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Abstract
Purpose Early diagnosis of ICU-acquired weakness can support the ICU team in applying appropriate interventions which 
may lead to better results at clinical and functional outcomes. Thus, interest has increased in non-invasive and more feasible 
methods to diagnose neuromuscular dysfunction, such as the stimulus electrodiagnosis test (SET) and strength-duration test 
(SDT). The aim of the present study was to assess the agreement of the SET and SDT carried out automatically using an 
innovative method.
Methods We performed a prospective observational study to determine the agreement of SET and SDT, performed auto-
matically using a biofeedback circuit to detect muscle contractions, comprised of an accelerometer module connected to an 
electrical stimulator. These tests were applied in healthy and critically ill participants.
Results Twenty-one participants were analyzed in the study, and 168 assessments of SET and SDT were performed. The 
Bland-Altman analysis of automatic SET and SDT in the control group showed a low bias of −25 (95% CI, −94.3 to 44.3 
μs) and 0.6 (95% CI, −1.9 to 3.1 μC) respectively. In the critically ill group, automatic SET and SDT presented a low bias 
of −104.5 (95% CI, −1716 to 1507μs) and −12.6 (95% CI, −119.4 to 94.1 μC) respectively.
Conclusions We demonstrated that an innovative method to carry out SET and SDT automatically presents low agreement 
bias and good to excellent reliability.
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Introduction

Intensive care unit-acquired weakness (ICUAW) is a prev-
alent neuromuscular dysfunction that often arises during 
a patient’s stay in the intensive care unit (ICU). Its origin 
appears to be closely tied to the critical illness itself and 
the treatments administered, with no other readily identi-
fiable causes (Vanhorebeek et al. 2020). Its prevalence is 
around 43% and ranges from 25 to 75% (Fan et al. 2014), 
which can be explained by the tool used to assess, the 
timing of the evaluation and the cause of ICU admission 
(Hermans and Van den Berghe 2015). The presence of 
ICU-acquired weakness is related to worse clinical out-
comes and impairs short and long-term functional results 
(Hakiki et al. 2020; Latronico and Bolton 2011). Early 
diagnosis can support the ICU team in applying appropri-
ate interventions, such as neuromuscular electrical stimu-
lation, which may lead to better clinical and functional 
outcomes such as decrease ICU length of stay and increase 
of muscle strength (Moss et al. 2014; Silva et al. 2019).

Nerve and muscle biopsy, as well as electroneuromyo-
graphy, are validated tools to detect neuromuscular dys-
function caused by ICU-acquired weakness (Latronico and 
Bolton 2011; Moss et al. 2014). However, carrying out 
these exams is not always feasible in the ICU. A biopsy 
is a surgical procedure, and the ICU is an electrically 
unfriendly setting for electroneuromyography (Lacomis 
2013). Moreover, electroneuromyography requires appro-
priate devices and a specialized team that are commonly 
unavailable in the ICU.

In this context, there has been increased interest in non-
invasive and more feasible surrogate methods to diagnose 
neuromuscular dysfunctions, such as the stimulus electro-
diagnosis test (SET) and the strength-duration test (SDT) 
(Fagoni et al. 2021; Silva et al. 2018). The SET provides 
variables such as rheobase and chronaxie which are the 
minimum intensity and minimum pulse duration needed to 
excite a given tissue, respectively (Silva et al. 2018). The 
sensitivity of the SET to detect muscle denervation can 
reach 100% in the acute phase, compared to electroneuro-
myography in outpatients (Paternostro-Sulga et al. 2002).

The use of the SDT has been described for more than 
a century to guide neurophysiologists regarding neuro-
muscular excitability (Lapicque 1909). It plots the lowest 
intensities required for stimulation versus pulse durations 
through predefined steps. The SDT is useful because it 
describes how the current required changes when the pulse 
duration is modified, providing information about neuro-
muscular excitability (Geddes and Bourland 1985); the 
less excitable the tissue is, the higher the intensity and 
pulse duration necessary to excite the tissue. The lack of 
appropriate devices in the ICU and the absence of SDT 

validation in critically ill patients has hindered the wide-
spread use of SDT in clinical practice.

