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Abstract

Background: Current guidelines recommend quantitative neuromuscular block monitoring during neuromuscular

blocking agent administration. Monitors using surface electromyography (EMG) determine compound motor action

potential (cMAP) amplitude or area under the curve (AUC). Rigorous evaluation of the interchangeability of these

methods is lacking but necessary for clinical and research assurance that EMG interpretations of the depth of neuro-

muscular block are not affected by the methodology.

Methods: Digitised EMG waveforms were studied from 48 patients given rocuronium during two published studies. The

EMG amplitudes and AUCs were calculated pairwise from all cMAPs classified as valid by visual inspection. Ratios of the

first twitch (T1) to the control T1 before administration of rocuronium (T1c) and train-of-four ratios (TOFRs) were

compared using repeated measures BlandeAltman analysis.

Results: Among the 2419 paired T1/T1c differences where the average T1/T1c was �0.2, eight (0.33%) were outside pre-

specified clinical limits of agreement (�0.148 to 0.164). Among the 1781 paired TOFR differences where the average TOFR

was �0.8, 70 (3.93%) were outside the prespecified clinical limits of agreement ((�0.109 to 0.134). Among all 7286 T1/T1c

paired differences, the mean bias was 0.32 (95% confidence interval 0.202e0.043), and among all 5559 paired TOFR dif-

ferences, the mean bias was 0.011 (95% confidence interval 0.0050e0.017). Among paired T1/T1c and TOFR differences,

Lin’s concordance correlation coefficients were 0.98 and 0.995, respectively. Repeatability coefficients for T1/T1c and TOFR

were <0.08, with no differences between methods.

Conclusions: Quantitative assessment neuromuscular block depth is clinically interchangeable when calculated using

cMAP amplitude or the AUC.
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The American Society of Anesthesiologists and the European

Society of Anaesthesiology and Intensive Care guidelines

strongly recommend quantitative neuromuscular monitoring

when administering neuromuscular blocking agents.1,2 There

are subtle but important differences in the interpretation of

physiological neuromuscular variables obtained when using

different monitoring modalities, such as electromyography
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(EMG) or acceleromyography (AMG), the two technologies used

most frequently. For example, the count of twitches reported

by EMG monitors after train-of-four (TOF) stimulation is

affected by the control first twitch amplitude (T1c) in the TOF

sequence before administering any neuromuscular blocking

drugs.3 In contrast to EMG, AMG signals often exhibit reverse

fade, a phenomenon inwhich the control fourth response (T4c)
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after TOF stimulation is larger than the control first response,

T1c (i.e. TOFR >100%), a physiologically unlikely phenome-

non.4 When reverse fade is present, a proportional increase

(normalisation) is required to the 90% threshold TOF ratio

(TOFR) to demonstrate adequate minimal recovery from

neuromuscular block (e.g. if the control TOFR is 110%, the re-

covery threshold is a TOFR�99%, not 90% because 90% of 110%

is 99%, not 90%).5 Thus, anaesthesia practitioners should not

accept insentiently that all quantitative neuromuscular block

monitors provide clinically interchangeable information but

rather need to understand the underlying fundamentals to

appropriately and effectively use the information provided by

the various devices.6

In this study, using the digitised EMG waveforms obtained

from a single manufacturer’s device, we explored two current

signal processing methodologies used by various other EMG

devices to determine the quantitative extent of neuromuscular

block: the amplitude and the area under the curve (AUC) of the

compound motor action potential (cMAP; Fig 1).7 Although

studies from >25 yr ago in cats7 and a small number of patients

suggested that the two methods are clinically interchange-

able,8,9 an evaluation using rigorous statistical methods has

not been performed to determine if they provide comparable

information. This issue is both scientifically and clinically

relevant because there are EMG neuromuscular monitors that

use oneor theothermethod (Table 1).Multiple clinical research

studies have been conducted with devices using either meth-

od,10e18 but a significant clinical care limitationmay exist if the

results based on onemethod were not generalisable to devices
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Fig 1. Graphical representation of the algorithm used to determine t

representative electromyographic (EMG) compound motor action pote

stimulation at time¼0 ms. The amplitude (2.53 mV) is the difference bet

The AUC is the sum of the areas of the red-shaded portions of the cur

voltage is taken, and then the curve is numerically integrated). The inte

mV baseline before the peak and ended where the curve first crossed
using the other method. Furthermore, it is unknown if any

adjustment in clinical interpretation is needed based on the

different EMG measurement methodologies.

