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Abstract

Background Neuromuscular electrical stimulation (NMES) is effective in muscle strengthening after orthopedic
injury particularly when muscle activation failure is present, but the associated pain can be a barrier. Pain itself can
produce a pain inhibitory response called Conditioned Pain Modulation (CPM). CPM is often used in research studies
to assess the state of the pain processing system. However, the inhibitory response of CPM could make NMES more
tolerable to patients and could improve functional outcomes in people with pain. This study compares the pain-
inhibitory effect of NMES compared to volitional contractions and noxious electrical stimulation (NXES).

Methods Healthy participants, 18-30 years of age experienced 3 conditions: 10 NMES contractions, 10 bursts of NXES
on the patella, and 10 volitional contractions on the right knee. Pressure pain thresholds (PPT) were measured before
and after each condition in both knees and the middle finger. Pain was reported on an 11-point VAS. Repeated meas-
ures ANOVAs with 2 factors: site and time were performed for each condition followed by post-hoc paired t-tests, with
Bonferroni correction.

Results Pain ratings were higher in the NxES condition compared to NMES (p=.000). No differences in PPTs prior to
each condition were observed but PPTs were significantly higher in the right and left knees after the NMES contrac-
tions (p=.000, p=.013, respectively) and after the NxES (p =.006, P-.006, respectively). Pain during NMES and NxES
did not correlate with pain inhibition (p>.05). Self-reported pain sensitivity correlated with pain during NxES.

Conclusion NXES and NMES produced higher PPTs in both knees but not in the finger, suggesting that the mecha-
nisms responsible for the reduction in pain are located in the spinal cord and local tissues. Pain reduction was elicited
during the NxES and NMES conditions regardless of the self-reported pain ratings. When NMES is used for muscle
strengthening significant pain reduction can also occur, which is an unintended benefit of the intervention that could
improve functional outcomes in patients.

Keywords Neuromuscular electrical stimulation, Pain inhibition, Conditioned pain modulation, Quadriceps,
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muscle activation is arthrogenous muscle inhibition,
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which has been related to joint distension associated
with effusion [1, 2] and nociceptive signaling [3, 4]. A
number of treatment interventions are effective in man-
aging arthrogenous muscle inhibition. EMG biofeed-
back is a mechanism to make electrical signals generated
during muscle contraction visible to patients. Patients
can be trained to increase the EMG level by increas-
ing volitional motor unit recruitment and/or rate cod-
ing that can increase force production. Biofeedback has
been shown to be effective for increasing force produc-
tion in numerous populations [5-7]. Another treatment
approach involves neuromuscular electrical stimulation
(NMES) [8, 9] which bypasses the central nervous system
and activates muscle directly through the activation of
motor neurons. Moreover, NMES increases the excitabil-
ity of the nervous system at the spinal and cortical levels
[10-12], which can help to overcome muscle inhibition
thus enabling volitional muscle contractions to be more
effective. NMES is beneficial for people with or without
arthrogenic muscle inhibition because of the manner in
which motor units are recruited. Volitional recruitment
follows Henneman’s Size Principle, thus motor units are
recruited from small to large size [13, 14]. Large, strong
motor units are typically only recruited volitionally dur-
ing high force or rapid contractions and may not be acti-
vated during typical strengthening programs. NMES
activates motor axons so recruitment is dictated by the
biophysics of the axon that is largely related to neuron’s
diameter [11]. Therefore, large diameter neurons may be
activated before smaller diameter neurons [15], although
the recruitment order is not reversed in the strict sense
because proximity to the stimulation electrodes also plays
arole [15, 16]. Nonetheless, NMES activates more motor
units capable of generating large forces than volitional
contractions at the same force level making strengthen-
ing more effective.

