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Abstract: Neuromuscular electrostimulation (NMES) has been used mainly as a method to promote
muscle strength, but its effects on improving blood flow are less well known. The aim of this study is
to deepen the knowledge about the local and contralateral effects of the application of symmetric
biphasic square currents on skin temperature (Tsk). An experimental pilot study was developed with
a single study group consisting of 45 healthy subjects. Thermographic evaluations were recorded
following the application of NMES to the anterior region of the thigh. The results showed an increase
in the maximal Tsk of 0.67% in the anterior region of the thigh where the NMES was applied (p < 0.001)
and an increase of 0.54% (p < 0.01) due to cross-education effects, which was higher when the
NMES was applied on the dominant side (0.79%; p < 0.01). The duration of the effect was 20 min in
the dominant leg and 10 min in the nondominant one. The application of a symmetrical biphasic
current (8 Hz and 400 µs) creates an increase in the maximal Tsk at the local level. A temperature
cross-education effect is produced, which is greater when the NMES is applied on the dominant side.
This could be a useful noninvasive measurement tool in NMES treatments.
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1. Introduction

It has been repeatedly reported that neuromuscular electrostimulation (NMES) is a useful tool
and gold standard in several rehabilitation procedures [1,2]. Among its most well known benefits
are the improvements of muscle strength [3] and neuro-muscular activation [4]. However, some
studies have shown increases in blood flow after the application of low-frequency symmetric biphasic
square currents [3,5] or diadynamic currents [6]. Other vascular effects have been demonstrated
using neuromuscular electrostimulation (NMES) by applying frequencies close to 8 Hz, and new
capillary vessels were formed [7]. In addition to these vascular effects, changes in skin temperature
(Tsk) following the application of NMES [6,8] were verified, although these were shown to be very
variable, perhaps due to the wide variation in the frequencies or wave used.

In addition, although the majority of studies carried out in the field of rehabilitation have focused
on analyzing the effects of different procedures at the local level, contralateral changes have also
been noticed after applying acupuncture [9], external pneumatic compression [10], percutaneous
electrolysis [11], or procedures to increase strength and coordination [12,13]. At the sensory threshold,
they have also been recorded through the application of vibrotherapy [14]. These changes are explained
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by the phenomenon known as “cross-education”, which has also been achieved through the application
of NMES [15,16].

The thermal effects resulting from NMES, as well as other strategies employed in the fields of
rehabilitation and sports medicine, can be measured using infrared thermography (IRT), a precise
and noninvasive technology [17]. Analysis of images captured by IRT enables the quantitative
measurement of variations in the thermal pattern of surfaces under study, commonly called the “region
of interest” (ROI), which are indicators of changes in metabolism, in hemodynamics, or in neuronal
thermoregulatory processes [2,18]. Investigations that are based on the combination of thermal images
with laser Doppler have postulated that Tsk can be translated into quantity of skin blood flow, so that
at higher temperatures, there is greater skin blood flow, and vice versa [19].

The aim of this study is to determine whether unilateral application of NMES can result in local
and cross-education thermal effects and to measure the duration of these effects when the current is
interrupted. The influence of dominance on these thermal effects is also analyzed.

2. Materials and Methods

2.1. Experimental Approach to the Problem

The research described in the present paper is an experimental study involving four thermographic
evaluations following NMES placement. The study was designed considering methodological
recommendations described in key consensus documents in the field of thermography research [20],
which emphasizes the importance of collecting information related to participants’ demographic,
environment/camera setup, and recording/analysis.

2.2. Subjects

It was determined that the study should include at least 42 subjects (based on one-way ANOVA
and with a two-arm dominant vs. nondominant design), based on a power level of 90% and 5% levels of
significance. In order to accommodate a possible loss of 10% of subjects during the study, we increased
the initial number to 47 subjects. In the end, two subjects were lost, so that 45 subjects were included
in the final analysis, of which 25 were women and 20 were men. The general characteristics of the
subjects were as follows: 22.11 ± 2.96 years old; 169.90 ± 8.36 cm height; and 23.91 ± 4.75 kg body
mass. A subcutaneous fat measurement was performed to evaluate a possible influence of the local fat
amount (thigh skin fold: 21.73 ± 8.31).

The subjects were apparently healthy university students aged between 18 and 26 years. The criteria
for leaving the study included lack of compliance with instructions given prior to the commencement
of thermographic evaluations. Exclusion criteria included the presence of acute or chronic thigh
injuries and the presentation of any of the contraindications to the application of the current. A quick
questionnaire was made to see if the subjects had had any type of illness with fever in the previous week
or if they had any type of vascular disorder such as hypertension, prehypertension, and Raynaud’s
syndrome. Any of these two reasons would be a reason for exclusion from the experiment. The health
condition of each subject was assessed during enrollment, and performed by investigators or health
professionals holding a minimum Master’s degree in health sciences and with proven clinical experience
with patients. Conditions were assessed by questionnaire with reference to inclusion criteria and
dismissing exclusion criteria.