We hypothesised that the pairwise assessments of the T1/

T1c and the TOFR would fall within the prespecified, clinically

relevant limits of agreement based on a BlandeAltman paired

comparison of measurements between two EMG methodolo-

gies with multiple measurements per subject.19e21
Methods

The institutional review board of the University of Miami

determined on 16 March 2023 that this analysis of deidentified

data from two prior randomised clinical trials where informed

consent was obtained does not meet the regulatory definition

of human subjects research. Those two studies had been

approved by the Mayo Clinic Institutional Review Board

(#20e00629) and the University of Debrecen Ethical Board (No.

OGY�EI2690/2018). We followed the checklist recommended for

studies comparing measurement methods (Supplementary

Table S1).22
Data sources

Digitised EMG data were provided by two co-authors (JRR, RN)

from previous studies of the TetraGraph™ EMG neuromus-

cular block monitor (Senzime AB, Uppsala, Sweden). In all

studies, the negative stimulating electrode was distal, the skin

was prepped with alcohol to remove skin oil and wiped with
0 12 14 16 18 20
e (ms)

he amplitude and the adaptive area under the curve (AUC) for a

ntial (cMAP) from the adductor pollicis muscle after ulnar nerve

ween the peak voltage (1.55 mV) and the trough voltage (�0.98 mV).

ve after rectification of the voltages (i.e. the absolute value of each

gration interval started where the cMAP curve first crossed the 0.0

the baseline after the trough.



Table 1 Method of calculation of twitch strength by clinically available EMG devices. AUC, area under the curve; cMAP, compound
motor action potential; ms, millisecond; mV, millivolt.

Device Manufacturer Method Reference
electrode

Measurement details

E-NMT GE Healthcare
Chicago, IL (USA)

AUC Yes AUC integration between 3 and 15 ms after stimulus

NMT Pod Nihon Kohden
Tokyo (Japan)

Amplitude Yes Amplitude threshold ¼0.7 mV for a valid cMAP

StimPod™ Xavant Technology
Silverton (South Africa)

AUC No Limits of integration determined adaptively from the waveform

TetraGraph™ Senzime AB
Uppsala (Sweden)

Amplitude No Amplitude threshold ¼0.4 mV for a valid cMAP

TwitchView™ Blink Device Company
Seattle, WA (USA)

AUC Yes The company declined to provide any details

EMG area under the curve vs amplitude - 3
gauze to remove dead skin and lower the electrode contact

impedance, adequate time was allowed for the electrodes to

cure, and supramaximal currents were applied, as recom-

mended for pharmacodynamic studies of neuromuscular

blocking agents.23 The first study included 29 adult patients

undergoing robotic and laparoscopic procedures under deep

neuromuscular block with rocuronium, antagonism of

neuromuscular block with sugammadex, and, in most cases,

volatile anaesthetics for maintenance of anaesthesia.24 The

second study comprised 19 adult patients undergoing elective

surgery where anaesthesia was maintained with a target-

controlled propofol infusion.15 Rocuronium was adminis-

tered under a protocol designed to allow spontaneous recovery

to a TOFR >0.9, with neostigmine administered if this endpoint

was not reached. In both studies,15,24 active forced-air warm-

ing devices were used to maintain core body temperature

>36�C; however, maintenance of hand temperatures was not

targeted.

