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Abstract

Background: Accurate quantification of voluntary activation is important for understanding the extent of quadriceps dysfunction in individuals
with anterior cruciate ligament reconstruction (ACLR). Voluntary activation has been quantified using both percent activation derived from the
interpolated twitch technique and central activation ratio (CAR) derived from the burst superimposition technique, as well as by using different
types of electrical stimulators and pulse train conditions. However, it is unclear how these parameters affect voluntary activation estimates in
individuals with ACLR. This study was performed to fill this important knowledge gap in the anterior cruciate ligament literature.

Methods: Quadriceps strength and voluntary activation were examined in 18 ACLR participants (12 quadriceps/patellar tendon graft, 6 hamstring
tendon graft; time since ACLR: 1.06 & 0.82 years, mean £ SD) at 90° of knee flexion using 2 stimulators (Digitimer and Grass) and pulse train
conditions (3-pulse and 10-pulse). Voluntary activation was quantified by calculating both CAR and percent activation.

Results: Results indicated that voluntary activation was significantly overestimated by CAR when compared with percent activation (p < 0.001).
Voluntary activation estimates were not affected by pulse train conditions when using percent activation; however, 3-pulse stimuli resulted in
greater overestimation than 10-pulse stimuli when using CAR (p = 0.003). Voluntary activation did not differ between stimulators (p > 0.05);
however, the Digitimer evoked greater torque at rest than the Grass (p < 0.001).

Conclusion: These results indicate that percent activation derived from the interpolated twitch technique provides superior estimates of voluntary
activation than CAR derived from burst superimposition and is less affected by pulse train conditions or stimulators in individuals with ACLR.

Keywords: Anterior cruciate ligament; Central activation; Inhibition; Knee strength; Triplet; Twitch interpolation

1. Introduction post-traumatic knee osteoarthritis,””> and decreased knee
health-related quality of life."® Accordingly, several studies
have focused on understanding the mechanisms that may con-
tribute to quadriceps weakness after ACLR.” "' The results of
these studies indicate that reduced quadriceps muscle volun-
tary activation (i.e., the inability to drive the muscle maximally
during a contraction) is a key factor for the immediate and per-
sistent quadriceps weakness postoperatively.'’ '

Voluntary activation is traditionally estimated in ACLR indi-
Peer review under responsibility of Shanghai University of Sport. viduals using an electrical superimposition technique where a
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Quadriceps muscle weakness is a common byproduct of
anterior cruciate ligament reconstruction (ACLR) and is
reported to persist for several years after completing rehabilita-
tion." Persistent quadriceps weakness is problematic because it
is associated with a host of suboptimal patient outcomes such
as aberrant knee biomechanics,” increased risk of early-onset
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to the quadriceps muscle while an individual is performing a
maximal voluntary isometric contraction (MVIC).”'*"> In indi-
viduals who are unable to fully activate all available motor units
or fire the motor units at a maximal rate, the superimposed elec-
trical stimulus augments the muscle force/torque.'® Expressing
the maximal voluntary muscle torque generated before the deliv-
ery of the electrical stimulus relative to the maximally evoked
torque following burst superimposition is commonly referred to
as the central activation ratio (CAR) in Eq. (1):"" 2!

MVIC

= 100
MVIC + Evoked torque during MVIC x

CAR(%) Eq. (1)

Voluntary activation can also be quantified using percent
activation derived from the interpolated twitch technique
(ITT) in which the delivery of a single, double, or train of 3 or
more stimuli are commonly used, as has been described in the
literature.”> ** The ITT is similar to the burst superimposition
technique in that an electrical stimulus is provided to the mus-
cle during an MVIC, but it also involves the application of an
identical electrical stimulus when the muscle is at rest and
potentiated (i.e., within a few seconds after MVIC)."® The
evoked torque during MVIC is then normalized to the evoked
torque at rest to compute percent activation in Eq. (2):

Evoked t during MVIC
Percent activation (%) = <1 voxed forque duning ) x 100 Eq. (2)