All participants were informed of the procedure at a first session during which they also signed a
document to confirm their informed consent to participate. All protocol procedures were approved by
the Research Commission of the San Juan de Dios School of Nursing and Physical Therapy, Comillas
Pontifical University, Madrid, supported within the framework research project C.P.-C.I.15/416-E.
The ethical approval was obtained from the Hospital Clínico Universitario San Carlos on 1 September
2015. Participants were informed that they could leave the study by revoking their informed consent
at any time. The research was carried out following the Declaration of Helsinki of 1975 [21].
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2.3. Procedures

During the first session of the evaluation protocol, data regarding sex, age, motor dominance,
weight, and height were recorded. The dominant leg was established as the leg that the subject supports
first after a surprise posterior–anterior thrust. The subjects were given various instructions to be acted
upon before the taking of measurements: (1) avoid the consumption of large meals, alcohol, coffee,
and/or tobacco, the performance of massages in the thigh area, and the application of any type of
cream, medication, and hot or cold gel, within 6 h before each measurement; (2) avoid doing physical
activity in the 24 h previous to data collection.

The second session focused on the taking of the thermal images. This session was carried out in a
room specially prepared for the occasion, always maintaining the existence of a soft and indirect light,
and avoiding the exposure of participants to direct air flows. Using a thermo-hygrometer, temperature
and relative humidity measurements were taken, obtaining values of 23.48 ± 0.84 ◦C and 35.04 ±
3.90%, respectively. Direct physical contact and excessive proximity to the participants were avoided.
To take thermal images, the A Flir® E60 thermographic camera, commonly used in research in the
biomedical field, was selected due to its high optical resolution (320 × 240 pixels), thermal sensitivity
(<0.05 ◦C), and good image frequency (60 Hz). This camera was placed so that the screen remained at
all times fixed to a bar perpendicular to the ground, maintaining a distance of 160 cm from the lens
to the anterior region of the subject’s thighs. We chose a Flir ® Camera, versus any other [22], since
these cameras are meant to provide superior picture quality and improved resolution. These types of
medical devices are specifically designed for diagnostic use and they meet all European regulations.
In addition, the camera used was regularly inspected, checked, and controlled by the technician,
and the facilities met the local regulations for health centers for clinical use [23,24]. We, therefore,
consider thermography a reliable technique [25].

Prior to imaging, the placement of the NMES on the dominant or nondominant side of the subject
was randomized by simple and systematic aleatory numbers with a 1:1 distribution. This procedure
was performed only on the first subject of the day, and the placement then altered between the dominant
and nondominant sides of the remaining subjects

When the images were taken, the subjects, wearing shorts, lay down in a supine position on a
mattress covered with an opaque background material and kept their legs the same distance apart,
as determined by a 15 cm wide expanded polystyrene mold.

In order to achieve the most effective stimulation of the quadriceps muscle, two small electrodes
(5 × 5 cm) were placed on the distal points of both vastus muscles; approximately 2 cm from the upper
edge of the kneecap in the area of the internal vastus and 5 cm from the upper edge of the kneecap in
the external vastus. A third electrode (5 × 10 cm), with two outputs that closed both channels (internal
vastus and external vastus), was located in the proximal and anterior third of the anterior rectum, 5 cm
below the anterior superior iliac spine (Figure 1). This positioning was maintained for the duration of
the shots included in the research protocol.

Figure 1. Thermal photography of the anterior region of the thigh (bilateral). Region of interest (ROI)
indicated as 1 (leg with electrodes) and 2 (leg without electrodes); electrodes outside the ROI indicated
by purple rectangles. (A) = Pre; (B) = Post0; (C) = Post10; (D) = Post20.

After placement of the electrodes, and prior to the start of the imaging protocol, each subject was
given a standardized acclimation time of 10 min.
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Once the first image was taken (Pre), the selected NMES pattern began (symmetric biphasic
square, 400 µs, 8 Hz, 12 min, at the maximum intensity tolerated by the subject, applying a final
average intensity of 27.3 ± 3.2 mA). Immediately after the current was turned off, with the electrodes
still in place, a second thermal image was taken of the anterior region of the thigh (Post0). After an
interval of 10 min, a third thermal photograph was taken (Post10). After a further 10 min of rest,
a final photograph was taken, 20 min after the end of the NMES (Post20). The same exact areas were
photographed and analyzed at different times for each participant.

Thermographic Analysis

All thermal images were analyzed using the FLIR tools plus software. Using this program, the ROI
was delimited by the muscles on which the electrostimulation was applied (external and internal
vastus and the anterior rectum of the quadriceps), leaving the electrodes used outside the said area.
(Figure 1). For the region analyzed, we considered that the maximal Tsk was within the region of
interest for all measurements.

The analyzed temperatures and the selected regions were compared with the contralateral leg,
in which the selection of the ROI followed the same procedure.

2.4. Statistical Analyses

Only the subjects who successfully completed the two sessions were included in the statistical
analysis, which was performed using IBM SPSS (IBM Corp. Released 2015. IBM SPSS Statistics for
Windows, Version 23.0. Armonk, NY, USA: IBM Corp).

