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ABSTRACT

In the post-anesthesia care unit, there is a high occurrence of residual neuromuscular blockade, which puts patients at risk of negative conse-
quences such as hypoxia. Assessment based on the train-of-four ratio (TOFR) has been used to avoid residual neuromuscular blockade when
the TOFR is greater than 0.9, measured at the adductor pollicis muscle (APM). The most commonly used quantitative neuromuscular moni-
toring (QNM) modalities include acceleromyography (AMG) and electromyography (EMG). However, the poor user-friendliness of current
QNM methods hinders their widespread adoption. To overcome this, we developed a new monitoring method using ultra-fast ultrasound
imaging to generate a two-dimensional map of muscle transient motion, i.e., sonomechanomyography (SMMG). SMMG of the APM and
AMG of the thumb were used to get the TOFR of 20 normal adults. The results showed no significant difference between the left and right
hands for both AMG and SMMG TOEFR, with p-values larger than 0.05. In addition, the mean accuracy of SMMG TOEFR (0.6% relative error)
was higher than AMG (1.4% relative error). Moreover, the Bland-Altman plot showed that all the difference values were within the limits
of agreement and the mean bias was 0.02, indicating that the two methods had a very good agreement. In particular, using SMMG did not
require additional calibration before testing. Overall, the results demonstrated that the method has the potential as a new QNM approach for
further clinical studies to benefit patients in need. To demonstrate its clinical potential, further studies are required to evaluate this method in
patients during and post-anesthesia.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0243459
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I. INTRODUCTION

During the administration of anesthesia, it is imperative to
continuously assess the patient’s physiological condition to ensure
the efficacy of the anesthetic procedure. This can be accomplished
through a combination of clinical observations and the use of
monitoring equipment. Clinical observations include assessing the
color of the mucous membranes, pupil size, and the presence of
tear production.' The Association of Anaesthetists emphasizes the
importance of adhering to minimum monitoring standards for all
anesthetized patients, irrespective of the anesthesia’s duration or

setting.! Presently, there is a notable prevalence of residual neu-
romuscular blockade (rNMB), which exposes patients to adverse
outcomes such as hypoxemia, upper airway obstruction, aspiration,
prolonged recovery in the post-anesthesia care unit (PACU), and
general discomfort.”” To mitigate these risks, vigilant monitoring
of neuromuscular blockade depth is crucial when neuromuscular
blocking agents (NMBAs) are utilized.

Clinical assessment traditionally serves as the primary method
for evaluating a patient’s recovery of strength, yet its reliability is
questionable.* The peripheral nerve stimulator (PNS) emerges as a
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valuable instrument, facilitating nerve stimulation that allows clini-
cians to assess muscle response via visual or tactile means.” Due to its
convenience and user-friendly interface, PNS has gained widespread
acceptance in clinical settings. Nonetheless, the subjective nature of
evaluating nerve blocks through PNS represents a significant draw-
back, particularly as it offers less precision compared to quantitative
neuromuscular monitoring (QNM) at minimal levels of the block-
ade. To circumvent issues of INMB, measuring the train-of-four
ratio (TOFR) is advocated. Neuromuscular recovery is deemed sat-
isfactory when the TOFR reaches or exceeds 0.9, specifically when
measured at the adductor pollicis muscle (APM).” The TOFR stim-
ulation protocol involves delivering four stimuli at a frequency of
2 Hz, with each stimulus spaced 0.5 s apart. The TOFR is calculated
by dividing the amplitude of the fourth muscle response (T4) by
that of the first muscle response (T1). Therefore, for a more accurate
assessment of neuromuscular function within clinical environments,
the utilization of TOFR alongside a quantitative monitoring device
is reccommended. This approach not only enhances the precision of
evaluations but also significantly reduces the risk of complications
associated with rNMB.