We emphasise that the TetraGraph was only used to pro-

vide the cMAPwaveforms for the comparative analysis, and all

assessments of cMAP amplitudes and AUCs were computed

from those waveforms. We did not use that device’s smooth-

ing or interpolation algorithms and performed these inde-

pendently using standard signal processing methods (e.g.

locally estimated scatterplot smoothing [LOESS] peak detec-

tion). Consideration of the threshold amplitude and other

signal processing analyses applied by the TetraGraph to

ascertain that a valid cMAP is present is irrelevant to our

comparison of amplitude and AUC analytical methods for

several reasons. First, in our previous study, we determined by

visual inspection whether a candidate cMAP was valid or not

and in the current study only made comparisons between the

amplitude and AUC methods for valid waveforms. There were

many instances where the amplitude was <0.4 mV (the Tet-

raGraph threshold for reporting the presence of a twitch) and

thewaveformwas clearly valid.3 Clinical observation indicates

that the count of twitches reported by the TetraGraph often

undercounts the count that is obtained from visual inspection

when the baseline amplitude is small.3 The algorithms applied

by the TetraGraph, and other EMG devices, are proprietary,

and we can only draw conclusions based on the waveforms

themselves. Thus, the study represents a basic science com-

parison between two different methods of quantitative

assessment of neuromuscular block based on the EMG wave-

form, not a study of how the TetraGraph computes amplitude

or a comparison of different devices.
The data from each study subject were downloaded from

the Senzime server using the company’s TetraConnect data

management portal. These files contained the digitised EMG

waveforms with 0.01 mV resolution and sampled at 1000 Hz

from the adductor pollicis muscle, from 1 to 100 ms after the

end of supramaximal stimulation of the ulnar nerve at the

wrist.25 The monitor processed the signals with low-pass

filters tuned to the sampling rate to remove high-frequency

noise, a standard technique when acquiring electrical sig-

nals from patients (personal communication, Fredrik Norrby,

Senzime AB, 1 September 2023). The data included the

timestamp of each stimulus, the stimulation pattern (e.g.

single twitch, TOF, or tetanus), the sequence in the TOF (i.e.

first to fourth twitch), if applicable, and the stimulus current

and duration. Data were uploaded into an Excel workbook

(Microsoft, Redmond, WA, USA) for initial processing and

visual examination. Only the first 20 ms after the stimulus

were included, as there was no relevant information related

to the cMAP after this interval. For each patient, the cMAP

from the first twitch of the initial TOF after the determination

of the supramaximal stimulation current was used as the

control (baseline) T1 response (T1c). Each waveform had

previously been evaluated by two of the co-authors (RHE, SJB)

and tagged as representing a valid cMAP or not based on a

visual comparison of the waveform and alignment of the

peak and trough location with other cMAPs from the same

patients’ baseline amplitudes. The dataset has previously

been used for the development of a neural network to identify

valid cMAPs, and all waveforms classified as representing a

valid cMAP were included without restriction as to whether

the amplitude was �0.4 mV, the threshold used by the Tet-

raGraph.3 To reiterate, we did not study the algorithms used

by the TetraGraph to measure the responses to neuro-

stimulation; rather, we used the digitised waveforms recor-

ded routinely by the TetraGraph and performed all

processing de novo. Sets of the four responses after TOF

stimulation in which the T1 was considered a valid cMAP

were then selected and exported to a comma-separated value

(CSV) file, with the cMAP designation (i.e. T1eT4) noted for

each of the four responses in the TOF sequence.