Evoked torque at rest

The advantage of providing an additional stimulus at rest is
that (1) it accounts for the inability of the electrical stimulus to
evoke a true maximal muscle torque and (2) it ensures that the
evoked torque during contraction is normalized to the torque
elicited by the same stimulated muscles and not to synergistic
muscles that may be contributing to torque produced during a
volitional contraction.'®”*~ " Furthermore, the evoked torque
at rest has been shown to provide additional insights into
changes in peripheral muscle morphology, especially in indi-
viduals with ACLR.*' Nonetheless, the burst superimposition
technique remains the method of choice for estimating volun-
tary activation in ACLR participants,'*'""'*'>3273% despite
the fact that the CAR has been shown to overestimate volun-
tary activation in healthy participants.””~***> Given that the
overestimation using CAR has been shown to increase with an
increase in activation deficit,””*" ITT may be a more sensitive
and superior approach for estimating voluntary muscle activa-
tion in patient populations that are known to have significant
voluntary activation deficits.

In addition to the quantification technique, the type of
electrical stimulator (constant current vs. constant voltage)
used during activation testing can affect the estimates of vol-
untary activation because of the differences in current inten-
sity delivered during testing.'® Constant current stimulators
adjust the voltage in response to change in impedance (i.e.,
skin/tissue resistance) to ensure that a constant current is
delivered to the participant during testing. Conversely, con-
stant voltage stimulators do not adjust the voltage in response
to changes in impedance; thus, the current delivered to the
participant will vary depending on the skin/tissue impedance
observed during testing. However, it is unclear to what extent
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the type of stimulator used during activation testing affects
the estimates of voluntary activation. This information is crit-
ical to compare results across studies that have used constant
voltage™”'"*!%%¢ and constant current’**’ " stimulators or
when choosing electrical stimulators for voluntary activation
testing.

The number of electrical pulses used during testing could
also affect voluntary activation estimates'® and have varied
throughout the literature.”'**" For example, single- and
double-pulse electrical stimuli are known to result in inconsis-
tencies or overestimations when quantifying voluntary activa-
tion because of the lesser evoked torque during contraction
and/or at rest.””"**' This factor is particularly problematic
when using the CAR because the superimposed torque during
contraction is not normalized to an evoked resting torque to
account for differences in the strength of the electrical stimuli.
Unfortunately, the effect of pulse train on voluntary activation
estimates has mainly been studied in healthy individuals free
of injury or neurologic deficits,””"" so less is known of these
effects in individuals with ACLR. Furthermore, many studies
in individuals with ACLR commonly report using a 3-pulse
or 10-pulse train of electrical stimuli,””'> and it is unclear if
voluntary activation estimates would differ when using a 3- or
10-pulse train. Thus, further research is needed to understand if
differences in methodologic techniques (i.e., stimulator type
and the number of pulses per train) affect estimates of volitional
activation and resting torques in individuals with ACLR.

Therefore, the purpose of this study was to compare the
effect of quantification technique (percent activation vs.
CAR), electrical pulse train (3-pulse vs. 10-pulse), and electri-
cal stimulator type (Digitimer (constant current stimulator) vs.
Grass (constant voltage stimulator)) on estimates of volitional
quadriceps muscle activation in individuals with ACLR. We
hypothesized that: (1) voluntary activation estimates obtained
from the CAR would be significantly higher than those from
ITT-based percent activation across both stimulators and elec-
trical pulse train conditions, (2) CAR-based voluntary activa-
tion would differ between stimulators and pulse train
conditions, and (3) voluntary activation estimates would sig-
nificantly differ between the 2 stimulators.

2. Methods
2.1. Participants

Eighteen individuals with unilateral ACLR were recruited
for this study. The participant characteristics and demo-
graphics are presented in Table 1. All participants provided
written informed consent/assent before participation, and the
study procedures were approved by the University of Michigan
Medical School Institutional Review Board. Participants were
included in this study if they were (1) at least 6 months and up
to 5 years post-ACLR and (2) between the ages of 16 and
40 years. Participants were excluded if they reported any of
the following: (1) more than 1 ACLR, (2) a history of injury or
surgery to the ACLR knee or the contralateral, unaffected
knee, (3) a history of significant anterior knee pain, (4) a his-
tory of recent fractures or surgery of the lower extremity, (5)
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Table 1