Currently, different QNM measurement techniques are avail-
able for TOFR assessment. Mechanomyography (MMG) is highly
sensitive and often regarded as the potential “gold standard” due
to its precise and reliable results. However, current MMG mea-
surement is hindered by a cumbersome setup process, such as the
need for calibration before use, and a lack of commercially available
systems designed for clinical applications.” Kinemyography (KMG)
features a straightforward setup that eliminates the need for an
external display or calibration, but its use is limited to the APM.’
Acceleromyography (AMG) offers the flexibility to be used on any
muscle capable of free movement, including those in the hand,
foot, or face. Nevertheless, it is not suitable for immobilized mus-
cles, and to optimize accuracy, the device requires calibration before
the administration of NMBAs and normalization against baseline
readings.'” Electromyography (EMG) is considered as accurate and
reliable as MMG and can be applied to a diverse range of loca-
tions, including immobilized muscles. However, EMG is susceptible
to electrical interference, and its accuracy may be compromised
by low muscle temperature. Similar to AMG, EMG also necessi-
tates device calibration before NMBA administration to ensure high
precision.! Hence, the primary obstacle to the broader implemen-
tation of QNM is not their cost but rather the challenges associated
with their ease-of-use and consistency.!” To address these issues,
there is a need for innovative monitoring techniques that are unaf-
fected by the patient’s hand placement, capable of self-calibration,
able to deliver dependable outcomes, simple to install, and yield
reproducible responses. The development of such methods would
greatly facilitate the integration of QNM into routine clinical prac-
tice, enhancing patient safety and the overall quality of care in
anesthesia.

Ultrasound imaging presents a superior alternative for mus-
cle monitoring, offering a non-invasive method to evaluate muscle
architecture.”” Through B-mode ultrasound imaging, sonomyogra-
phy (SMG) assesses dynamic muscle morphology, including thick-
ness, pennation angle, fascicle length, and cross-sectional area.'*
SMG is derived from B-mode ultrasound images, which are tradi-
tionally limited to a sampling rate of ~30 f/s. However, advance-
ments in ultrafast ultrasound imaging now permit B-mode imaging
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at significantly higher frame rates, often reaching several thou-
sand frames per second (fps)."” In this research, we utilized ultra-
fast ultrasound imaging with a frame rate exceeding 2000 fps
to generate a two-dimensional representation of transient muscle
motion, termed sonomechanomyography (SMMG).'® The cutting-
edge SMMG technology has recently demonstrated considerable
potential in enhancing our comprehension of neuromuscular dis-
orders; for example, using this method, it was found that the use of
transverse friction massage could decrease active muscle stiffness.!”
In addition, it offers valuable insights that aid in pinpointing changes
in muscle activation timing and in evaluating the effectiveness
of therapeutic interventions.'® SMMG’s unique ability to measure
muscle vibration from different locations within the muscle, coupled
with its complementary features to existing muscle-related signals
such as EMG and MMG, makes it a versatile and valuable tool for
various applications. This study aims to develop a novel approach
and protocol that leverages SMMG to map out muscle movements
in two dimensions to achieve precise and reliable QNM during
anesthesia and recovery, making it a promising technology for the
future.

Il. EXPERIMENTAL SECTION
A. Subjects

For this study, a convenient sampling strategy was employed
to enlist 20 healthy individuals (7 females and 13 males) ranging
in age from 18 to 52 years. Eligible subjects were required to be
free of any implantable electronic devices and without a history of
metabolic, neurological, or muscular diseases that could influence
the outcomes of the investigation. The inclusion criteria allowed for
individuals with occasional sports participation or those leading a
sedentary lifestyle. However, professional athletes were excluded to
avoid potential confounding factors related to enhanced neuromus-
cular performance. Ethical clearance for the study was granted by the
Human Subjects Ethics Sub-Committee (HSESC) of The Hong Kong
Polytechnic University (HSEARS20240220002), and all subjects pro-
vided written informed consent before participation. As detailed in
Table I, data were gathered from the 20 participants, who had an
average height of 171.5 + 8.0 cm and an average weight of 66.5
+13.6kg.

B. System setup

Figure 1(a) illustrates the experimental setup for neuromus-
cular stimulation and ultrafast ultrasound imaging. Neuromuscular
stimulation was delivered using a biphasic constant current stim-
ulator (DS8R, Digitimer Ltd., Hertfordshire, UK). Concurrently,
ultrasound images were captured with an advanced open ultra-
sound research platform (Verasonics Vantage 128, Verasonics, Inc.,
Kirkland, WA, USA). A dedicated computer managed the image