NMES will also activate neurons that transmit noxious
stimuli that can lead to significant discomfort, which is
a potential barrier to its use [17, 18]. However, the ben-
efits of NMES outweigh the discomfort so patient edu-
cation is key to its success. One aspect of NMES that is
largely overlooked is the potential for pain inhibitory
mechanisms to be activated via the noxious sensations
of the stimulation. Conditioned pain modulation (CPM)
is a well-documented pain-relieving phenomenon that
is described as “pain inhibiting pain’, which is called dif-
fuse noxious inhibitory control in animals [19]. This type
of pain inhibition is measured by testing pain thresh-
olds before and after a painful conditioning stimulus
is applied. Thus, any painful conditioning stimulus has
the potential to elicit this type of pain inhibition in peo-
ple with typical nervous systems. While the most com-
mon reason to use NMES in musculoskeletal conditions
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is to increase the force generating capacity of a muscle,
the pain sensations of the contractions could also serve
as conditioning stimuli that inhibits pain, which would
be an unintended benefit of NMES, but this has not been
investigated experimentally. The purpose of this study
was to apply NMES using a protocol similar to that used
for muscle strengthening, and explore the pain inhibition.
We compared the effects of NMES-elicited contractions
to voluntary muscle contractions and to that of noxious
electrical stimulation (NxES) without muscle contrac-
tion to control for the independent effects that pain and
exercise can have on pain inhibition. We hypothesized
that electrical stimulation of muscle that would be pain-
ful thus would produce similar levels of pain inhibition
as noxious electrical stimulation. We also hypothesized
that, when the painful stimuli were applied to the right
leg, pain inhibition would be present in both knees, and
in the finger because mechanisms involved in CPM have
been identified at the level of the spinal cord as well as
higher brain centers. Healthy young adults were tested
so that impaired pain processing, which is often associ-
ated with musculoskeletal pain, would not influence the
results.

Methods

Participants in this exploratory study were recruited from
9/1/2018 thru 8/31/2019 from a sample of convenience
of young healthy men and women between the ages of
18-30 who gave informed consent that was approved by
the Institutional Review Board of the University of New
England (#18.09.05-003). The research protocol was reg-
istered on ClinicalTrials.gov on 15-03-2022 (Identifier:
NCT05280522). The rights of all participants were pro-
tected and each participant was informed that their data
would be submitted for publication. Exclusion criteria
included: uncontrolled high blood pressure, diabetes,
leg or spine injury in the past 12 months that required
the care of a medical practitioner, pain in the previous
6 months lasting more than 3 days, fibromyalgia or other
chronic pain condition, neurological condition, dizziness,
or unexplained falls.

Participants that were enrolled included 19 young
healthy individuals aged 19-30 (x¥=24.4,42.5) years; 9
were female (Fig. 1).

Testing took place over two sessions, in the Motion
Analysis Laboratory of the University of New England
separated by at least one hour. In session 1, participants
were familiarized with any procedures that could cause
pain, and the maximum voluntary isometric contraction
(MVIC) of the quadriceps muscles was measured.

In session 2, participants took part in three experi-
mental conditions: Volitional contractions at 20%
MVIC, NMES contractions at 20% MVIC and noxious
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Fig. 1 Study Flow Diagram

stimulation at the highest tolerable level. The NMES
condition was applied last because it can cause muscle
fatigue that would interfere with the volitional condi-
tion. The order of the volitional contractions and noxious
stimulation conditions was alternated between first and
second in testing order for consecutive participants.

Participants were positioned in an isokinetic
dynamometer with the knee flexed to~90°. After 3—4
submaximal warm up contractions, participants gen-
erated maximum knee extension force while vigorous
verbal encouragement was provided. Two trials were col-
lected with~30 s between trials. The maximum forces
from the 2 trials were averaged and used to determine
the target force of 20% MVIC.

Volitional contractions (VOL)

Participants were provided visual feedback showing the
20% MVIC force and instructed to produce the target
force for 10 s then relax for 50 s. The timing was provided
by the research personnel. This was repeated 10 times.

Electrically elicited contractions

Two, large, self-adhesive electrodes (~8 x 12 cm) were
applied to the proximal and distal thigh. An electrical
stimulation unit (EMPI PV300, DJO Global, Vista, CA)
delivered monophasic square wave pulses (duration
400 ps, frequency 40 Hz) for up to 30 s. The amplitude of
the current was slowly increased to generate 20% MVIC
force and the amplitude was recorded. The timing used
during neuromuscular stimulation for strengthening is
10 s on: 50 s off for 10 contractions. Ten second contrac-
tions allows time for sufficient overload to the muscle to
elicit strength gains and 50 s off time provides sufficient
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time for the muscle to recover physiologically. Ten con-
tractions, 10 s in duration separated by 50 s rest periods
were generated.