Participant characteristics and demographics (mean £ SD).
Demographic variable ACLR (n=18)
Age (year) 2228 £5.72
Height (m) 1.74 £ 0.09
Weight (kg) 69.66 £ 10.97

Sex (n) 10 females, 8 males
Time since ACLR (year) 1.06 + 0.82
Tegner activity score (0—10) 533 £1.37

Graft type 12 quadriceps/patellar tendon

8 hamstring tendon

Abbreviation: ACLR = anterior cruciate ligament reconstruction.

pregnancy (in female participants), and (6) a history of uncon-
trolled diabetes, hypertension, or other significant cardiac or
neurologic conditions.

2.2. Quadriceps strength and activation procedures

All participants completed quadriceps strength and activation
testing on the reconstructed leg in a 2-h visit. After orienting the
participant to the testing procedures, they were seated on an isoki-
netic dynamometer (Humac NORM; Computer Sports Medicine
Inc., Stoughton, MA, USA) with their knee and hip placed at 90°
and 85°, respectively. Their thigh, hip, and torso were secured to
the chair according to the manufacturer’s instructions. The chair
was adjusted to align each participant’s lateral femoral condyle
with the axis of rotation of the dynamometer arm, and the distal
torque pad was affixed to the shank at 2 finger widths above
the medial malleolus. Before testing, alcohol pads were used
to prepare the skin before applying 2 self-adhesive electrodes
(2.75 inch x 5.00 inch, Dura-Stick II; Chattanooga Group, Hixon,
TN, USA) to the proximal vastus lateralis and distal vastus medi-
alis muscles. After this procedure, participants completed a stan-
dardized warm-up protocol consisting of 2 submaximal trials at
50% and 75% of the participant’s perceived maximal effort and
1 practice MVIC trial with 1 min of rest between each trial. After
a 2-min rest period, the participant performed 8 MVIC trials
(with 2 min of rest between trials) during which voluntary quadri-
ceps muscle activation was evaluated with different electrical
stimulators and pulse train conditions (see below for details).
During the MVIC trials, participants were instructed to kick out
as hard and fast as possible with their hands crossed over their
chest. Loud verbal encouragement and visual feedback of their
torque curves were provided to facilitate maximal effort.

To test voluntary quadriceps muscle activation, 2 com-
monly used electrical stimulators (Digitimer DS7AH constant
current stimulator (Digitimer Ltd., Hertfordshire, UK) and
Grass S88 constant voltage stimulator (Grass-Telefactor; An
Astro-Med Inc., Warwick, RI, USA)) and pulse trains (3-pulse
and 10-pulse) were used.” ”'':'315%42 Pparticipants were
oriented to the pulse trains from both stimulators using several
submaximal electrical stimuli (Digitimer: 50—180 mA and
Grass: 30—90 V). The electrical stimuli during testing were
delivered using an automated torque-triggering approach via a
custom-written LabVIEW program (LabVIEW 11.0; National
Instruments Corp., Austin, TX, USA).** Briefly, participants
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were shown a visual torque target that was determined based
on a previously recorded MVIC. If a participant surpassed the
torque target and plateaued (as determined by a torque drop of
>1 N-m), the LabVIEW program automatically triggered the
electrical stimulator. Identical electrical stimuli were also pro-
vided immediately following the MVIC to obtain a potentiated
evoked torque at rest. Two MVIC trials were performed for
each condition (Digitimer 3-pulse, Digitimer 10-pulse, Grass 3-
pulse, and Grass 10-pulse), and 2 min of rest was provided
between each trial/condition. The order of testing for each of
the 4 conditions was randomized before participant enrollment
by first randomizing the device (Digitimer vs. Grass) and then
randomizing the pulse train conditions (3-pulse vs. 10-pulse).
The discomfort associated with the electrical stimuli (both at
rest and during contraction) for each condition was evaluated
using a visual analog scale (VAS) from 0 (ro pain) to 10 (the
worst imaginable pain). Stimulator settings (frequency, pulse
width, and intensity) on the Digitimer and Grass were based on
previous research and kept constant for all testing conditions
(Digitimer: 100Hz, 200-ps pulse duration, 400V; Grass:
100 Hz, 600-us pulse duration, 135 V)>7 !11315.:29.34736
except for differing pulse train conditions (i.e., 3-pulse and 10-
pulse). The current intensities for activation testing with Digi-
timer were determined on a sex-specific basis based on previous
work from Krishnan and Williams® (females: 290 mA, males:
360mA). We noted that the Grass stimulator overloaded on 2
occasions (i.e., the output circuit shut off for safety reasons). In
these instances, we recleaned the anterior thigh where the stimu-
lator electrodes were placed, reapplied the electrodes to reduce
skin impedance, and then reset the Grass-unit MVIC trials were
then repeated after adequate rest (i.e., 2 min).

