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Abstract
Background: Reliable devices that quantitatively monitor the level of neuromuscular blockade
after neuromuscular blocking agents’ administration are crucial. Electromyography and acceler-
omyography are two monitoring modalities commonly used in clinical practice. The primary out-
come of this study is to compare the onset of neuromuscular blockade, defined as a Train-Of-
Four Count (TOFC) equal to 0, as measured by an electromyography-based device (TetraGraph)
and an acceleromyography-based device (TOFscan). The secondary outcome was to compare
intubating conditions when one of these two devices reached a TOFC equal to 0.
Methods: One hundred adult patients scheduled for elective surgery requiring neuromuscular
blockade were enrolled. Prior to induction of anesthesia, TetraGraph electrodes were placed
over the forearm of patients’ dominant/non-dominant hand based on randomization and TOFs-
can electrodes placed on the contralateral forearm. Intraoperative neuromuscular blocking
agent dose was standardized to 0.5 mg.kg�1 of rocuronium. After baseline values were obtained,
objective measurements were recorded every 20 seconds and intubation was performed using
video laryngoscopy once either device displayed a TOFC = 0. The anesthesia provider was then
surveyed about intubating conditions.
Results: Baseline TetraGraph train-of-four ratios were higher than those obtained with TOFscan
(Median: 1.02 [0.88, 1.20] vs. 1.00 [0.64, 1.01], respectively, p < 0.001). The time to reach a
TOFC = 0 was significantly longer when measured with TetraGraph compared to TOFscan
(Median: 160 [40, 900] vs. 120 [60, 300] seconds, respectively, p < 0.001). There was no signifi-
cant difference in intubating conditions when either device was used to determine the timing of
endotracheal intubation.
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Conclusions: The onset of neuromuscular blockade was longer when measured with TetraGraph
than TOFscan, and a train-of-four count of zero in either device was a useful indicator for ade-
quate intubating conditions.
Clinical trial number and registry: URL NCT05120999, https://clinicaltrials.gov/ct2/show/
NCT05120999.
© 2023 Published by Elsevier España, S.L.U. on behalf of Sociedade Brasileira de Anestesiologia.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction

During routine endotracheal intubation, anesthesia person-
nel must consider multiple elements such as ensuring ade-
quate depth of anesthesia and appropriate neuromuscular
blockade.1 While this procedure can seem routine, compli-
cations have been described with alarming frequency.2,3

Therefore, the administration of medications to optimize
conditions in conjunction with monitors that confirm these
medications have provided an adequate response is impor-
tant to providing optimal intubating conditions.

Neuromuscular Blocking Agents (NMBAs) are a class of
medications that have frequently been used to facilitate
endotracheal intubation and improve surgical conditions.4

NMBAs have the potential to decrease vocal cord trauma and
their omission has been associated with a higher incidence
of unsuccessful first-pass intubation, difficult laryngoscopy,
and upper airway discomfort.5

Objective (quantitative) neuromuscular monitoring
allows for accurate neuromuscular evaluation compared to
the subjective techniques with a peripheral nerve stimula-
tor.6 Electromyography (EMG) and Acceleromyography
(AMG) are the two of the more commonly used quantitative
monitoring modalities used in clinical practice. While the
utility of such monitors has been demonstrated with con-
firming adequate recovery and avoiding residual weakness,
these devices can also be used to identify when optimal intu-
bating conditions have been reached. Our primary aim is to
compare the onset of NMB as defined by time from rocuro-
nium administration until a Train-Of-Four Count (TOFC) = 0
was obtained using two different quantitative monitoring
modalities. We hypothesized that the TOFC would reach
zero faster with the electromyography-based TetraGraph
device than the acceleromyography-based TOFscan device,
given the fact that AMG is associated with higher baseline
values, while both monitors would predict excellent intubat-
ing conditions.7,8
Methods

After institutional review board approval (#21-007425), and
written informed consent was obtained, 100 adult patients
were screened and enrolled according to applicable Stand-
ards for Reporting Diagnostic Accuracy Studies (STARD).9 We
included patients scheduled for elective surgery requiring
NMBAs from October 29th, 2021, to December 31st, 2021.
Patients with history of systemic neuromuscular diseases (e.
g., myasthenia gravis), active unilateral disorders (e.g., car-
pal tunnel syndrome, stroke, Dupuytren contracture) and
significant organ dysfunction (e.g., end-stage renal and liver
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diseases) were excluded. Additionally, patients undergoing
surgery that involved prepping the arm into the sterile field
and receiving Rapid Sequence Induction and Intubation
(RSII) were also excluded.