We emphasise that the signal processing algorithms

described below are not identical to those implemented in any

of the devices listed in Table 1. Rather, we used the TetraGraph

as the source of the digitised EMG waveforms, analogous to

other studies published using waveform data obtained from

the Relaxograph (Datex, Helsinki, Finland).12,26
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Waveform smoothing and processing

The CSV data file was imported into the RStudio Integrated

Development Environment version 2023.03.01 (RStudio)

running R version 4.2.1 (R Foundation for Statistical

Computing, Vienna, Austria) for processing. To remove noise

and improve the accuracy of digital integration of the area

under the EMG curve, each waveformwas smoothed using the

local polynomial regression fitting procedure LOESS with

span¼0.25 and a resolution¼0.1ms. To adjust for baseline drift

in the potential difference between the recording electrode

pair, each interpolated value was modified by subtracting the

waveform’s mean voltage between 1 and 20 ms (i.e.

demeaned). Adjusting by a constant does not affect amplitude

measurements, only the waveform offset relative to the 0.0

mV baseline.
Calculation of the EMG amplitude

Among waveforms identified as representing a valid cMAP

response, the amplitude of processed EMG waveform was

calculated as the difference between the peak amplitude

measured between 3.7 and 8.7 ms after the stimulus artifact

and the trough amplitude measured between 7.2 and 14.2 ms

after the stimulus artifact. Those limits were established from

previous analyses of the locations of the peaks and troughs of

the waveforms.3
Calculations of the cMAP AUC

Examination of the EMG waveforms revealed considerable

variability in the interval between the stimulus and the peak

and trough voltage. Thus, we followed an adaptive approach

for calculating the AUC rather than applying fixed limits of

integration, as described in van Steen’s Master’s thesis in

electrical engineering, for which raw surface EMG waveforms

from the Relaxograph NMT-100 were used.27 The Relaxograph

was the precursor for the GE E-NMT device (GE Healthcare,

Chicago, IL, USA), which continues to use fixed limits of inte-

gration (Table 1). Our approach more closely resembles that

described in the historical study by Engbæk7 of EMG responses

in cats, in which integration of the AUC was performed be-

tween the isoelectric baseline before the start and after the

end of the cMAP.

Our algorithm to identify the start and end of the cMAP

waveform for purposes of numerical integration was as fol-

lows, with the location of the peak and trough voltage used as

reference points. The lower limit of integration was the latest

time before the peak amplitude, where the waveform crossed

the 0.00mV baseline or therewas an inflexion in thewaveform

(i.e. the first derivative changed from positive to negative). If

there was no inflexion point and no zero crossing, we used 1.0

ms as the lower limit of integration. The upper limit of inte-

gration was the first time after the trough where the 0.00 mV

baseline was crossed. If there was no zero crossing, we used

the minimum of the time of the trough plus 7.8 ms (the 75th

percentile for the interval from the trough to the zero crossing

among all cMAPs with a zero crossing) or 20 ms (i.e. the last

data point). Limits were calculated to the nearest 0.1 ms. A

graphical representation of the adaptive AUC method is

shown in Fig. 1 for an archetypal EMG waveform, and exam-

ples of varying cMAP waveforms and their integration limits

are shown in Fig. 2. The waveform was rectified (i.e. voltages
were converted to their absolute values) before numerical

integration using the trapezoidal rule.28

After this process, the medians of the lower and upper

integration limits were 2.9ms (inter-quartile range 2.0e3.4ms)

and 17.6 ms (inter-quartile range 16.8e18.3 ms) after the

stimulus interval, respectively, similar to the fixed limits of

integration from the van Steen Master’s thesis (i.e. 3e17 ms).27
Calculation of depression of the T1 compared with
baseline and the TOFR