Noxious Stimulation (NXES)
A monopolar electrode setup was used to deliver the
noxious stimulation. A 1x 2 cm self-adhesive electrode
placed over the base of the patella. A large electrode
served as the dispersive electrode that was positioned
over the distal quadriceps muscles. Monophasic square
wave pulses (duration 400 us, frequency 80 Hz) for up
to 30 s while the amplitude was slowly increased to the
maximum tolerated by the subject. The maximum tol-
erated current amplitude was recorded and used during
the NxES condition. Noxious stimulation for pain relief
is typically delivered 10 s on: 10 s off for 15-20 min 6.
However, we maintained similar timing for all of the con-
ditions to allow comparison. Thus, the volitional con-
tractions, electrically elicited contractions, and noxious
stimulation were all performed for 10 s on: 50 s off.
Participants also rated the pain during each of the 10 s
muscle contractions and the application of NxES on a
100-point visual analog scale. The pain ratings were aver-
aged across all 10 stimuli or contractions and the average
was used in the analyses.

Pressure pain threshold testing

Pressure pain threshold (PPT) was used to assess pain as
described by [20], using a pressure algometer (Algomed,
Medco, Durham, NC). Pressure was applied over the
quadriceps tendon 1 cm proximal to the patella through a
1.0 cm diameter tip at a rate of 30 kPa/s [20]. The subject
was instructed, using a standard script, to indicate when
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the sensation changed from deep pressure to pain. While
the muscle contractions and noxious stimulation were
performed on the right quadriceps muscles or tendon,
respectively, pressure pain thresholds were measured in
the same knee, as well as the contralateral knee (the same
level of the spinal cord) and in the distal phalanx of the
middle finger of the right hand, to assess pain inhibition
at a different spinal level. Three consecutive PPTs were
measured at each site, > 30 s between each measurement
and the last 2 measurements were averaged and used in
the analysis. The difference between the pre- and post-
condition PPTs was operationally defined as conditioned
pain modulation (CPM) and used in the analysis.

A subset of 10 participants completed the Pain Sensi-
tivity Questionnaire (PSQ) to assess general sensitivity to
pain. The PSQ is a 17-item self-report questionnaire that
involves rating pain in imagined painful situations that
includes different types of pain and different body loca-
tions [21, 22]. In healthy subjects, The PSQ score relates
to pain intensity ratings but not pain thresholds [21].

Statistical analysis

To determine whether PPT measurements were differ-
ent at the three body sites, a repeated measures ANOVA
with 2 factors: intervention (levels: volitional contrac-
tions, electrically elicited contractions, noxious stimu-
lation) and site (Levels: RKnee, LKnee, Finger) was run
on the pre-intervention PPT measurements because
they would have been unaffected by the interventions.
To assess our a-priori hypothesis that noxious stimula-
tion and electrically elicited contractions would produce
a pain inhibition while volitional contractions would not,
we performed a repeated measures ANOVA with 2 fac-
tors: site (RKnee, LKnee, Finger) and time (pre, post)
for each condition followed by post-hoc paired t-tests,
with Bonferroni correction for multiple comparisons.
To determine if there was a significant difference in pain
inhibition induced by the electrical contractions and the
noxious stimulation, repeated measures ANOVA with
2 factors: Intervention (electrical contractions, noxious
stimulation) and time (pre, post) were performed sepa-
rately on data measured at the RKnee, LKnee and Finger.