2.3. Data management

The torque signals from the isokinetic dynamometer and the
synchronization pulses from the electrical stimulators were
sampled at 1000 Hz using a Dell Vostro 230 desktop with a
16-bit high-accuracy M-series data acquisition card (NI-USB-
6251; National Instruments, Austin, TX, USA). The raw tor-
que signals from the dynamometer were converted to torque
values (N-m) using calibrated equations determined before the
testing. All data were low-passed filtered with a 0 phase-lag
low-pass Butterworth digital filter (4th order, 10 Hz cut-off).
Estimates of voluntary activation were computed using the
CAR and percent activation methods as shown in Fig. 1. The
average peak torque and activation estimates derived from
the 2 MVIC trials were used in further analyses.

2.4. Statistical analyses

All statistical analyses were performed using SPSS for
Windows (Version 24.0; IBM Corp., Armonk, NY, USA).
Descriptive statistics were computed for each variable. A
one-way repeated measures analysis of variance (ANOVA)
was used to evaluate whether the peak torque values produced
during activation testing differed between the 4 conditions
(Digitimer 3-pulse, Digitimer 10-pulse, Grass 3-pulse, and
Grass 10-pulse). A three-way repeated measures ANOVA was
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Fig. 1. Schematic showing the calculation of voluntary activation estimates
using the percent activation and CAR. In the percent activation method
derived from the interpolated twitch technique, voluntary activation is quanti-
fied by comparing the torque increment associated with the electrical stimulus
during MVIC (“a — b” in the equation) to the torque generated by an identical
electrical stimulus delivered when the muscle is at rest (evoked torque at rest;
“c” in the equation). In the CAR method derived from the burst superimposi-
tion technique, voluntary activation is quantified by comparing the torque at
the time of electrical stimulus during MVIC (“b” in the equation) to the total
torque evoked by the electrical stimulus (“a” in the equation). Note that this is
identical to comparing the torque increment associated with the electrical
stimulus during MVIC (“a — b” in the equation) to the total torque evoked by
the electrical stimulus (“a” in the equation). CAR = central activation ratio;
MVIC = maximum voluntary isometric contraction.

used to evaluate whether the estimates of voluntary activation
were affected by quantification technique (percent activation,
CAR), type of stimulator (Digitimer, Grass), and pulse train
(3-pulse, 10-pulse) used during testing. A significant interac-
tion effect was followed by post hoc pairwise comparisons
using paired ¢ tests with a Bonferroni correction to adjust for
multiple comparisons. A two-way repeated measures ANOVA
was used to evaluate whether the evoked torque at rest differed
between stimulators and pulse train conditions. The nonpara-
metric Friedman test was used to compare the discomfort asso-
ciated with the electrical stimulus (VAS score) between the
resting and superimposed stimuli across pulse train conditions
(3-pulse and 10-pulse) and stimulators (Digitimer and Grass)
followed by post hoc analyses using the Wilcoxon signed-rank
test. Additionally, Pearson’s product-moment correlation analy-
ses were used to evaluate the associations between voluntary acti-
vation estimates derived from different quantification techniques
(percent activation and CAR) and pulse train conditions
(3-pulse and 10-pulse) using Digitimer and Grass stimulators. A
significance level of o = 0.05 was set for all statistical analyses.
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3. Results
3.1. MVIC peak torque across conditions

There were no significant differences in MVIC peak torque
values across conditions (F (3, 51)=1.059, partial *>=0.059,
p=0.375; Table 2), indicating that any differences observed in
voluntary activation estimates between conditions were not
confounded by the differences in peak torque values produced
during activation testing.

