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Abstract
The aim of this study was to assess whether automated torque-based stimulator triggering could
improve precision in delivering stimuli near peak torque during voluntary activation tests. The
quadriceps activation test was used as a test model in eleven volunteers. Automated torque-based
triggering reduced stimulus delivery timing errors by 75% when compared with conventional
automated time-based triggering. Torque-based stimulator triggering is recommended as an
alternative to automated time-based triggering in voluntary activation tests, as torque-based
triggering improves stimulus timing precision and thereby reduces measurement error.
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Introduction
Voluntary muscle activation is commonly estimated using the interpolated twitch (ITT) or
burst superimposition techniques.14 In these techniques, an electrical stimulus is introduced
during a maximal voluntary isometric contraction (MVIC) with the goal of activating motor
units that are inactive or firing sub-maximally. The torque increment associated with the
electrical stimulus is then used to assess the completeness of voluntary activation.7
Electrical stimuli are conventionally delivered by one of two methods: 1) manually by
visually inspecting the torque curve and triggering the stimulator at the point perceived to be
peak torque/force2,5, or 2) automatically at a set time-point following the onset of volitional
contraction.3,11,17 It is rare, however, for the stimulus to be delivered at peak torque with
these approaches.12,14 Hence, some measurement error is introduced to the estimation of
voluntary activation. The difficulty in delivering the stimulus at or near peak torque is
recognized as one of the shortcomings of these voluntary activation tests.12,14 Triggering
the stimulator using feedback from real-time torque signals has been suggested as a method
that may improve the likelihood of delivering stimuli close to peak torque.1,14 However, to
our knowledge the validity of this suggested approach has not been verified through
investigation. Therefore, the aim of this study was to test the hypothesis that automated
torque-based stimulator triggering would deliver electrical stimuli significantly closer to
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peak torque than was achieved by a conventional automated time-based stimulator triggering
approach in which the stimulator was triggered three seconds after the onset of an MVIC.

Materials & Methods
Eleven young people (6 males, 5 females) with no history of serious lower extremity injuries
participated in this study. Subjects refrained from strenuous activity for 24 hours prior to
participation. All subjects provided written informed consent to participation using a form
approved by the University of Iowa Human Subjects Research Institutional Review Board.

After a routine “warm-up” on a stationary bicycle, subjects were positioned on an isokinetic
dynamometer (HUMAC NORM Testing and Rehabilitation System, Computer Sports
Medicine, Inc., Stoughton, MA, USA) with their knees and hips fixed at 90° of flexion.
Subjects were tightly secured to the test system chair using a waist strap, chest straps, and a
thigh strap according to the manufacturer’s guidelines. Four sub-maximal trials (50% to
85% of perceived maximum effort) and one 5-second maximal voluntary isometric
contraction (MVIC) were performed to prepare the thigh muscles for testing and orient the
subjects to the testing procedures. After 3-minutes of rest, three 5-second MVICs were
performed with 3-minutes of rest between each trial. The test system software was used to
control the dynamometer and to signal the start and end of each trial and rest period. A
computer program written in LabVIEW (v. 7.0, National Instruments Corp., Austin, TX,
USA) was used to administer the test and record data. Torque signals were sampled using a
PC with a 16-bit A-to-D conversion board (NI PCI-6032E, National Instruments Corp.,
Austin, TX, USA), which provided a resolution of 0.012 N·m. During the three MVICs, two
lines were projected to a LCD monitor placed in front of the subjects. One was a torque
threshold line that provided the test administrator with real-time feedback related to when
the stimulator would trigger. For the first MVIC trial, this line was set at the peak torque
value the subject obtained during the practice MVIC. For subsequent trials, the torque
threshold lines were set at torque values that were slightly below (3%) the peak torque value
obtained in the preceding trials. The automated stimulator triggering process was
automatically initiated when the exerted torque exceeded this value. Including this threshold
ensured that electrical stimuli were not delivered when torque levels were clearly below a
subject’s maxima. Setting the initial torque threshold based on the peak torque recorded in
the practice MVIC is a reasonable approach. It is very rare for subjects to reach peak torque
on their first trial, and the approach yields a value close to the subject’s peak torque. The
second line was a target torque line that the subjects were instructed to attempt to surpass by
as much as possible during their MVIC trials. This torque target line was set at a torque
magnitude that was 10% higher than the torque threshold. Maximal effort was facilitated
using visualization of the subjects’ real-time torque signals, the target torque line, and loud
verbal encouragement.

Real-time torque data recorded during the MVICs were used as feedback in the automated
stimulus delivery program. Several case structures (True or False) and logical gates (e.g.,
AND gate, OR gate) were incorporated into the program so that the TTL pulse used to
trigger the high voltage constant current stimulator (model DS7AH, Digitimer Ltd.,
Hertfordshire, England) would only be generated when the torque exerted by the subject
exceeded the torque threshold and subsequently dropped by 1 N·m. The 1 N·m trigger value
was selected based on pilot testing performed in our laboratory. The case structures and
logical gates further ensured that the stimulator was only triggered once in each MVIC trial.
An output signal from the constant current stimulator was simultaneously sampled along
with the torque signals so that stimulus delivery was clearly identified. The sampling
frequency was 1000 Hz. Although the stimulator was triggered during each MVIC, the
intensity of the stimulus was set so that no current was delivered to the subjects’ thigh
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muscles. This approach was used, because our primary aim was to assess and compare the
precision of the two triggering approaches in delivering stimuli near peak torque. The
known aftereffects of stimulus superimposition on torque generation would have
confounded this analysis.