The baseline T1 and AUC were determined for each patient

and used to transform the subsequent T1 determinations into

a fraction. That is, the strength of each T1 was calculated by

dividing the T1 by the corresponding baseline T1 amplitude

(T1c) or AUC (T1c AUC). For each TOF where the T4 represented

a valid cMAP, the TOFR was computed as the amplitude of the

T4 divided by the amplitude of the corresponding T1 (TOFR

amplitude) and the AUC of the T4 divided by the AUC of the T1

(TOFR AUC). Such transformation was necessary to allow

comparison because the units of amplitude are mV, and those

of AUC are mV ms�1.
Statistical analysis

All analyses were performed within the RStudio 2022.12.0 in-

tegrated development environment (RStudio) running R

version 4.2.1 (R Foundation). To compare the two methods

(amplitude and AUC), we used a nested repeated measures

BlandeAltmanmethod21 for the paired measures of the T1/T1c

and the TOFR using the SimplyAgree v0.1.2 package.29 This

enhancement of the BlandeAltman method is a much more

rigorous approach than simple Pearson correlation for estab-

lishing the agreement between two different measurement

methods, the latter having been applied to previous studies

comparing amplitude and AUC methods.7e9 Furthermore, we

used the nested repeated measures version because the orig-

inally described BlandeAltman approach is not appropriate

when there aremultiplemeasurements for each patient.21 The

difference between the paired amplitude and AUC methods

was plotted against the average of the two methods. The sta-

tistical package we used adjusts for repeated measurements

within subjects and measurements across the continuum of

neuromuscular block (i.e. 0e100%).

To determine whether the two methods provided clinically

interchangeable information for the T1/T1c, we analysed the

paired differences when the average T1/T1c was �20%. We

required that 95% of those differences would be between

0.9�95% lower confidence limit of the T1/T1c bias and 1.1�95%

upper confidence limit of the bias. The T1/T1c range �20% was

selected because the primary clinical use of the T1/T1c is for

assessing and managing moderate to deep levels of block (e.g.

>95% suppression of the T1, corresponding to a T1/T1c of

0.05).30 That is, this range represents the level of neuromus-

cular block commonly utilised by anaesthesia practitioners to

ensure that surgical levels of muscle paralysis are main-

tained.31 As a secondary analysis, we calculated over the

entire range of non-zero average T1/T1c values.

To determine whether the two methods provided clinically

interchangeable information for the TOFR, we analysed the

paired differences when the average TOFR was �80%. A priori,

we required that 95% of those differences would be between
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Fig 2. Examples of determination of the amplitude and adaptive area under the curve from a compoundmotor action potential (cMAP). The

purple vertical lines represent the limits of integration of the waveform, and the black vertical lines represent the peak and trough lo-

cations. The amplitude is the difference between the peak and the trough. A typical waveform in the top left panel is displayed starting and

ending on the 0.0 mV baseline. In the top right panel, the signal is above baseline for the entire interval before the peak; the change in slope

of the first derivative of the line (the inflexion point) defines the lower limit of the numerical integration. In the bottom left panel, the

signal never returns to baseline, so the upper limit of integration is 20 ms. In the bottom right panel, there is a zero crossing before the peak

and after the trough; those form the limits of integration. The signal is rectified (i.e. the voltages are converted to their absolute values)

before integration between the intervals marked by the purple lines.

EMG area under the curve vs amplitude - 5
0.95�95% lower confidence limit of the TOFR bias and

1.05�95% upper confidence limit of the bias. The TOFR range

�80% was selected because the primary clinical use of the

TOFR is to assess that there has been sufficient recovery from

neuromuscular block (i.e. TOFR �0.9) to permit safe tracheal

extubation. A narrower range (i.e. 5% vs 10%) was selected

because of the potentially more serious consequences of
underestimating the extent of recovery from neuromuscular

block. There is no established use of the TOFR to guide the

redosing of neuromuscular blocking agents to maintain a

given level of neuromuscular block; rather, that is typically

assessed by the TOF count (TOFC). As a secondary endpoint,

we analysed the entire range of non-zero average TOFR values

(i.e. when one of the two methods provided a ratio >0%).

mailto:Image of Fig 2|eps
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We calculated Lin’s concordance correlation coefficient