In this open-label investigation, all study participants
were assigned to both TetraGraph and TOFscan devices. The
randomization was performed utilizing REDCap (Research
Electronic Data Capture) and involved the use of dominant
vs. non-dominant hand for the placement of the TetraGraph
device in an effort to decrease the impact of hand-domi-
nance on objective monitoring. Patients were screened the
day before the surgery and written inform consent was col-
lected on the day of surgery after additional discussion and
explanation of risks and benefits.

In accordance with recommendations from the Good Clin-
ical Research Practice Guidelines10 and prior to induction of
anesthesia, TetraGraph and TOFscan electrodes were placed
on each arm over the ulnar nerve and the thenar eminence
at the base of the thumb (adductor pollicis muscle). Prior to
placement, the skin along the ulnar nerve at the wrists was
cleansed with alcohol and the silver/silver chloride electro-
des were allowed to cure for at least 30 seconds prior to neu-
rostimulation. Induction of anesthesia consisted of 2
−2.5 mg.kg�1 of propofol, 1−1.5 mg.kg�1 lidocaine, and
0.5 mg.kg�1 of rocuronium based on actual body weight. Per
manufacturer recommendations, the TOFscan was not cali-
brated, and the default current of 60 mA was utilized. The
TetraGraph device was placed in the manual mode with a
current of 60 mA selected. After baseline measurements
were obtained, NMBA was administered followed by a 10 ml
saline flush and sets of objective measurements were
recorded every 20 seconds in both devices. Duration time
from rocuronium administration to TOFC = 0 was manually
recorded in both devices for each patient, although the Tet-
raGraph device has internal storage. Intubation was per-
formed using video laryngoscopy once either device
displayed a TOFC = 0. The anesthesia provider was then sur-
veyed about intubating conditions. After successful endotra-
cheal intubation, neuromuscular blockade management was
at the discretion of the attending anesthesiologist.

Study subjects

A total of 100 patients were included in this prospective,
randomized study. Information was collected regarding
patient characteristics (age, sex, race, weight, height, Body
Mass Index [BMI], dominant hand) and monitoring specifics
(location, TOF ratios at baseline, time to neuromuscular
blockade onset, defined as the duration of time from rocuro-
nium administration to either device displaying TOFC = 0).
Intubating conditions were evaluated using a scale described

https://clinicaltrials.gov/ct2/show/NCT05120999
https://clinicaltrials.gov/ct2/show/NCT05120999
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1 Intubating conditions survey.

Variables Intubating conditions

Acceptable Unacceptable

Excellent Good Poor

Ease of laryngoscopy (jaw relaxation) Easy Fair Difficult
Vocal cord position Abducted Intermediate Closed
Vocal cord movement None Moving Closing
Airway reaction (coughing) None Diaphragm Sustained (>10 s)
Movement of the limbs None Slight Vigorous
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by the International Consensus Conference held in Copenha-
gen in 1994 that incorporates jaw relaxation, vocal cord
position, vocal cord movement, airway reaction, and move-
ment of the limbs (Table 1).11 Each of these five components
was scored on an ordinal 1−3 scale and summated to obtain
a total score. The minimum possible total score
of 5 represents excellent intubating conditions while a maxi-
mum of 15 represents poor intubating conditions. One
patient never reached a TOFC = 0 as measured with Tetra-
Graph and this time duration was considered as 15 min (900
s) for purposes of statistical analysis.