TABLE I. Subject characteristics.
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Age (years) Gender Weight (kg) Hight
—mean (SD)  (female: male) - mean (SD) (kg) — mean (SD)
27 (7) 7:13 66.5 (13.6) 171.5 (8.0)
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acquisition process and data storage. The custom imaging script was
divided into two segments: the initial segment facilitated real-time
imaging by accurately positioning the broadband linear ultrasound
transducer L11-4v on the APM to ensure proper location and orien-
tation. The subsequent segment managed the trigger output to the
stimulator and the data acquisition process. The transducer oper-
ated at a frame rate of 2000 Hz, capturing a sequence of 5000 frames.
Upon initiating the recording, a trigger-out signal was dispatched
from the Verasonics system to a function generator (AFG3052C,
Tektronix, Beaverton, USA), which in turn transmitted a signal to
the current stimulator (1 MHz, 1-cycle burst, 5 Vpp, 2.5 V offset,
50% duty cycle). Two self-adhesive stimulation electrodes, each with
adiameter of 3.2 cm (ValuTrode, Axelgaard Manufacturing Co. Ltd.,
USA), were employed to stimulate the ulnar nerve. The ultrasound
system’s radio frequency raw data were preserved for subsequent
image reconstruction and analysis.

Figure 1(b) depicts the setup for QNM based on AMG. The
AMG measurements were conducted using a commercial anesthe-
sia monitoring device (JS-100, Beijing Sigo Medical Technology Co.,

ARTICLE pubs.aip.org/aip/rsi

Real-time image from Verasonics

FIG. 1. Setup of the two devices for
QNM: (a) The proposed SMMG-based
QNM setup. An attachable probe is used
for this purpose. (b) The AMG-based
QNM setup. An accelerator at the thumb
is used for the reference signal.

LTD., China). AMG technology, grounded in Newton’s Second Law
of Motion (force = mass x acceleration), utilizes a piezoelectric
sensor to quantify the acceleration of the thumb during muscle con-
tractions. Notably, the minimum stimulation current threshold of
the commercial AMG device is 35 mA, whereas the minimum cur-
rent used in our study was 20 mA. To reconcile this discrepancy,
we attenuated the stimulation current amplitude of the AMG device
to 20 mA by integrating a 100-Q resistor with the external current
stimulator. This adjustment allowed the AMG device’s stimulation
current output to serve as the input signal for the current stimulator.

C. Experimental procedure

As depicted in Fig. 1, participants were seated comfortably in
a chair with their arms and hands secured using a custom-designed
plate and straps, ensuring stability during the testing procedure. The
skin was cleansed with medical alcohol to lower skin impedance to
an effective range, thereby enhancing the efficacy of the electrical
stimulation. Electrodes were positioned on either side of the ulnar
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nerve to minimize potential errors due to nerve location variability.
Subsequently, the thumb accelerometer and the SMMG probe were
affixed to the thumb and palm, respectively. A specialized bracket
was utilized to stabilize the ultrasound probe, ensuring that the mea-
surement orientation remained consistently perpendicular to the
APM, as illustrated in Fig. 1(a). Ultrasound gel was then applied
to the APM to facilitate clear imaging. Following the instructions
of the AMG anesthesia monitoring device, the accelerometer sen-
sor for AMG was secured to the thumb using the provided hand
adapter and medical adhesive tape. Participants were instructed to
remain relaxed and avoid any muscle activity throughout the exper-
iment. Each stimulation trial consisted of four identical pulses, each
with a duration of 0.2 ms and an amplitude of 20 mA, spaced 0.5 s
apart, in line with protocols established by previous research.'® Mea-
surements were taken five times for both the left and right hands of
each subject under normal conditions, with a two-minute rest inter-
val between each trial to prevent muscle fatigue. SMMG of the APM
and AMG of the thumb were employed to determine the TOFR in
the 20 healthy adults upon stimulation of the ulnar nerve. Partic-
ipants might experience very mild discomfort during stimulation,
comparable to sensations produced by commercially available elec-
trical massage apparatus. Upon completion of all stimulation trials,
subjects were carefully disconnected from the sensors and released
from the study.

D. Image processing

As shown in Fig. 2, we proposed a semi-automatic algorithm to
quantify muscle thickness changes in ultrafast B-mode ultrasound.
The first-frame annotation of the muscle border was provided by
the user, and the proposed algorithm depicted muscle thickness over
time. We prepared an anonymized dataset comprising sequential
ultrasound images of muscle Iy« w3 and annotations of muscle bor-
ders Mpyxwx1, i.e., aponeurosis and tendon. A total of 1251 images
from 35 sequences were collected using different devices from the
gastrocnemius, diaphragm, tibialis anterior, and SMMG of the APM
to enhance the variability of the dataset. The images were annotated
by an experienced sonographer.