Results

The target force for the volitional and electrically elicited
contractions was 20% MVIC, and the average, measured
force during the 10 contractions was greater during the
volitional contractions (28.7%MVIC (£2.4)) than during
the electrically elicited contractions (23.7%MVIC (+5.7);
t=4.489, p=0.000). Pain ratings during the electrical
muscle contractions were lower than in the noxious stim-
ulation as illustrated in Fig. 2 (t=-5.859, p =0.000). None
of the participants experienced any harm or unintended
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Fig. 2 Average pain ratings during the NMES contractions and
NXES. Error bars represent 95% Cl. * indicates a statistically significant
difference at the level p <.05

effects of the study procedures. Nor did any of the par-
ticipants experience discomfort during the volitional
contractions.

Differences between body sites

In all figures, an increase in the post-intervention PPT
indicates pain inhibition. There was a main effect of body
site (F=23.995, p=0.000, partial eta squared=0.575)
and post-hoc tests showed that prior to each condition,
PPTs measured at the finger were lower than those at
either the RKnee (p=0.000) and LKnee (p=0.004), but
those measured from the RKnee and LKnee were no dif-
ferent (p =0.337). The lack of difference in pre-condition
PPTs illustrates that a sufficient wash-out period was
provided between conditions.

Differences between painful interventions
In response to the volitional contractions performed on
the right side, only the left knee showed a significant pain
inhibitory response (Fig. 3, bottom). After the electrically
elicited contractions were generated on the right side,
pain inhibition was observed at the RKnee and LKnee,
but not at the finger (Fig. 3, middle). In response to nox-
ious stimulation performed on the right knee, pain inhi-
bition was observed in both RKnee and LKnee, but not at
the finger (Fig. 3, top). Noxious condition (top) showed
inhibition in the treatment (p =0.006) and contralateral
knees (p=0.006). As shown in Fig. 2, NMES contractions
(middle) showed pain inhibition in the treatment limb
(»p=0.000) and the contralateral knee (p=0.013), while
volitional contractions showed inhibition only in the con-
tralateral knee (p =0.003).

Differences in PPT before and after the painful condi-
tions can be seen in see Table 1.
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Fig. 3 Pressure pain thresholds (PPT) before (gray) and after (black)
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In the Right knee, there were main effects of interven-
tion and time, but no interaction effects were observed.
On the left side, there was a main effect of time only.

Relationships of pain inhibition with muscle force and pain
perception

To explore relationships between muscle contraction
force and pain inhibition, and between pain perception
and pain inhibition, Pearson Product Moment correla-
tions were calculated between the variables at the three
testing sites. No significant correlations were observed
between the force of the muscle contractions and the
change in pressure pain thresholds (Table 2).

The only correlation between perceived pain during the
NxES and change in PPT was observed in the right knee
(Table 3) and the change in PPT at the different sites.

To assess the relationship between self-reported sen-
sitivity to pain, a subset of participants completed the
Pain Sensitivity Questionnaire (PSQ)16 (16). Higher
PSQ scores indicate greater sensitivity to pain. A signifi-
cant relationship was observed between self-reported
pain sensitivity and pain perceived during the noxious
stimulation treatment. Linear regression analysis dem-
onstrated a significant relationship between pain sensi-
tivity and pain perceived during the noxious stimulation
(*=0.491, p=0.024) (Fig. 4).

Discussion
The results of this study demonstrate that electrically
induced muscle contractions are uncomfortable, though
not as uncomfortable as noxious electrical stimula-
tion, and that the discomfort produces a pain inhibitory
response. This finding supports our first hypothesis that
NMES elicited contractions would produce a pain inhibi-
tory effect no different from NxES. However, our hypoth-
esis that pain inhibition would occur at all three testing
sites was not supported; inhibition of pressure pain was
not observed in the finger after the painful interventions,
which provides insight into the mechanisms involved in
this inhibitory pain response.