Statistical analysis

Continuous variables were summarized with the sample
median and range; normality was assessed using visual
examination of histograms. Categorical variables were sum-
marized with number and percentage of patients. Our pri-
mary aim was to compare the onset time of neuromuscular
blockade (time duration from rocuronium administration to
TOFC = 0) between TetraGraph and TOFscan. Comparisons of
median TOF ratios at baseline and blockade onset between
TetraGraph and TOFscan monitors were made using a paired
Wilcoxon signed rank test. Comparisons of intubating condi-
tions and total score according to device that reached
TOFC = 0 first were made using a Wilcoxon rank sum test
(ordinal categorical variables) or Fisher’s exact test (binary
categorical variables). The p-values < 0.05 were considered
as statistically significant and all statistical tests were two-
sided. Statistical analysis was performed using R Statistical
Software (version 4.0.3; R Foundation for Statistical Com-
puting, Vienna, Austria). Based on paired t-test, 84 enrolled
patients give 80% power to detect a difference in TOF ratios
with a significance level of 0.05 and an effect size value
of 0.75 (JMP Pro Software version 13.0.0 [July 7, 2021]; SAS
Institute Inc., Cary, NC). This effect size value and standard
deviation of 226.0 seconds were determined during previous
investigations comparing another AMG device and Tetra-
Graph. We enrolled 110 patients considering patient dropout
or missing data.
Results

Patient characteristics

A total of 110 patients were screened for eligibility. Eight
were excluded due to the decision to perform RSII on the
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day of surgery. One patient was excluded after a positive
preoperative test for COVID-19 and surgery was postponed.
One patient was excluded from analysis due to incomplete
data (Fig. 1). Most of the patients were white (85%), 53 males
and 47 females with a median age of 59 years old (22−86 y/
o) were examined (Table 2).

Device randomization

Our patient population were equally randomized to receive
TetraGraph either on dominant or non-dominant hand (50
−50%). Consequently, TetraGraph was placed on the right
hand 60% of the times and 40% on the left, while TOFscan
was on the left hand 60% of the times and 40% on the right.

Neuromuscular monitoring

The time to onset of NMB (time duration from rocuronium
administration to TOFC = 0) was significantly greater for Tet-
raGraph compared to TOFscan (Median: 160 [40, 900] vs. 120
[60, 300] seconds, p < 0.001) (Fig. 2). Median baseline TOF
ratios were significantly higher when obtained with Tetra-
Graph vs. TOFscan (Median: 1.02 [0.88, 1.20] vs. 1.0 [0.64,
1.01], p < 0.001), (Table 2). Accordingly, TOFscan reached a
TOFC = 0 first in 57 patients while TetraGraph reached a
TOFC = 0 first in 25 patients. Both devices reached a
TOFC = 0 zero at the same time in 18 patients.

Intubating conditions assessment

Ease of laryngoscopy (jaw relaxation) was described as
“easy” in 81% of patients, and the vocal cords were
abducted in 93% of patients. There was no vocal cord move-
ment in 80% of patients, no coughing in 93% of patients, and
no limb movement in 88% of patients. A total survey score
of 5 was the most prevalent (60%) among all evaluations
regardless of which monitor reached a TOFC of zero first
(Table 2). There was no significant difference in intubating
conditions (p ≥ 0.10) when either device displayed a
TOFC = 0 and triggered intubation (Table 3).
Discussion

In this investigation, we found a significantly longer onset of
NMB in TetraGraph compared to TOFscan in patients under-
going elective surgery. The majority of endotracheal intuba-
tions (60%) were rated as optimal intubating conditions



Figure 1 Flow diagram.
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regardless of which monitor demonstrated a TOFC = 0 first.
No statistical difference in the assessment of intubating con-
ditions was found while comparing TetraGraph vs. TOFscan
after reaching a TOFC of zero with either device.

Quantitative neuromuscular monitors have traditionally
been used as devices to confirm adequate recovery from neu-
romuscular blockade. However, these devices can also prove
useful in demonstrating the onset of neuromuscular blockade
and alert clinicians that optimal intubating conditions have
been reached. Relying on predicted time intervals prior to
intubation fails to provide optimal conditions as pharmacody-
namics varies between patients.12-14 Our results also demon-
strate such variability in the onset of neuromuscular blockade
among a large cohort of patients (Fig. 2). Jung et al. demon-
strated that either EMG or AMG was able to predict satisfac-
tory intubating conditions in pediatrics, although EMG
indicated the onset of neuromuscular blockade faster than
AMG.15 Our study also demonstrated that either device was
useful in predicting optimal intubation conditions, although
AMG indicated the onset of neuromuscular blockade faster
than EMG. During this vulnerable time, objective neuromus-
cular monitors can provide critical information to clinicians
seeking to optimize intubation conditions.