Recently, the feasibility of the SET and SDT to assess 
critically ill patients was demonstrated; however, many 
points still require further clarification (Fagoni et al. 2021; 
Silva et al. 2018).

The inter-rater reproducibility of the SET is fair in some 
conditions, and SDT reproducibility has not yet been evalu-
ated. The critical point related to the reproducibility of these 
exams is that both depend on the visual and subjective detec-
tion of muscle contraction. Thus, in the present study, we 
propose an innovative method for automatically performing 
the SET and SDT to detect neuromuscular excitability. This 
may improve reproducibility and solve inter-rater incongru-
ent diagnoses.

The main aim of the present study was to assess the 
agreement and reliability of the SET and SDT carried out 
automatically using an innovative method. Secondarily, we 
aimed to determine the safety and feasibility of the SET and 
SDT in critically ill patients.

Methods

Study design

We performed a prospective observational study to assess 
the agreement of the SET and SDT, performed automatically 
using a new medical device. The present study is reported 
according to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) statement for 
observational studies (von Elm et al. 2007).

Setting

The research was carried out at the department of rehabilita-
tion and at the neurotrauma ICU in a tertiary public refer-
ence hospital in the Federal District of Brazil. We conducted 
our study according to the Declaration of Helsinki, and 
approval for the project was obtained from the local ethics 
committee (IHBDF, Brasília, Brazil, protocol 3.629.265). 
Written consent was obtained from healthy participants in 
the control group and from the closest responsible family 
member in the critically ill group, since all participants were 
intubated and sedated at enrollment. Data collection was 
conducted between November 2020 and March 2022.

Participants

The control group was composed of healthy male and female 
participants, aged 18 to 60 years, without a clinical history 
of orthopedic and neuromuscular disease. The critically ill 
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group was composed of traumatic brain injured participants, 
of both sexes, aged 18 to 60 years, sedated for at least 6 days 
on mechanical ventilation. Participants with bone fractures, 
skin injuries at the assessment location, and pregnant women 
were excluded. In both groups, participants were recruited 
consecutively.

Variables

All participants were assessed by SET and SDT. Two man-
ual and two automatic assessments were performed for every 
test (i.e., SET and SDT). The manual assessments were per-
formed by a single expert examiner (PES). We used a new 
innovative device, Recare® (Visuri, Belo Horizonte, Brazil), 
to achieve both manual and automatic assessments.

The automatic assessments were performed using a 
biofeedback circuit to detect muscle contractions, com-
prised of an accelerometer module (STMicroelectronics 

STEVAL-MKI211V1K) connected to the Recare® by an 
 I2C serial protocol. The weight of the printed circuit board 
was 5.5 g, and the plastic encapsulation weighed 10 g, result-
ing in a final weight of 15.5 g. The Recare® Scientific Mode 
(RSM) was configured to start the stimulation and progres-
sively increment the pacing parameter values until a contrac-
tion was detected. At this moment, the device automatically 
interrupts the stimulation and saves the final parameter val-
ues on the hardware memory. To determine the contraction, 
the accelerometer Z-axis was positioned perpendicularly to 
the surface of the skin, over the muscle belly. The RSM was 
configured to acquire accelerometer data at a 100 Hz sample 
rate. The RSM algorithm calculated the standard deviation 
(SD) for 500 ms of Z-axis data obtained before and after 
each stimulation. A contraction event was determined every 
time the Z-axis SD value after the stimulus exceeded 1.2 
times the previously calculated value. The value of 1.2 times 
was defined based on a previous study (Bispo et al. 2019).