3.2. Voluntary activation estimates

Repeated measures ANOVA results revealed a significant
effect of quantification technique (F (1, 17)=24.895, partial
n”=0.594, p < 0.001) and train x quantification technique
(F (1, 17)=17.693, partial n*=0.312, p=0.013) interaction on
the estimates of voluntary activation. The main effect for
quantification technique indicated that voluntary activation
estimates were approximately 11.7% higher when using the
CAR than the ITT-based percent activation (95% confidence
interval (95%CI) mean difference: 6.734—16.603). Post hoc
analyses of the interaction effect indicated that the estimates
of voluntary activation differed significantly between pulse
train conditions when using the CAR (3-pulse CAR: 88.2% =+
2.4%, 10-pulse CAR: 86.4% =+ 2.8%, p=0.003), but not when
using the ITT-based percent activation (p =0.357). There were
no significant main effects of stimulator (¥ (1, 17)=0.009,
partial 7*=0.001, p=0.924) or pulse train conditions
(F (1, 17)=0.398, partial n*>=0.023, p=0.536) on voluntary
activation  estimates. Similarly, no stimulator x train
(F (1, 17)=0.738, partial 1>=0.042, p=0.402), stimula-
tor x quantification technique (F (1, 17)=2.690, partial
n*=0.137, p=0.119), or stimulator x train x quantification
technique (F (1, 17)=0.024, partial »°=0.001, p=0.879)
interactions were observed.

3.3. Evoked torque at rest

Repeated measures ANOVA results revealed a significant
main effect of stimulator (F (1, 17)=20.608, partial
n?=0.548, p < 0.001) and pulse train (F (1, 17)=55.804, par-
tial n”=0.766, p < 0.001) on the evoked torque at rest. The
main effect for stimulator indicated that the Digitimer stimula-
tor evoked approximately 10.1 N-m greater evoked torque at
rest than the Grass stimulator (95%CI mean difference:
5.4—14.8). The main effect for train indicated that across stim-
ulators the 10-pulse train evoked approximately 23.1 N-m
greater evoked torque at rest than the 3-pulse train (95%CI

Table 2
Estimates of quadriceps muscle voluntary activation, voluntary peak torque, and electrically evoked torque at rest across stimulators and pulse train conditions
(mean =+ SD).

ITT (%) CAR (%) Peak torque (N-m) Torque at rest (N-m)
Digitimer 3-pulse 7524223 874+£114 170.5 £ 59.6 86.6 £22.9
Digitimer 10-pulse 76.7 +20.0 86.2 £ 123 1729 £ 62.1 108.7 + 30.6
Grass 3-pulse 75.0 £ 19.9 89.0£9.5 171.7 £ 64.9 75.5+233
Grass 10-pulse 75.5+20.5 86.6 £ 11.6 169.0 & 66.9 99.6 £+ 30.5

Abbreviations: CAR = central activation ratio; ITT = interpolated twitch technique.



Methodologic factors affecting voluntary activation estimates

mean difference: 16.6—29.7). There was no significant stimu-
lator x train interaction effect on the evoked torque at rest
(F (1, 17)=0.737, partial n* =0.042, p =0.403).

3.4. Relationship between voluntary activation estimates from
various conditions

There were strong correlations between voluntary activa-
tion estimates derived from the CAR and ITT-based percent
activation methods for both the stimulators (»=0.935—0.973,
all p < 0.001; Table 3 and Fig. 2). There were also strong cor-
relations between voluntary activation estimates derived from
the 3-pulse and 10-pulse trains for both stimulators
(r=0.962—0.981, all p < 0.001; Table 3 and Fig. 3).