Obtaining baseline TOF ratios prior to the administration
of NMBA is a critical step in monitoring as it provides
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important reference values and reaffirms that the quantita-
tive monitor has been applied appropriately. Baseline values
are particularly important with AMG as these values can
often exceed 1.0 (reverse fade) and experts have advocated
for normalizing recovery TOF ratios to ensure patients are
not exposed to residual weakness.16 In the current study,
the median baseline TOF ratios were slightly greater with
EMG than with AMG (1.02 vs. 1.0, respectively) and these
findings are likely due to the fact that the TOFscan device
has a built-in preload adapter that allows the thumb to
return to its baseline position and counteract the reverse
fade phenomenon.17 Per the manufacturer, TOFscan does
not require calibration and defaults to 60 mA while Tetra-
Graph has an auto-calibration function that finds supramaxi-
mal current.

The response to NMBAs is complex and relies upon several
factors such as perfusion, muscle fiber composition, density
of junctional nicotinic acetylcholine receptors, and motor
endplate area.18,19 Accordingly, variability in measurements
even with the same monitor is expected among patients.
This variability accounts not only for the mentioned physio-
logic factors but also due to electrode placement, the type
of sensing electrode used per device, and the amount of
stimulating current applied. In consequence, objective mon-
itoring to determine optimal intubation conditions would



Table 2 Patient characteristics and neuromuscular blockade information.

Variable Median (minimum,
maximum) or Number

Total Patient characteristics 100
Age (years) 59 (22, 86)
Sex (male) 53 (53.0)
Race (White) 85 (85.0)
Weight (kg) 82.0 (42.6, 127.0)
Height (cm) 172.0 (148.9, 198.1)
BMI 27.2 (17.8, 41.9)
Dominant hand
Left 22
Right 78
Neuromuscular blockade information
Randomization
TetraGraph on dominant hand 50
TetraGraph on non-dominant hand 50
TetraGraph location
Left hand 40
Right hand 60
TOFScan location
Left hand 60 (60.0)
Right hand 40 (40.0)
TetraGraph TOF ratio at baseline 1.02 (88, 120)
TOFScan TOF ratio at baseline 1.00 (64, 101)
TetraGraph blockade onset (seconds) 160 (40, 900)
TOFScan blockade onset (seconds) 120 (60, 300)
Device that reached TOFC of zero first
Same time 18 (18.0)
TetraGraph 25 (25.0)
TOFScan 57 (57.0)

BMI, Body Mass Index; TOF, Train-Of-Four; TOFC, Train-Of-Four Count.
TetraGraph TOF ratio at baseline was slightly higher than TOFScan TOF ratio at baseline (Median: 102 vs. 100, p < 0.001). The primary out-
come of blockade onset was significantly longer for TetraGraph compared to TOFScan (Median: 160 vs. 120 s, p < 0.001).
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ideally measure responses at oropharyngeal muscles and the
diaphragm. Unfortunately, monitoring at these muscle sites
is not currently feasible and clinicians must make inferences
from more accessible muscle groups such as the adductor
pollicis muscle.20 Iwasaki et al.21 demonstrated that there
was no significant difference in measuring the onset of
blockade when using the TOF-Watch SX at the adductor polli-
cis muscle versus the TetraGraph at the abductor digiti min-
imi muscle. While we found TOFscan reached TOFC = 0
faster than TetraGraph, our efforts represent two monitor-
ing modalities on the same muscle group (the adductor polli-
cis muscle). Previous efforts have demonstrated the
abductor digiti minimi muscle to be more resistant to neuro-
muscular blockade than the adductor pollicis muscle.20 An
intubating dose of 0.5 mg.kg�1, less than twice the ED95,
was selected in an effort to potentially allow for slower
onset and teasing out differences in the monitors. Further-
more, the effect of rocuronium in our study on a single
patient is fixed, however, the observed discrepancies result
from inherent differences in the monitoring devices that uti-
lize to distinct modalities.