Fig. 1  Calculation of the area under the curve from the strength-dura-
tion test. A presents the function used to calculate AUC. B, C, and 
D show examples of the strength-duration test plotted automatically 
by the device in two representative participants of both groups. The 
AUC was calculated according to the equations shown in A. B pre-

sents two curves plotted in the same graph from a healthy and a criti-
cally ill participant. C and D present the AUC values from healthy 
and critically ill participants respectively. AUC, area under the curve; 
μC, microcoulomb; SDT, strength-duration test
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Primary outcomes

The primary outcomes of the present study were the agree-
ment and reliability of chronaxie and area under the curve, 
measured automatically during two repetitive tests from the 
SET and SDT respectively.

Stimulus electrodiagnosis test (SET)

The SET was performed using two electrodes positioned 
proximal over the right tibialis anterior muscle, 1/4 of the 
distance between the inferior border of the patella and the 
lateral malleolus. All participants were in a supine position 
with 30° bed elevation.

Neuromuscular excitability was assessed by rheobase and 
chronaxie. Rheobase is the minimal current intensity necessary 
to reach the neuromuscular excitability threshold applied with 
a rectangular pulse with an infinite duration. Chronaxie is the 
shortest pulse duration required to reach the neuromuscular 

excitability threshold by a current with twice the intensity of 
rheobase (Silva et al. 2018).

Rheobase and chronaxie were measured with a single-
biphasic pulse. For rheobase assessment, the intensity was 
increased from 1 to 240 mA, with individual 1 mA incre-
ments until eliciting a slight and visible muscle contraction. 
The evaluation was performed with a pulse duration of 500 
ms and intervals of 2 s between pulses. For the assessment of 
chronaxie, the current amplitude was set to twice the rheobase 
value. Subsequently, the pulse duration was increased from 50 
μs to 500 ms in increments of 50 μs, until eliciting a slight but 
visible muscle contraction (Silva et al. 2018).

The examiner performed the SET manually and automati-
cally, twice each, separated by 5-min intervals.

Strength‑duration test (SDT)

The SDT was carried out 5 min after the SET. Patients and 
electrodes were maintained in the same position as the SET. A 

Fig. 2  Flow Diagram. MV, 
mechanical ventilation; The 
number sign (#) means that 
this participant was excluded 
because he had significant 
swelling that prevented contrac-
tion detection even using the 
maximal allowed current output 
(intensity of 240 mApp with 
pulse duration of 500 ms)
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rectangular, biphasic, and symmetric pulse was used with differ-
ent pulse durations: 100 μs, 200 μs, 400 μs, 700 μs, 1000 μs, 1500 
μs, 2000 μs, 2500 μs, 5000 μs, 10 ms, 15 ms, 20 ms, 50 ms, 100 
ms, 200 ms, up to 500 ms. For every pulse duration, the examiner 
(manual) or the device (automatic) was required to find a mini-
mal muscle contraction using an intensity ranging from 1 to 240 
mApp. The assessment was stopped when a plateau was reached 
in the intensity axis in three incremental steps of pulse duration.

First, the examiner manually performed the SDT twice, 
with a 5-min interval. In sequence, the device automatically 
performed the SDT twice with 5-min intervals.

The total charge applied in the SDT was measured by the 
area under the curve (AUC). Before calculating the AUC, 
the curve was determined by joining the “n” straight lines 
between the “n+1” subsequent points on the graph obtained 
by the pulse duration (x-axis, μs) and intensities (y-axis, mA) 
from each SDT. The AUC (Fig. 1A) was obtained by cal-
culating the sum of the areas under the “n” functions fi(x), 
which represent the “n” equations of straight lines between 
points xi and xi+1, with i ranging from “1” to “n.” Each of the 
“n” section areas was calculated by the respective definite 
integrals of fi(x) from xi to xi+1. According to the Interna-
tional System of Units, the unit of area used was μs × mA, 
equivalent to the electrical charge in microcoulombs (μC). 
The AUC calculations were carried out in Matlab R2022b.

Secondary outcomes

Safety and feasibility

Safety was assessed by the incidence of a skin burn and 
feasibility by the time spent performing the assessments.