3.5. Discomfort associated with electrical stimuli during testing

The Friedman test indicated a significant difference in
VAS scores between various testing conditions (df=7,
x*>=102.034, p < 0.001). Post hoc analyses indicated that the
discomfort associated with electrical stimuli delivered at rest
was greater than during maximal contraction across stimula-
tors and pulse train conditions (all p < 0.001, Table 4). Simi-
larly, the discomfort associated with 10-pulse electrical stimuli
was greater than 3-pulse electrical stimuli (all p < 0.05). This
was particularly the case when the train of electrical stimuli
was provided with the Digitimer stimulator (Table 4).

4. Discussion

The primary purpose of this study was to compare the effect
of quantification technique (percent activation, CAR), pulse
train condition (3-pulse, 10-pulse), and stimulator type (Digi-
timer, Grass) on the estimates of voluntary quadriceps muscle
activation in individuals with ACLR. Additionally, we exam-
ined the relationship between voluntary activation estimates
derived from the interpolated twitch (i.e., percent activation)
and burst superimposition (i.e., CAR) techniques. The key
findings of this study are that (1) voluntary activation was

Table 3

Correlation coefficients describing the strength of association between volun-
tary activation estimates obtained from different quantification techniques and
pulse train conditions using Digitimer and Grass stimulators.

B » Lower Upper
95%CI 95%ClI
Digitimer (constant current)
3-pulse ITT vs. 3-pulse CAR 0.967 <0.001 0.911 0.988
10-pulse ITT vs. 10-pulse CAR 0.973 <0.001 0.927 0.990
3-pulse ITT vs. 10-pulse ITT 0.962 <0.001 0.898 0.986

3-pulse CAR vs. 10-pulse CAR 0.981
Grass (constant voltage)

<0.001 0.948 0.993

3-pulse ITT vs. 3-pulse CAR 0.959 <0.001 0.891 0.985
10-pulse ITT vs. 10-pulse CAR 0.935 <0.001 0.830 0.976
3-pulse ITT vs. 10-pulse ITT 0.962 <0.001 0.899 0.986

3-pulse CAR vs. 10-pulse CAR 0.967 <0.001 0.912 0.988

Abbreviations: 95%CI=95% confidence interval, CAR = central activation
ratio (derived from burst superimposition technique); ITT = interpolated
twitch technique.
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significantly overestimated by the CAR when compared with
percent activation; (2) voluntary activation did not differ
between pulse train conditions when using percent activation,
although 3-pulse stimuli resulted in greater overestimation
than 10-pulse stimuli when using CAR; (3) the type of electri-
cal stimulator did not affect the estimates of voluntary activa-
tion, although the strength of the electrical stimuli (as
determined by the evoked torque at rest) was greater when
using the Digitimer than when using the Grass stimulator; and
(4) the estimates of voluntary activation derived from the 2
quantification techniques were strongly associated.

Accurately quantifying voluntary activation deficits in individ-
uals with ACLR is important to understanding the extent of quad-
riceps dysfunction. Previous studies have used the CAR and
ITT-based percent activation to quantify voluntary activation in
individuals with ACLR,>"7~!1:13719:34.36.384445 yu¢ there are no
studies that have directly compared each technique in an ACLR
population. This information is key to accurately compare results
across studies, especially considering that CAR is known to over-
estimate voluntary activation in healthy, uninjured popula-
tions.””*” Our results show that voluntary activation estimates are
about 12% greater when using the CAR compared with percent
activation, which is in agreement with our hypothesis and consis-
tent with findings in healthy cohorts.””*” Our finding also seems
to be supported by the existing anterior cruciate ligament litera-
ture, where quadriceps activation values are generally lower in
studies in which voluntary activation was quantified with percent
activation compared with those quantifying activation with the
CAR. For example, studies using the percent activation method
have shown that individuals with anterior cruciate ligament
injuries have about 20%—25% of activation deficits,”****> which
can persist even 2 years after surgery.** However, studies using
the CAR method have shown that activation deficits are generally
less than 10% both before surgery and at a time-point when
individuals return to sports.”” >' The CAR method provides
higher estimates of voluntary activation when compared with the
ITT-based percent activation because it fails to account for the
inability of the electrical stimuli to evoke a true maximal muscle
torque.”” As a result, the torque to which the evoked torque during
contraction is normalized always ends up being higher in the
CAR method, which results in an overestimation of voluntary
activation. Although percent activation and the CAR are highly
correlated, as shown in our study (» > 0.940) and in other stud-
ies,””” it needs to be understood that direct comparisons of volun-
tary activation estimates cannot be made across studies using
different techniques without correcting the CAR.* This factor is
especially problematic when activation deficits are significant
(e.g., early after the injury or surgery), because the differences in
voluntary activation estimates between the 2 methods increase as
a function of increasing activation deficits (i.e., greater
activation deficits will result in greater differences in vol-
untary activation estimates between CAR and percent acti-
vation). Moreover, it is important to note that the
relationship between voluntary activation estimates derived
from CAR and ITT (for both stimulators and pulse train
conditions) becomes more variable when activation deficits
are substantial (i.e., >40%) (Fig. 2).
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Fig. 2. Scatterplots demonstrating the relationship between voluntary activation estimates derived from the percent activation method and the CAR across all 4
experimental conditions: (A) Digitimer 3-pulse, (B) Digitimer 10-pulse, (C) Grass 3-pulse, and (D) Grass 10-pulse. Note that there was a strong linear relationship
between activation values obtained from the percent activation method and the CAR for both constant current (Digitimer) and constant voltage (Grass) stimulators
and 10-pulse and 3-pulse electrical trains. CAR = central activation ratio; ITT = interpolated twitch technique.