XMem," a state-of-the-art long-term video tracking algo-
rithm, was fine-tuned with our ultrasound dataset. Inspired by the

Sequential muscle dataset

Decoder

Encoder
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Atkinson-Shiffrin human memory model, XMem consists of three
memory modules, namely, sensory, working, and long-term mem-
ory, which is suitable for ultrafast ultrasound images with high frame
rates and long sequences. For tth ultrasound frame I« wx3 from the
sequence, memory reading was performed to obtain memory fea-
tures F representing memory key k and value v of memory. Together
with the sensory memory from (¢t — I)th frame, features F were
fed into the decoder to generate a mask Muxwx1. Memory was
updated after each inference. In our task, the model was pre-trained
on YouTubeVOS?’ and DAVIS®! and fine-tuned with 15000 itera-
tions on a PC with an RTX 3080 GPU card. The sample H x W size
was set to 512 x 512, and the ultrasound images were scaled to a
range of 0-1 before being input into the model.

In the resulting binary mask M, the open transform was used to
remove the burrs and the falsely segmented contours, presenting the
main two boundaries. Assuming that the muscle boundary appeared
as a linear high echo in the ultrasound image, we fitted the points on
the boundary by a first-order polynomial. Finally, the mean thick-
ness was calculated by averaging the vertical distance between two
polynomials.

E. Data analysis

The custom script written in MATLAB (MATLAB R2020b,
The MathWorks, Inc., USA) was employed to reconstruct images
from the raw radio frequency ultrasound data. The data derived
from image processing were subsequently analyzed using GraphPad
Prism (GraphPad Prism 9.1.2, GraphPad Software, USA). All values
were presented as mean + standard deviation (SD). A paired sample
t-test was utilized to evaluate the differences between measure-
ments obtained from the left and right hand experiments. A p-value
threshold of >0.05 was established to indicate a lack of statistically
significant difference between the measurements of the left and right
hands. Furthermore, a TOFR of 1 was adopted as the normative
standard under normal physiological conditions,”” and the accuracy
(relative error) of measurements obtained by the two devices was
calculated. In addition, the TOFR measured by AMG and SMMG
were compared using Bland-Altman analysis for repeated measure-
ments. This analysis is designed to assess the agreement between
two measurement methods by evaluating the mean difference (bias)

Post-processing
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and the 95% limits of agreement. A small bias and narrow limits of
agreement are indicative of a strong agreement between the devices.

lll. RESULTS AND DISCUSSION

As depicted in Fig. 3(a), we utilized SMMG to capture a rep-
resentative B-mode ultrafast ultrasound image of the APM. The
average distance between the upper and lower boundaries of the
muscle was selected as the measurement parameter. One of the
key advantages of SMMG is its capacity for non-invasive visualiza-
tion of transient muscle movements or vibrations, achieved with
high spatial and temporal precision. Consequently, as illustrated
in Fig. 3(b), we documented the variations in the mean thickness
of the APM during a series of four identical stimuli (with 1 pixel
equivalent to ~0.137 mm). The SMMG TOFR was then determined
by dividing the change in muscle thickness observed in the fourth
response (T4) by that of the first response (T1), incorporating a self-
calibration process. This method allows for a detailed and accurate
assessment of neuromuscular function, leveraging the high frame
rate capabilities of SMMG.

In the initial experiment, AMG was employed to measure the
TOEFR of the left and right hands of participants, as illustrated in
Fig. 4. The mean AMG TOFR values for the left and right hands
of the 20 subjects were 1.016 + 0.016 and 1.011 + 0.035, respec-
tively. Statistical analysis revealed no significant difference between
the left and right hands in terms of AMG TOFR, with a p-value of
0.50 (paired t-test), which exceeds the threshold of 0.05. Concur-
rently, SMMG was utilized to determine the TOFR values for the
subjects’ left and right hands. The average SMMG TOEFR values were
0.996 + 0.023 for the left hand and 1.002 + 0.033 for the right hand.
Similarly, the p-value calculated for the comparison between the left
and right hands was 0.55. Therefore, it can be inferred that there
was no significant difference in TOFR values between the left and
right hands for both AMG and SMMG, with p-values (paired t-test)
exceeding 0.05. After these findings, the next phase of the experi-
ment involved a comparative analysis of the efficacy of the AMG
and SMMG methods in measuring TOFR.