Study size

Sample size was calculated a priori using the formula pro-
posed by Walter et al. (Walter et al. 1998) for reliability 
studies. Initially, 30 subjects were proposed in the critically 
ill group; however, due to the SARS-CoV-2 pandemic, the 
present study needed to be stopped with 12 participants. 
Thus, the post hoc power (1-β) was calculated, demonstrat-
ing a mean value of 83%. This calculation was carried out 
taking into account 11 subjects, a number of observations of 
2, significance level of 0.05, acceptable reliability of 0.8, and 
a mean of measured reliability of 0.96 in the AUC analysis.

Statistical methods

The normality of the data was tested with the Shapiro-Wilk 
test, and parametric and non-parametric tests were used, 
given the characteristics of the variables. The variables were 

described as mean and standard deviation or median and 
interquartile range. Agreement was assessed by the Bland-
Altman method and reliability by the intraclass correlation 
coefficient. The correlation coefficients were classified as 
suggested by Mukaka (2012): > 0.9, excellent; 0.7 to 0.9, 
good; 0.5 to 0.7, moderate; 0.3 to 0.5, fair; 0 to 0.3, slight.

Differences in SDT, SET, and time spent during the test 
were analyzed using the unpaired Student T-test. Statistically 
significant differences were assumed when p < 0.05. Data 
were analyzed using the software Graphpad Prism version 
8.3 (Graphpad Software, Inc., San Diego, California, USA).

Results

From the fifty-four participants assessed for eligibility, 
twenty-two were included in the study. The recruitment pro-
cess is described in the flow diagram (Fig. 2). Participants’ 
characteristics are presented in Table 1.

Stimulus electrodiagnosis test (SET)

The SET agreement was calculated using chronaxie, as 
this parameter is used to define neuromuscular excitability 

Table 1  Participants’ characteristics

AIS Abbreviated Injury Scale, MV mechanical ventilation, SAPS 3 
Simplified Acute Physiology Score 3
Variables are reported as mean and (± standard deviation), median 
and [interquartile range], or absolute frequency and (relative fre-
quency). The asterisk symbol (*) means all patients were sedated 
with fentanyl and midazolam

Variable Control Critically ill

n 10 11
Sex, n, male (%) 5 (50%) 8 (73%)
Age, years 36.9 ±6.5 44.1 ±11.5
AIS (head) - 5 [5–5]
Cause of injury
 Motorcycle, n (%) - 2 (18%)
 Beating, n (%) - 1 (9%)
 Gunshot, n (%) - 1 (9%)
 Fall, n (%) - 6 (55%)
 Pedestrians, n (%) - 1 (9%)
Penetration Trauma mechanism, n (%) - 1 (9%)
Operative Intervention, n (%) - 11 (100%)
SAPS III - 38 [36–43]
MV, days at the collection - 9.4 ±5.8
Sedation, days at the collection - 8.2 ±3.9
Use of sedative drugs, n (%)* - 11 (100%)
ICU stay, days at the collection - 8.3 ±5.7
Use of vasopressor drugs, n (%) - 6 (55%)
Use of carbapenem antibiotics, n (%) - 2 (18%)
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dysfunction (Paternostro-Sulga et al. 2002; Silva et al. 2018). 
The results of these assessments in the control and critically ill 
groups performed manually and automatically are presented 
in Fig. 3A to D. There were no statistical differences in the 
chronaxie assessed manually by the examiner and automatically 
by the device in both groups (Fig. 3E and F). The overall mean 
chronaxie in the control group and in the critically ill group 
were respectively 236 ±106 μs vs. 851 ±1159 μs (p < 0.0028).

Strength‑duration test (SDT)

The agreements of the SDT carried out manually and 
automatically are presented in Fig. 4A–D. There was no 
statically difference in the AUC plotted by manual and 
automatic assessments in both groups (Fig. 4E–F). The 
overall mean (manual and automatic) of the AUC in the 
control group and the critically ill group were respectively 
10.5 ±3.5 μC vs. 71.6 ±100.9 μC (p < 0.0002).