(LCCC) for repeated measures within subjects32 from the

SimplyAgree v0.1.2 package to assess the reliability of the two

measurements.29

We also calculated the repeatability coefficient, defined as

the upper limit of the specified prediction interval (e.g. 95%) for

the absolute value of the difference between replicate mea-

surements using a given method performed under identical

conditions.33 Lower values of the repeatability coefficient

correspond to better repeatability. We had a calculation chal-

lenge because the extent of neuromuscular block often

changes substantively between successive measurements,

particularly during onset and after reversal, violating the

requirement for identical conditions. It is not possible to

measure responses to TOF stimulation in rapid succession

because doing so results in facilitation of the subsequent

response.23 Furthermore, the patients in the first study, who

underwent robotic or laparoscopic surgery, were maintained

at deep levels of block for most of the surgical procedure,

resulting in frequent absence of a fourth twitch in the TOF

sequence and often with a TOFC¼0, precluding assessment of

either the TOFR or the T1/T1c.
24 Thus, we could only evaluate

the repeatability coefficients of the two methods using data

from the second study, where patients were given a smaller

initial muscle relaxant dose and allowed to recover sponta-

neously.15 We considered replicates as the non-overlapping

sequential q-15 second TOF stimulations occurring within 60

s after the first stimulation in that window. For example, if TOF

stimulation sequences were recorded at 09:00:05, 09:00:20,

09:00:50, and 10:00:05, the first three would be included as the

09:00:05 replicates, and the next 60-s window started at

10:00:05. If there were an interruption of >20 s (i.e. longer than

the nominal 15-s TOF stimulation interval) between the sec-

ond and third TOF stimulation in a window, the first two

stimulations were used as the replicate values. If there was an

interruption of >20 s between the first and second TOF stim-

ulation, that window was dropped, and the next 60-s window

started when TOF stimulation resumed. Our grouping of TOF

stimulations within 60 s as replicates introduced a degree of

bias toward lower repeatability for both methods because of

the continuous waning of neuromuscular block during spon-

taneous recovery. However, limiting the window to 60 s miti-

gated this effect. Multilevel mixed effects linear regression in

Stata (StataCorp, College Station, TX, USA) was used to

calculate the within-subject standard deviations (SD) of the

differences between the replicate measurements for each

method and was calculated separately for each of the 19 pa-

tients. The mean and standard errors of the mean repeat-

ability indices were then calculated using the individual

patient results (N¼19). For the repeatability calculations, data

were analysed after the T1/T1c returned to at least 0.1 (after the

nadir of neuromuscular block was reached) until the end of

EMG recording.

Apoweranalysiswasnotperformed todetermine thesample

size (i.e. number of patients) because no prior data (i.e. means

and SD of differences between AUC- and amplitude-based EMG

determinations for either the T1/T1c or the TOFR) were available

to inform such a decision. Rather, all available patient data

(n¼46) were used, making this a convenience sample.
Results

Among the 46 patients studied, 7286 previously validated T1

cMAPs3 were evaluated, of which 2419 corresponded to a
deeper level of block (i.e. where the average T1/T1c �0.2,

Table 2). Overall T1/T1c bias between the AUC and amplitude

methodologies was 0.032 (95% confidence interval [CI]

0.022e0.043) but only 0.0077 (95% CI 0.0017e0.014) in the range

of primary clinical interest (i.e. deeper block, Table 2, Fig 3).

Only 0.33% of the paired measurements were outside the

clinical level of agreement in the range of clinical interest, and

4.71% were outliers overall (Table 2, Fig 3). Overall, Lin’s

concordance correlation coefficient¼0.98 (95% CI 0.98e0.98),

demonstrated high reliability (Table 2, Fig 3). Thus, the

methods can be considered clinically interchangeable for

determination of the T1/T1c, There were 5541 evaluable TOFRs

(i.e. with both a valid T1 and T4; Table 2), of which 1781 cor-

responded to the interval during which patients are in the

process of recovering from their neuromuscular block (i.e.

