape of the evoked potential and the shape of the template
are explored are shown Appendix A7.

4. Discussion

This paper has investigated methods to extract amplitude and shape information from evoked potentials obtained during IONM.
This is a unique problem because the presence of a pre-surgical baseline allows for the use of pattern matching to the responses
recorded in real time. In this case, the correlation receiver can provide a more reliable estimate of the evoked potential amplitude than
measuring the peak to peak amplitude when the evoked potential is embedded in noise. Qualitatively, the correlation receiver reduces
the effect of noise by averaging over the noise within an individual response since the form of the evoked potential is known. The
traditional approach in clinical evoked potentials of averaging results from sequential traces is the optimal approach only when the
responses are known to be stable from trial to trial and there is no a priori information about the expected response. In many ways the
correlation receiver concept which involves matching patterns more closely mimics the process of visual analysis than that of simple
averaging. Averaging and the correlation receiver are not exclusive techniques and in the steady state can be combined to provide even
better evoked potential estimates than either method alone. It is important to note that reasonable estimates of amplitude trends may
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Detect 25% decline in amplitude
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Fig. 5. The area (AUC) under the receiver operating characteristic (ROC) curve for each of the amplitude detection methods as a function of noise
level to find differences between two traces in which the amplitude of the ep is different by 25%. The Corr Rec method clearly outperforms the other
methods with a larger AUC indicating a better ability to discriminate between the two traces. At the bottom right the ROC curve for the PP method is
shown for log noise = 0. At the upper right the ROC curve for the Corr Rec method is shown for log noise = 0.

result even if the trial function is somewhat different from the actual evoked potential (2.3.2, A3, A7).

One important observation is that the variance of the correlation receiver amplitude estimates depends on the correlation time of
the noise. The shorter the noise correlation time (i.e. closer to white noise) the better the amplitude estimate. Thus, increasing the
sampling rate to fully define the noise will prevent a falsely high correlation time that could arise from under sampled noise and will
improve the amplitude estimates. Increasing the sample rate within the traditional averaging framework would not be helpfulwhere no
information about the evoked potential is assumed. As per equation (0.30) the effect of linear transformations or filtering the data do
not change the amplitude estimates in the absence of noise. In the setting of zero mean noise, although the mean amplitude is un-
changed by these transformations, the variance of the estimates may be difficult to estimate. Thus, some a priori investigations of these
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Averaging---Edit to Remove Artifacts—s(t) Averaging to Enhance Visibility
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' ! H 1 on training be useful to the surgical or
i range 0-1can be seen ' a2 1 b2 - anesthesia teams although the monitoring
i b\/ anesthesia and surgical : 1, team would benefit from this information in
] . ! I real time.
! team as well as monitoring ; a3 1 b3
: : ! —
i team. Easy to display and o ——
: Y piay : : i Monitoring team evaluates both the waveforms
i understand. : a4 1 b4 . . . . .
I A N Ioce and amplitudes in real time using the estimated

trace amplitudes as an early warning for when
changes are more likely.

Fig. 6. Illustration as to how to incorporate the amplitude measures during intra-operative neurophysiologic monitoring.
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effects before using data transformations in a clinical situation.

Methods for extracting information on changes in the shape of the evoked potential waveform were also explored. Direct estimates
of changes in latency could be made by shifting the recorded waveform and finding the time shift required to optimize the match to the
baseline potential but in the presence of noise this adds uncertainty to the amplitude estimate. Applying the correlation receiver with
the derivative of the baseline potential gives zero when the shape of the current waveform is the same as that of the baseline and
deviations from zero are proportional to the time lag and so this provides a simple method of assessing shape changes. Other methods
were explored but this is a simple method to highlight when there may be significant shape changes (A5).

This leads us to propose the following process for monitoring evoked potentials during surgery (Fig. 6):

—_

-Use averaging and clinical intuition to define the expected baseline evoked response s(t) for each monitored channel.

2 -Apply the simple correlation receiver to data with the minimum number of averages needed. At the same time compute the result
of the correlation receiver with the s’(t) as a measure of the change in shape (potentially other indices may be valuable as in
Appendix A5). The number of averages to provide good estimates for the shape changes may be different than the number to get a
good amplitude estimate but this can be chosen during the recording session.

3 -Display the relative amplitudes (and shape change markers) prominently so that not only the monitoring team but the surgical
team and anesthesia teams can see them. These values are simple to interpret and as such are better understood by non-
neurophysiologists than raw evoked potential waveforms.

4 -The monitoring team reviews both these values and the waveforms obtained with the traditional averaging techniques and
generates alerts when appropriate.

5 -When possible, continuously compare the lowest amplitudes in relevant channels to previously recorded data to estimate the

probability of a neurologic deficit (This includes the effects of all measures to remediate changes by the local surgical, anesthesia

and monitoring teams.). See appendix A4.
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