The current effort is not without limitations. While we
randomized device placement for patients’ dominant/non-
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dominant hand, clinical considerations precluded us from
controlling for all variables. The location of the intravenous
(IV) catheter was not considered during randomization, as
the precise location was unavailable until just prior to induc-
tion of anesthesia; however, IV catheter location has been
shown to have minimal effect on the onset of NMB.22 Our
evaluation of intubating conditions has a subjective compo-
nent that depends on the intubating clinician evaluating the
ease of laryngoscopy. However, the use of video laryngoscopy
allows for the entire anesthesia team to assess vocal cord
position. Additionally, this survey has been previously uti-
lized23-25 and incorporates objective metrics that strengthen
its utility. Our secondary outcomes, such as the difference in
intubating conditions, are exploratory in nature and are sub-
ject to the presence of type 2 error. Finally, there is poten-
tial for variability from the time the decision to intubate is
made based on one of the monitors to the actual perfor-
mance of video laryngoscopy as different clinicians perform
this task at different speeds. To minimize this unavoidable
confounder, we overpowered this study to investigate the
reliability of each device while comparing the onset of NMB
and their applicability when seeking optimal intubating con-
ditions in the surgical setting.



Figure 2 Boxplot of onset of blockade for TetraGraph and TOFScan. This figure presents all measurements from both devices reach-
ing a TOFC = 0. A wider distribution and variability were observed in the onset of NMB values for TG compared to TS. TG median onset
of NMB: 160 s, TS median onset of NMB: 120 s. One patient never reached a TOFC = 0 using TG, and this time duration was considered
as 15 min (900 s). NMB, Neuromuscular Blockade; TG, TetraGraph; TS, TOFscan; TOFC, Train-Of-Four Count.

Table 3 Comparisons of intubating conditions according to device that reached TOFC of zero first.

Device that reached TOFC of zero first

TetraGraph
(n = 25)

TOFScan
(n = 57)

Totala

(n = 100)
p-value

Jaw relaxation 1.00
Easy 20 (80.0%) 44 (77.2%) 81 (81.0%)
Fair 5 (20.0%) 13 (22.8%) 19 (19.0%)
Vocal cord position 0.90
Abducted 23 (92.0%) 53 (93.0%) 93 (93.0%)
Intermediate 2 (8.0%) 3 (5.3%) 6 (6.0%)
Closed 0 (0.0%) 1 (1.8%) 1 (1.0%)
Vocal cord movement 0.10
None 23 (92.0%) 43 (75.4%) 80 (80.0%)
Moving 1 (4.0%) 13 (22.8%) 18 (18.0%)
Closing 1 (4.0%) 1 (1.8%) 2 (2.0%)
Airway reaction 0.19
None 21 (84.0%) 54 (94.7%) 93 (93.0%)
Diaphragm 4 (16.0%) 3 (5.3%) 7 (7.0%)
Movement of the limbs 1.00
None 21 (84.0%) 49 (86.0%) 88 (88.0%)
Slight 4 (16.0%) 8 (14.0%) 12 (12.0%)
Total score 0.75
5 16 (64.0%) 31 (54.4%) 60 (60.0%)
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Table 3 (Continued)

Device that reached TOFC of zero first

TetraGraph
(n = 25)

TOFScan
(n = 57)

Totala

(n = 100)
p-value

6 2 (8.0%) 17 (29.8%) 23 (23.0%)
7 5 (20.0%) 4 (7.0%) 10 (10.0%)
8 2 (8.0%) 3 (5.3%) 5 (5.0%)
9 0 (0.0%) 0 (0.0%) 0 (0.0%)
10 0 (0.0%) 2 (3.5%) 2 (2.0%)

TOFC, Train-Of-Four Count.
p-values result from a Wilcoxon rank sum test (ordinal categorical variables) or Fisher’s exact test (binary categorical variables).
a Total number includes 18 patients in which both devices reached TOFC.
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In conclusion the EMG-based TetraGraph showed a longer
duration to reach TOFC of 0 at the adductor pollicis than the
AMG-based TOFscan device after rocuronium administration.
No differences were found during evaluation of intubating
conditions with either device. Although the onset of NMB was
longer as measured by TetraGraph, both devices can predict
adequate intubating conditions when the TOFC = 0 at the
adductor pollicis muscle. Due to the variability in response to
NMBAs, the use of either the TOFscan or the TetraGraph
device during induction of anesthesia may be useful to deter-
mine when optimal intubating conditions have been reached.
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