TOFR �0.8) (Table 2). Overall TOFR bias between the AUC- and

amplitude-based methodologies was 0.011 (95% CI

0.0050e0.017) and similar for the recovery interval (mean

0.012, 95% CI 0.0061e0.019, Table 2, Fig 4). TOFR differences

between the methodologies in the range of clinical interest

(recovery) outside the clinical limits of agreement occurred in

3.93% of the pairs and, overall, in 5.45% (Table 2, Fig 4). Overall,

Lin’s concordance correlation coefficient¼0.995 (95% CI

0.995e0.996), demonstrating high reliability (Table 2, Fig 4).

Thus, the methods can be considered clinically interchange-

able for determination of the TOFR.

A summary of the numbers of paired T1/T1c and TOFR

comparisons among the patients is presented in Appendix 1.

Repeatability was assessed using 1162 replicates among the

N¼19 patients from the second study.15 The mean (SD, 95% CI)

of the 95% repeatability coefficients for T1/T1c were 0.068

(0.035, 0.054e0.083) for the amplitudemethod and 0.067 (0.036,

0.052e0.081) for the AUC method. Similarly, the 95% repeat-

ability coefficients for the TOFR were 0.077 (0.022, 0.068e0.085)

and 0.076 (0.022, 0.068e0.085), respectively. Thus, using either

method, 95% of the absolute values of the differences between

replicate values would be within 7% for the T1/T1c and within

8% for the TOFR. Because the 95% CIs for the amplitude and

AUC methods overlap for the T1/T1c and the TOFR, there is no

statistically significant difference between the two methods.
Discussion

The results of this study confirm the previous historical asser-

tion that amplitude and AUC methods of analysis of the EMG

waveform (T1/T1c and TOFR) after nerve stimulation are clini-

cally interchangeable, despite those previous analyses being

based on statistical methodology that subsequently was deter-

mined to be inappropriate for such assessment.7e9 Agreement

was good across the entire range of T1/T1c and TOFR (Figs 3 and

4). There was no indication that either method had better

repeatability. Thus, clinical decisions about the level of neuro-

muscular block are agnostic as to whether the neuromuscular

monitor used a method based on calculating the cMAP ampli-

tude or the cMAPAUC. Furthermore, research studies using one

EMG method vs the other can validly be compared. However,

because the identification of valid twitches in current devices is

dependent, in part, on arbitrary amplitude thresholds (Table 1),

one cannot equate either the TOFC or the post-tetanic count

(PTC) as reported by different devices based solely on cMAP

amplitude. We recently published a methodology that used a

fully connected neural network to identify valid cMAPs with an

accuracy exceeding 99.5%; thismethodwould resolve threshold

amplitude-related discrepancies among devices.3 We have no
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information from manufacturers whose devices use AUC

methods as to how valid cMAPs are identified. Thus,we lacked a

basis on which to compare the TOFC or PTC using the two

methodologies and could only analyse the unit-independent

ratios (i.e. TOFR and T1/T1c).
Limitations and strengths

Our study was performed using the digitised EMG output from

a single manufacturer’s monitor (TetraGraph), and waveforms

may be slightly different from those obtained from other de-

vices as a result of varying implementations of electronic and

digital filtering processes. We did not have access to the digi-

tised waveforms from other devices, so we could not perform

comparative assessments. However, we think it unlikely that

subtle changes in EMG waveform morphology would make a

substantive difference in calculating the amplitude or the

AUC. Nonetheless, such determinations represent an area of

research that we are pursuing currently. The information

provided by Senzime AB (which computes the amplitude of

the cMAP) indicated that their process of determining the peak

and trough voltage also involves smoothing and interpolation.

However, our approach was not designed to replicate the

proprietary algorithms in that monitor. The NMT Pod (Nihon

Kohden, Tokyo, Japan) also identifies the peak and trough

voltage to compute the amplitude of the cMAP. We think

substantive differences would unlikely accrue from this

standard signal processing methodology to identify such

inflexion points in the waveform. A strength of the study is

that the data used for analysis included the entire range of

possible values for both the T1/T1c and TOFR.