Safety and feasibility

In total, 168 SET and SDT were performed manually by 
the examiner and automatically by the device. No cases of 
skin burns or any side effects were detected. There were no 
statistical differences between the time spent in the manual 
or automatic assessments to perform the SET: automatic, 
mean (±SD) of 1.76 ±0.42 min vs. manual, 1.6 ±0.3 min 
respectively, p = 0.13. The automatic assessment spent more 
time than the manual to assess SDT: mean (±SD) of 4.98 
±2.52 min vs. 3.35 ±0.87 min respectively, p = 0.0076.

Discussion

The present study demonstrated low agreement bias in the 
automatic assessment of SET and SDT. The agreements of 
the SET and SDT were similar when performed manually 
and automatically. Both presented a good to excellent reli-
ability, and there was no significant difference between the 
absolute values of these two forms of assessment of SET 

and SDT. Moreover, it was shown that both the manual and 
automatic assessments are feasible and safe.

Electrodiagnostic tests in the ICU, such as nerve conduc-
tion studies and needle electromyography, can be a difficult 
task due to the electrically unfriendly environment (Lacomis 
2013). Thus, the SET can be viewed as a surrogate screening 
test that can be used to detect neuromuscular abnormalities 
(Paternostro-Sulga et al. 2002; Silva et al. 2019).

The assessment of chronaxie by the SET seems to be fun-
damental not only for diagnosis, but also for the prescrip-
tion of neuromuscular electrical stimulation (NMES) (Silva 
et al. 2019, 2018). Chronaxie defines the minimal level of 
neuromuscular excitability, and its value should be applied 
to pulse duration to evoke effective contractions, in order to 
avoid muscle atrophy (Silva et al. 2017). The precise defini-
tion of chronaxie could be the starting point for an adequate 
diagnosis of neuromuscular excitability and NMES treatment.

A previous study found that SET has a sensitivity of 100% 
in the acute phase and 86% in the subacute/chronic phase 
of muscle denervation in outpatients, compared to needle 
electromyography (Paternostro-Sulga et al. 2002). However, 
these authors did not assess all clinimetric properties of this 
test. A more recent study showed that the SET can present 
fair agreement in the inter-rater evaluation in an ICU setting 
when the tibialis anterior is assessed (de Araujo et al. 2019).

The level of reproducibility (reliability and/or agreement) 
of a test can be related to the previous training of the profes-
sionals (Brooks and Thomas 1995). Furthermore, both the 
SET and SDT have another critical point: the subjectivity of 
visual detection of the muscle contractions (de Araujo et al. 
2019). Thus, the heterogeneity in the expertise of the ICU 
team and the subjectivity can preclude adequate levels of 
inter-examiner reproducibility in these tests. Accordingly, 
the use of new automated technology that does not need a 
human decision can improve the clinimetric properties of SET 
and SDT. Consistent with the previous assertion, the present 
study showed that automatic SET assessment achieved high 
reliability in both the control and critically ill groups.

It has been advocated that SDT may be more robust to 
detect neuromuscular excitability dysfunctions than SET 
(Paternostro-Sulga et al. 2002). Chronaxie, in fact, is a 
point in the SDT curve. However, since the first studies that 
described SDT (Lapicque 1909; Ritchie 1944), few advances 
have been made to improve its assessment and decrease the 
subjectivity. The analysis of the SDT curve has been per-
formed visually, meaning that clinicians can provide subjec-
tive and imprecise descriptions.