Pain inhibition is complex and multifactorial and less
is known about pain mechanisms in humans compared

Table 1 Changes in PPT after the NMES and NxES at the different body sites

Electrical contractions Noxious stimulation Main and Interaction Effects (F, p-value, eta squared)
RKnee Pre 603.8 (224.0) 649.8 (229.0) Intervention: F=5.159, p=.036*, partial eta squared =.223
Post 759.5 (259.1) 833.7(300.0) Time: F=45.562, p=.000%, partial eta squared=.717
Time x Intervention: F=1.206, p=.287
[Knee Pre 6004 (232.8) 613.1(234.0) Time: F=12.881, p=.002%, partial eta squared =417
Post 672.2 (270.5) 721.9(287.0) Intervention: F=1.149, p=.298

Time x Intervention: F=1.035, p=.323

PPT pressure pain threshold, NVES Neuromuscular electrical stimulation, NxES Noxious electrical stimulation

" indicates statistical significance at the level p <.05



Rudolph et al. BMC Musculoskeletal Disorders (2023) 24:131

Table 2 Relationships between APPT and force of VOL and the
NMES contractions

Pairs Pearsons r, p value
VOL F vs. APPT R Knee -094,p=.702
VOL F vs. APPT L Knee 076, p=.756
VOL F vs. APPT Finger -071,p=.772
NMES F vs. APPT R Knee 361, p=.129
NMES F vs. APPT L Knee -091,p=.710
NMES F vs. APPT Finger 105, p=.669

F Force, NMES neuromuscular electrical stimulation, APPT change in pressure
pain threshold, VOL volitional

Table 3 Relationships between perceived pain VAS and APPT
during NMES and NxES

Pairs Pearsons r, p value
NMES VAS vs. APPT R Knee -070,p=.775

NMES VAS vs. APPT L Knee 319,p=.183
NMES VAS vs. APPT Finger 164, p=.502

NXES VAS vs. APPT R Knee -475, p=.040*
NXES VAS vs. APPT L Knee 154, p=.528

NXES VAS vs. APPT Finger -212,p=.384

VAS Visual analog scale rating of perceived pain, NVES Neuromuscular electrical
stimulation, NxES Noxious electrical stimulation, APPT Change in pressure pain
threshold

" indicates statistical significance at the level p <.05
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Fig. 4 Relationship between the total score on the Pain Sensitivity
Questionnaire and pain rating during the noxious stimulation

to animal models. None-the-less, the mechanisms that
could be involved in the reduced pressure pain sensitivity
observed in this study include exercise induced hypoal-
gesia (EIH), long term depression (LTD) of nociceptive
synaptic connections [23], and descending inhibition
via mechanisms involved in diffuse noxious inhibitory
control (DNIC)/conditioned pain modulation (CPM).
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Studies of EIH often involve muscle contractions that are
painful [24, 25] so it is plausible that one of the mecha-
nisms involved in EIH is conditioned pain modulation
induced by a painful conditioning stimulus produced
by painful muscle contractions. However, it is unlikely
that EIH is involved in the pain reduction in this study
because of the low force and short duration of the con-
tractions used in the volitional or electrically elicited con-
tractions [26]. Inhibition of the transmission of noxious
stimuli can result from long term depression of dorsal
horn synapses. Long term depression can be induced
with either low frequency electrical stimulation [27] or
high frequency stimulation produced pain inhibition
[23]. Another mechanism that may be involved in pain
inhibition when electrical stimulation is applied across
the skin is the activation of large diameter A fibers,
which was unavoidable in our experimental paradigm.
It is well known that input from large diameter Ap fibers
can reduce the transmission of signals from nociceptors
to the brain through complex interactions in the substan-
tia gelatinosa of the spinal cord, similar to the original
descriptions of the Gate Control Theory [28, 29]. Lastly,
the brainstem pain-modulation system may have been
involved in pain inhibition. In this system, neurons in the
periaqueductal gray area in the midbrain exert an inhibi-
tory effect on dorsal horn neurons indirectly, through
projections to the rostral ventral medial medulla, sub-
nucleus reticularis dorsalis and locus coeruleus — a
mechanism involving endogenous opioids [30]. Projec-
tions from the locus coeruleus, subnucleus reticularis
dorsalis, and rostral ventral medial medulla make direct
and indirect contact with the nociceptive transmission/
tract neurons in the dorsal horn and produce inhibition
through endogenous opioids, serotonin, and noradrena-
lin [30-34].