Figure 5 displays the measurement outcomes of the TOFR uti-
lizing both AMG and SMMG across 20 participants. The results
reveal that the average TOFR values obtained through AMG and
SMMG were 1.014 + 0.021 and 0.994 + 0.018, respectively. Given
that a TOFR of 1 was established as the normative benchmark
for subjects in a normal physiological state, the mean accuracy of
the SMMG TOFR was calculated to be 0.6% relative error. This
accuracy surpasses that of AMG, which demonstrated a 1.4% rel-
ative error. These findings underscore the superior precision of our
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FIG. 4. Measurement of TOFR in the left and right hand using AMG and SMMG
methods, respectively. No statistical significance was found.
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FIG. 5. Measurement results of TOFR using AMG and SMMG methods,
respectively.

SMMG technique in quantifying the TOFR of subjects under normal
conditions.

Figure 6 presents a Bland-Altman plot illustrating the differ-
ences in TOFR measurements obtained by AMG and SMMG plotted
against their corresponding means. The plot reveals that all dif-
ference values fell within the defined narrow limits of agreement,
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against the corresponding means (n = 20). UL = upper limit and LL = lower limit.

TABLE II. Agreement between different devices.

Limits of Sample Under
Devices Bias agreement size anesthesia
AMG vs EMG*  0.100  —0.150-0.350 23 Y
AMG vs EMG*  0.176  —0.045-0.396 26 Y
MMG vs EMG*  0.028  —0.185-0.241 23 Y
AMGvs SMMG  0.020  -0.026-0.066 20 N

ranging from —0.026 to 0.066. In addition, we observed a mean dif-
ference (bias) of 0.020 between the TOFR measurements by AMG
and SMMG, indicating that the TOFR values measured by AMG
were generally higher than those measured by SMMG. When com-
pared with biases and limits of agreement reported in other studies,
as summarized in Table II, both the bias and the agreement para-
meters for SMMG and AMG were superior to those of other devices
with a similar number of tested subjects. Consequently, we can infer
that these two methods demonstrate good agreement when assess-
ing subjects in a normal, non-anesthetized state. It is important to
note that the aforementioned experiments were conducted with sub-
jects in a non-anesthetized condition. To draw more comprehensive
conclusions, clinical tests under anesthesia are required, which will
form the focus of our subsequent research endeavors. This future
work will aim to validate the effectiveness and reliability of this
monitoring method in a clinical anesthetic context.

IV. CONCLUSIONS

In this research, we have successfully developed a novel QNM
technique utilizing SMMG. This method involves calculating the
TOEFR by dividing the APM’s thickness change at the fourth stimu-
lus by that at the first stimulus, with the process being self-calibrated.
We applied SMMG to the APM and AMG to the thumb to deter-
mine the TOFR in 20 healthy adults upon ulnar nerve stimulation.
Our experimental findings indicated no significant differences in
TOFR measurements between the left and right hands, whether
using AMG or SMMG. Furthermore, we compared the SMMG

ARTICLE pubs.aip.org/aip/rsi

method under normal conditions with traditional anesthesia mon-
itoring techniques, i.e., AMG, and discovered that SMMG offers
superior accuracy in measuring TOFR. In addition, Bland-Altman
plot analysis revealed a strong agreement between our SMMG device
and the commercial AMG device. However, anesthesia can affect
various physiological parameters, including muscle tone, reflexes,
and overall neural activity, which can, in turn, impact the measure-
ments obtained from devices. Hence, the presence of anesthesia is
likely to influence both the bias and limits of agreement in device
comparisons. Our next research plans include reducing the over-
all size of the whole device and designing customized fixtures to
enable the entire system to be used in clinical trials, achieving the
measurement of TOFR when the patient is under anesthesia.

Accurate and user-friendly monitoring of anesthesia levels and
the recovery process is of paramount importance in clinical settings.
The outcomes of this study imply that the system we have devel-
oped holds promise as a medical device that could enhance patient
care. Nonetheless, additional research is required to assess this new
method in patients during and post-anesthesia to fully ascertain its
clinical applicability and efficacy.
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