Both constant current (Digitimer) and constant voltage
(Grass) stimulators have been used when quantifying volun-
tary activation. However, it was unclear until now whether the
type of stimulator affects the estimates of voluntary activation.
This information is important to reliably compare results
across studies and also to choose the appropriate type of stimu-
lator when assessing voluntary activation. Our findings indi-
cate that either stimulator can be used for activation testing
because the voluntary activation estimates did not differ
significantly between stimulators. However, it is to be noted
that the Digitimer produced greater evoked torque at rest than
the Grass, indicating that the Digitimer has a greater ability to
deliver the required current to maximally stimulate the quadri-
ceps muscle during activation testing. Moreover, in our experi-
ence, the Grass stimulator sometimes overloads (i.e., the
output circuit will shut off for safety reasons to prevent compo-
nent damage because of overload or short circuiting) or pla-
teaus before eliciting a maximal muscle torque (i.e., the
evoked torque at rest does not plateau/decrease before the
maximal stimulator output is reached), which could result in
measurement errors. In the case of device overload, if adequate

measures are not taken (i.e., recleansing of the skin with alco-
hol to decrease skin impedance, reapplication of electrode
pads, efc.), suboptimal stimulation may be delivered to the
muscle. Furthermore, it is possible that the reliability of con-
stant voltage stimulators may be lower for longitudinal investi-
gations because the differences in skin/tissue impedance
between days could alter the amount of current delivered to
the muscle. For these reasons, it may be more beneficial to use
a constant current stimulator as opposed to a constant voltage
stimulator (like Grass) for voluntary activation testing.

The number of pulses in the electrical stimuli are known to
affect voluntary activation estimates.'“>” Previous research has
shown that voluntary activation values are more consistent
between trials and are also better estimated with a higher number
of pulses.””**' However, the benefits of a higher number of
pulses plateau after 3 or more pulses for the percent activation
method, but not for the CAR.>>** Our results corroborate these
findings; we found no difference in voluntary activation estimates
between pulse train conditions when using the percent activation
but did find differences between pulse trains when using the
CAR. The differences in voluntary activation values between
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Fig. 3. Scatterplots demonstrating the relationship between voluntary activation estimates derived using the 10-pulse and 3-pulse electrical stimuli. Note that there
was a strong linear relationship between activation values obtained from the 3-pulse and 10-pulse electrical stimuli for both stimulators (constant current (Digi-
timer, A and B) and constant voltage (Grass, C and D)) and quantification techniques (percent activation, A and C; CAR, B and D) used in this study. CAR = cen-

tral activation ratio.

pulse train conditions were only observed with the CAR and not
with percent activation because of how the activation values are
computed in these techniques. In the CAR method, the superim-
posed torque (i.e., evoked torque during MVIC) is normalized to
the total torque during MVIC (i.e., MVIC + superimposed tor-
que), whereas in the percent activation method, the superim-
posed torque is normalized to the torque evoked by the same

Table 4
VAS score of discomfort associated with electrical stimuli during MVIC and
at rest.