While this study was not designed to elucidate the
exact mechanisms of the inhibitory response, the obser-
vation that painful stimuli applied to the right leg, pro-
duced pain inhibition in both legs but not in the upper
extremity suggests the involvement of spinal level inhibi-
tory mechanisms rather than those exerting more global
descending inhibition from supraspinal centers [35, 36].
This is in contrast to research that has demonstrated sys-
temic effects of CPM [25, 26, 37] acting to reduce pain, at
least in a healthy sample of participants.

Interestingly, neither the degree of discomfort nor
the level of muscle force were found to be related to
the amount of pain inhibition experienced by the
participants. However, self-reported sensitivity to
pain explained almost 50% of the variance in the dis-
comfort experienced during the noxious electrical
stimulation. While this finding is not surprising, it
indicates that more time may be required to educate
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patients with greater overall sensitivity to pain in the
benefits of electrically elicited muscle strengthen-
ing. The importance of patient education should not
be underestimated, given that expectation of pain
relief from an intervention can affect the outcome of
the treatment [38]. Neuromuscular electrical stimula-
tion is commonly used in physical therapy to increase
the force generating capacity of a muscle (strength).
NMES is particularly useful in people with voluntary
muscle activation failure [2, 39] because NMES acti-
vates muscle fibers through the motor neurons thereby
bypassing the nervous system. The parameters used in
NMES and, most importantly, the intensity of electri-
cal stimulation (represented as a percentage of maxi-
mum contraction force) are key to success during the
use of NMES. Typical doses involve relatively high
force contractions (>30-50% MVIC) for 10 s followed
by substantial time for the muscle to recover (50-90 s).
In contrast, studies of exercise induced hypoalge-
sia often involve muscle contractions that last much
longer than the duration used in the present study
[37, 40]. The stimulation parameters and dose used
in this study were similar to those recommended for
strengthening via electrical stimulation, [41-43] so we
could investigate the unintended pain-relieving effect
electrically elicited muscle contractions. The results
raise important considerations about the effect of
muscle strengthening in people with musculoskeletal
conditions. Exercise prescribed to increase function
often targets muscle strength and endurance, which
may help to improve the biomechanical orientation of
joints or affect joint stability. However, exercise can
also reduce the perception of pain, which is an impor-
tant consideration when planning treatments for peo-
ple with strength deficits and pain.

While this study provides evidence for the pain inhib-
iting influence of NMES elicited contractions, it is not
without limitations. The sample size of this study is
small, however the fully within-subjects design limits
variability between groups and the effect sizes observed
were quite strong suggesting robust outcomes. Young
healthy individuals were intentionally recruited for the
study to avoid impairments in pain processing that can
accompany musculoskeletal conditions [20, 44, 45].
However, people with painful conditions due to acute
injury (nociception) or nociplastic changes due to
chronic pain may respond differently to the interven-
tion. Finally, the intensity of the muscle contractions
was lower than what would be prescribed for muscle
strengthening. However, had we used 30-50% MVIC
contraction intensity, we would expect higher pain rat-
ings that we would expect to lead to an even greater
degree of pain inhibition.
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Conclusion

Neuromuscular electrical stimulation is well suited for
muscle strengthening due to the unique characteristics of
muscle activation at the level of motor axons (increased
activation of large, strong, fast-twitch motor units at low
levels of force) and due to facilitation of motor unit acti-
vation in the central nervous system. While discomfort
may be a barrier to the use of NMES, clinicians must fully
educate patients to understand the benefits of NMES.
This study shows that an unintended benefit of NMES is
pain inhibition that may increase the acceptability of this
beneficial treatment.

Key points

NMES for strengthening produce strength gains in more
large, fast twitch muscle fibers than volitional contrac-
tions at the same force level. NMES is considered painful
by some, which can limit its use clinically. However, the
pain induced during NMES also elicits pain inhibition
that could augment the effect of strengthening that could
further improved function.

Abbreviations

CPM Conditioned pain modulation

EH Exercise induced hypoalgesia

F Force

MvIC Maximum voluntary isometric contraction
NMES Neuromuscular electrical stimulation
NXES Noxious electrical stimulation

PSQ Pain sensitivity questionnaire

PPT Pressure pain thresholds

VAS Visual analog scale for perceived pain
VOL Volitional contractions
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