Data Analysis
The stimulus delivery precision of the two triggering methods was assessed by calculating
the percent error associated with the difference in torque between what was recorded at the
time of stimulus delivery and the peak torque value recorded during the MVIC trials:

[1]

The trial that produced the highest voluntary peak torque was used in analyses, as it is
customary to use the trial that produced highest voluntary torque when estimating voluntary
activation deficits.9,13,10,17 The Wilcoxon Signed Ranks Test was used to determine
significant differences between the two techniques. A significance level of α = 0.05 was
used.

Results
The automated torque-based stimulator triggering method was significantly (P = 0.016)
more precise in delivering stimuli near peak torque than the conventional time-based
triggering method (Figure 1). The conventional time-based method delivered the stimulus
when the exerted torque was on average, 5.1% (standard deviation: ± 4.9%) less than peak
torque, whereas the torque-based method delivered the stimulus when the exerted torque
was on average, 1.2% (± 0.8%) less than peak torque. Hence, the torque-based triggering
approach reduced error by approximately 75%.

Discussion
The inability to precisely introduce stimuli at peak torque/force is recognized as a source of
error in the ITT and burst superimposition methods of testing voluntary activation.12,14 The
results of this study clearly indicate that automated torque-based stimulator triggering
significantly improves the precision of stimulus delivery when compared to the conventional
time-based triggering approach. This finding was consistent in the sample studied; only one
subject had less error with the automated time-based triggering approach.

We chose an automated time-based stimulator triggering approach as a comparison for the
torque-based approach for the following reasons: 1) pilot-testing with 6 subjects in our
laboratory indicated that there was no significant difference in the precision of stimulus
delivery between automatic time-based triggering and manual triggering (error in automatic
time-based triggering = 6.0%, error in manual triggering = 6.2%), 2) analysis of data
reported in the literature from studies on quadriceps activation verified our own pilot study
results, as similar stimulus delivery precision was present with automatic and manual
triggering (automatic triggering error = 2.9%, manual triggering error = 3.1%),11,12, and 3)
the automatic triggering approach has been the most commonly reported approach in studies
published during the last 10 years. Based on our results from pilot study and analysis of data
in the literature, it is expected that the advantages in stimulus timing precision associated
with torque-based triggering would be similar whether the approach was compared with
manual triggering of the stimulator or the automated time-based triggering approach tested
in the present study. It is acknowledged, however, that a direct comparison of torque-based
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and manual stimulator triggering would be required to confirm this expectation. A valid
head-to-head comparison of the three approaches was in our opinion impractical and
unwarranted based on our preliminary analyses.

This study was designed so that no current was delivered to the subjects’ muscles when the
stimulator was triggered, because our goal was to accurately assess stimulus timing
precision of the two triggering approaches. The aftereffects of a supramaximal stimulus on
the subjects’ torque curves would have confounded our analysis. Although this design was
successful in enabling us to achieve our primary aim, it prevented us from defining how the
improved stimulus timing observed with the torque-based triggering affects estimates of
voluntary activation. Our experience to date using the torque-based triggering method when
assessing voluntary activation in both healthy people and in patients indicates that the
torque-based triggering approach does in fact reduce error in voluntary activation tests.

While automated torque-based triggering can significantly improve stimulus timing
precision, this approach is dependent on the user’s selection of torque thresholds.
Inappropriate selection of torque thresholds may lead to the stimulator triggering before
peak torque. This is especially true when testing populations in which torque curve
unsteadiness is common, such as the elderly and those who have sustained joint trauma.6,8
With appropriate selection of torque thresholds, instruction on generating a torque curve that
builds to a plateau, and the inclusion of a series of preparatory isometric contractions prior
to testing, stimulus delivery should be delivered consistently after peak torque. We
recommend that readers start with the pre-testing routine and torque threshold selection
approach described in this report and then modify the torque triggering parameters as
necessary based on the results obtained with their own test systems.

We used a quadriceps activation testing model, as this is a common test that is reported in
the literature and used in clinical settings; however, the results of this study are expected to
apply to activation tests in other regions of the body. The findings are also expected to be
applicable to voluntary activation tests that utilize other stimulation methods such as
transcranial magnetic stimulation. The results of this study will be meaningful to scientists
who use voluntary activation tests in research related to the effects and treatment of knee
and other joint pathologies in which voluntary activation failure is often profound.4,9,15–17
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Abbreviations

ITT Interpolated Twitch Technique

MVIC Maximal Voluntary Isometric Contraction

TTL Transistor-Transistor Logic
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Figure 1.
Two representative examples that demonstrate the precision of automated torque-based
stimulator triggering in delivering stimuli near-peak torque. The first example (A) is from a
female subject, and the second (B) is from a male subject. The torque threshold line
represents the torque required to initiate the automated stimulator triggering process. The
magnitude of this threshold was set using the peak torque values obtained during preceding
MVIC trials. The target torque line established a target that the subjects were instructed to
attempt to surpass by as much as possible during their MVIC trials. This was set 10% above
the threshold torque value. With the torque-based triggering method (solid vertical lines) a
stimulator was triggered when the torque exerted by the subject exceeded the torque
threshold and subsequently dropped by 1 N·m. With the conventional time-based triggering
method (broken vertical lines) the stimulator was triggered approximately 3 seconds after
the onset of contraction. Note that in both examples the torque-based approach triggered the
stimulator very close to peak torque, whereas the automated time-based approach triggered
the stimulator after peak torque in (A) and before peak torque in (B).
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