MVIC Rest
Digitimer 3-pulse 2.0 (1.5—-4.0) 5.0 (4.0-6.0)
Digitimer 10-pulse 5.0(3.0-5.5) 7.0 (5.0-8.0)
Grass 3-pulse 1.8 (1.0-3.3) 4.0 (2.0-5.0)
Grass 10-pulse 2.0 (1.0—-4.0) 4.0 (3.0-6.0)

Note: Values are presented as median (25th—75th percentiles).

Abbreviations: MVIC = maximum voluntary isometric contraction; VAS = visual

analog scale.

stimulus at rest. Thus, unlike CAR estimates, the percent activa-
tion estimates are less susceptible to differences in pulse param-
eters because any differences in the superimposed torque due to
differences in pulse trains are better accounted for by normaliz-
ing it to the evoked torque at rest. Considering that voluntary
activation values derived from the CAR are significantly
affected by the number of pulses in the electrical stimuli, we
recommend using percent activation derived from the ITT or, at
the very least, employing a wider pulse CAR train (>10 pulses)
to minimize the overestimation of voluntary activation derived
from CAR.

It is to be noted, though, that the discomfort associated with
the electrical stimulation is a key factor that limits the ability
of an investigator to select a wide pulse train during voluntary
activation testing. This discomfort is particularly higher when
providing an electrical stimulus at rest than during an
MVIC.”> As a result, many investigators favor the use of the
burst superimposition technique over the ITT. Although our
findings confirm that participant discomfort during the resting
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stimulation was greater than during the MVIC, the discomfort
owing to 3-pulse electrical stimuli at rest was similar to
10-pulse electrical stimuli during contraction (median VAS
scores of 4.0 and 3.8, respectively). Hence, using a 3-pulse
ITT instead of a 10-pulse CAR will provide more accurate
voluntary activation estimates while simultaneously minimizing
participant discomfort during activation testing.

There are some potential limitations to this study. We evalu-
ated voluntary activation at 90° of knee flexion even though
activation deficits are known to be higher at shorter knee angles
(i.e., <90°).” However, most studies have used the 90° angle for
quadriceps strength and activation testing, ' !+!315-3447:4854 1¢
is unclear if our results for the 90° knee flexion angle are
generalizable to other knee angles, and further research is
needed to verify whether our findings hold true at different
knee angles. Another limitation involves our use of prede-
termined stimulus intensities based on previous research,
since we wanted to minimize participant discomfort during
testing. However, it is possible that optimal intensities may
have differed for each person’’ and could have resulted in
some measurement error when estimating voluntary activa-
tion. Finally, fatigue and/or participant familiarization with
electrical stimulation may have affected voluntary activa-
tion estimates and VAS scores. However, we believe that
this is extremely unlikely to have affected the general find-
ings in our study given that we provided adequate rest
between trials (2 min), randomized the order of testing
conditions, and did not observe significant differences in
MVIC peak torque values across conditions (Table 2).

5. Conclusion

The results of this study indicate that the estimates of
voluntary activation are not affected by the type of electrical
stimulator but are significantly affected by the quantification
technique used during voluntary activation testing in indi-
viduals with ACLR. Notably, in our sample, CAR-based
estimates were about 12% greater than the estimates derived
from ITT-based percent activation—this difference in acti-
vation estimates is expected to further increase with an
increase in voluntary activation deficit (e.g., individuals
with acute anterior cruciate ligament injury/surgery). The
results also indicate that voluntary activation estimates
derived from the ITT-based percent activation are less
affected by variations in pulse trains and stimulators when
compared with those derived from the CAR. However, we
note that the discomfort due to evoked torque at rest in ITT
is greater. Nonetheless, a 3-pulse ITT instead of a 10-pulse
CAR with Digitimer or Grass could be used to accurately
quantify voluntary activation estimates while simulta-
neously keeping participant discomfort at the minimum.
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