Regarding the calculation of the AUC, methods are not as

well defined as those related to peak finding (e.g. limits of

integration, numerical integration methods, baseline voltage

offset adjustment, etc.). Our method of calculation of the AUC

undoubtedly differs somewhat in precise details from those

implemented in clinical monitors, but is qualitatively similar

to that described by Xavant Technology (Pretoria, South Af-

rica), which also adaptively integrates the cMAP. We cannot

comment on the AUC algorithm implemented in the Twitch-

View (Blink Device Company, Seattle, WA, USA) because the

company declined to provide any details on its process despite

several requests. Thus, while our study of digitised EMG

waveforms provides fundamental assurance that quantitative

information on the degree of neuromuscular block is clinically

interchangeable whether calculated using amplitude or AUC,

this might not be the case if a manufacturer’s algorithm to

remove noise, smooth the signal, and calculate the AUC were

poorly implemented. From inspection of the digitised EMG

data, waveforms were often encountered where there was

considerable noise outside the portion of the cMAP being in-

tegrated, and occasionally, some baseline shift of the signal

was noted. In addition, there were often cMAPs where the

peak and trough were clearly identifiable despite the presence

of noise within the limits of integration. Thus, fixed limits of

integration (as in the E-NMT device) may result in a lower

degree of agreement than an amplitude-based approach.

Another limitation is that hand temperatures were not

actively maintained during the studies; rather, core tempera-

tures were maintained above 36�C. There is an inverse rela-

tionship between temperature and twitch amplitude or AUC,

but these have different slopes when measured in the cat. For

example, with each 1�C increase in muscle temperature,

twitch amplitude decreased by 2%, whereas the AUC
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decreased by 6%.34 The consequence in the catmodel would be

that if the peripheral temperature increases, the T1/T1c

measured using the AUC would be systematically lower than

whenmeasured using amplitude. However, there would be no

effect on the TOFR because the fractional increasewould occur

in both the numerator (T4) and the denominator (T1), cancel-

ling the effect. In 24 patients undergoing ophthalmic surgery

under general anaesthesia, Santanen and Paloheimo35 studied

the effect of deliberate cooling and re-warming of the hand on

the AUC T1 response from the first dorsal interosseous muscle

after every 1-min TOF stimulation of the ulnar nerve at the

wrist. Similar to the findings in the cat,34 each 1�C change in

muscle temperature (measured with a myocardial tempera-

ture sensor inserted into the belly of themuscle) resulted in an

8.0% (SD 0.8%) difference in the T1 response compared with its

stable baseline value. The effect was 4.1% (SD 1.6) per �C change

in the skin temperature probe over the muscle.

A final limitation is that the study included only adult pa-

tients without diseases potentially affecting neuromuscular

transmission. Thus, the generalisability of our results to chil-

dren and patients with neuromuscular disorders remains to be

established.
Conclusions

Using digitised EMG waveforms exported from a clinically

available neuromuscular block monitor, computing the

amplitude of the cMAP or the AUC provided clinically inter-

changeable information. There was no evidence suggesting a

preference for one method over the other. The implication is

that clinicians can continue to follow the historical assertion

that the two methods provide interchangeable information.

Furthermore, clinical research studies using different

methods of assessing the degree of block based on EMG can

likely be regarded as interchangeable.4
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Appendix 1.

Measure Range Number of

comparisons,
median (IQR)

Mean
difference (SD)

T1/T1c All 138 (52.5e240) 0.024 (0.030)
T1/T1c �20% 67 (24e67) 0.0030 (0.032)
TOFR All 65 (24e226) �0.0022 (0.044)
TOFR �80% 42 (11e89) 0.0026 (0.047)
Summary of the numbers and magnitudes of the paired

comparisons between the amplitude and the area under the

curve methods for assessment of the electromyographic

compound motor action potentials among the n¼26 patients.

IQR, inter-quartile range; SD, standard deviation; T1, first

twitch of train-of-four; T1c, control (baseline) first twitch of

train-of-four; TOFR, train-of-four ratio.
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