The current study presented a novel way to objectively 
measure the movement of the curves using the calculation 
of the AUC. Thus, it is possible to numerically assess signals 
of worsening or improvement in neuromuscular excitability; 
the higher the AUC, the worse the neuromuscular excitabil-
ity. Moreover, it was demonstrated that the automatic SDT 

Fig. 3  Intra-rater agreement of chronaxie measured from stimulus 
electrodiagnosis test, manually and automatically. The Bland-Altman 
plot of the intra-rater comparison between two repeated measures of 
chronaxie during the SET taken by the examiner manually and the 
device automatically. Differences and averages were calculated from 
the repeated measures recorded on the tibialis anterior muscle. Upper 
and lower discontinuous traces show respectively the bounds of a 
95% range of the LOA; the continuous line presents the bias mean. 
The ICC between repeated measures is indicated for each graph. 
Squares in the graphs represent manual assessments, and circles rep-
resent automatic assessments. ICC, intraclass correlation coefficient; 
LOA, limit of agreement; SET, stimulus electrodiagnosis test

◂
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assessment has a low agreement bias, which allows different 
examiners to carry out this test.

Recently, Fagoni et al. (2021) carried out the SDT in 
critically ill patients and concluded that this is a feasible 
tool to assess neuromuscular excitability dysfunctions. 
Moreover, SDT can provide additional information to that 
obtained by electroneuromyography. The authors performed 
a manual assessment and used a low charge protocol, with 
a pulse duration ranging from 50 up to 450 μs. This proto-
col can limit the assessment of patients with neuromuscular 
excitability dysfunctions as demonstrated by the authors. 
It has been shown that patients with neuromuscular excit-
ability dysfunctions need high values of charge in SDT to 
be assessed (Ritchie 1944; Silva et al. 2018). Classically, 
therefore, this test has been carried out using pulse duration 
ranges up to infinite values (i.e., >200 ms) as in the present 
study (Geddes and Bourland 1985).

A possible application of the SDT, beyond diagnosis, is 
to guide the treatment of neuromuscular dysfunctions. It 
has been demonstrated that many patients in the ICU are 
“non-responders” to NMES, i.e., their muscles are unexcit-
able with traditional protocols: pulse width up to 500 μs 
and intensity up to 120 mA (Grunow et al. 2019; Segers 
et al. 2014). The present results reinforce that neuromuscular 
excitability depends on the charge applied and that the SDT, 
like the SET, can guide the ICU team on the more precise 
dose to be used during NMES.

Our results demonstrate that manual and automatic 
assessments of both tests are safe and feasible, overall 
requiring less than 5 min to perform. The major complica-
tion of this type of test is the incidence of skin burns, caused 
in this context by the high current density (i.e., values > 50 
μA/mm2) (Scheiner et al. 1990). No cases of skin burns were 
documented in the present study, which could be due to the 
safety algorithm applied in this new technology. The device 
is programmed to avoid a current density > 35 μA/mm2; the 
examiner is required to inform the electrode size, and the 
intensity is limited based on that cut-off. Due to this safety 
tool, one participant in the critically ill group could not be 
completely assessed. The participant presented generalized 
edema, and to perform SDT, it would have been necessary 
to overcome the safety limits of current density.

Some limitations should be addressed in our study. This 
was a single-center observational study with healthy partici-
pants and critical traumatic brain injury patients; thus, the 
findings may not be generalizable to different settings and 
patients. As a result of the SARS-CoV-2 pandemic, the study 
needed to be stopped before reaching the established sample 
size. Nevertheless, the power post hoc analysis demonstrated 
a β error < 20%. Finally, the weight of our sensor (15.5 g) 
exceeded the recommendation by Ahn et al. (2016) of 13 g 
as ideal for mechanomyography measurements. However, 
for the proposed application in our work, which uses accel-
erometry to determine whether a muscle contraction has 
occurred or not, the high-frequency components present in 
the mechanomyography signal were not necessary.

Further studies are required to define the cut-off of the 
SET and SDT to diagnose ICU-acquired weakness. The use 
of electroneuromyography may be an adequate tool to be 
used as the gold standard.

Conclusion

The current study demonstrated that the novel technology 
used to perform the SET and SDT automatically presents 
low agreement bias and good to excellent reliability. Fur-
thermore, the results have shown its feasibility and safety. 
Further studies in different settings with larger sample sizes 
are necessary to confirm the present findings.
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