Once the normal distribution of the sample was determined (Kolmogorov–Smirnov test) and
homogeneous behavior confirmed, evidenced by Mauchly′s sphericity test, a one-way ANOVA was
performed for repeated measurements. The ANOVA was carried out with the objective of determining
the effect of the independent variable “time” on the dependent variable “temperature” both in the leg
where NMES was applied, and in the nonstimulated leg. In addition, the same analysis was performed
for subjects in whom NMES was applied to the dominant leg on the one hand and for subjects in whom
NMES was applied to the nondominant leg on the other. Where significant differences were found,
a Bonferroni-adjusted post hoc test was performed to determine in more detail the specific differences
between each of the time measurements found. The significance level was set at p ≤ 0.05.

Data are reported as mean and standard deviation, and reported p-values are those following
Bonferroni correction.

In addition, a linear regression was performed to determine the cross-education between the legs
(with and without NMES) in order to explore if there were differences in dominance. It was considered
at a significance level of α = 5%.

Similarly, the possible existence of significant differences regarding the maximal temperature and
sex of the subjects was also analyzed, as well as a possible correlation between the fat fold of the thigh
and the temperature observed.

3. Results

We only obtained complete data from 45 out of 47 subjects. One of the subjects had taken coffee in
the hour prior to the intervention, and another of them did not show up for the session.

The results of the subcutaneous fat measurement did not provide a significant correlation with
the temperature increase.

Statistically significant differences were found in the maximal Tsk, both in the anterior part of the
thigh where the NMES was performed, and in terms of cross-education in each of the four measurement
periods (Pre, Post0, Post10, and Post20) with an F (3, 0.100) = 7.654; p < 0.000 in the electro-stimulated
thigh, and F (3, 0.082) = 4.153; p = 0.008 in the contralateral.

After the post hoc analysis, adjusted by the Bonferroni test, statistically significant differences
were found, showing an increase in temperature in all the measurements taken compared with the
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Pre measurements in the leg subjected to NMES (Post0, p = 0.001; Post10, p = 0.006; Post20, p = 0.003)
(Figure 2A and Table 1).

Figure 2. Variations of maximum temperature in the leg subjected to neuromuscular electrostimulation
(NMES) and in the contralateral leg (A); temperature variations in both legs when the NMES was
applied in the dominant leg (B); temperature variations in both legs when the NMES was applied in
the nondominant leg (C). Data are reported as mean ± SD (error bars), and p-values reported are those
following Bonferroni correction (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Table 1. Temperature from each of the measurements (mean ± SD) and temperature change between one and other measures (difference (Diff) Pre–Post0; Diff
Post0–Post10; Diff Post10–Post20; Diff Pre–Post20).

Figure Pre Post0 Post10 Post20 Diff
Pre–Post0

Diff
Post0–Post10

Diff
Post10–Post20

Diff
Pre–Post20

2A E 34.52 ± 1.18 34.75 ± 1.22 34.80 ± 1.13 34.78 ± 1.15 0.233 *** 0.051 −0.018 0.266 **
No E 34.55 ± 1.19 34.73 ± 1.18 34.72 ± 1.13 34.69 ± 1.12 0.189 ** −0.037 −0.029 0.147 *

2B Dominant E 34.68 ± 1.17 34.96 ± 1.21 35.04 ± 1.06 35.03 ± 1.07 0.274 ** 0.083 −0.005 0.352 ***
Nondominant No E 34.55 ± 1.31 34.74 ± 1.29 34.74 ± 1.19 34.69 ± 1.19 0.191 −0.002 −0.048 0.141

2C Nondominant E 34.35 ± 1.18 34.54 ± 1.21 34.55 ± 1.17 34.52 ± 1.19 0.182 ** 0.018 −0.002 0.168
Dominant No E 34.54 ± 1.08 34.73 ± 1.07 34.70 ± 1.11 34.68 ± 1.07 0.191 −0.024 −0.023 0.144

Figure 2A–C, relate the data with Figure 2. Dominant E—dominant leg with NMES; Nondominant No E—nondominant leg without NMES; Nondominant E—nondominant leg with
NMES; Dominant No E—dominant leg with NMES; E—leg with NMES independently of the dominance; No E—leg without NMES independently of the dominance. Bonferroni-adjusted
p-values (* p < 0.05; ** p < 0.01; *** p < 0.001).
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In the nonstimulated leg, we also found an increase in temperature in all the measurements
compared with the Pre measurements (Post0, p = 0.007; Post10, p = 0.043; Post20, p = 0.014) (Figure 2A).

There were no significant differences in the leg subjected to NMES between the Post0 and Post10
measurements (p = 0.98), between the Post0 and Post20 measurements (p = 1), or between the Post10
and Post20 measurements (p = 1). The same was observed in the leg which was not submitted to NMES
between the Post0 and Post10 measurements (p = 0.1), between the Post0 and Post20 measurements
(p = 1), and between the Post10 and Post20 measurements (p = 1).

When the NMES was applied to the dominant leg, the increase in temperature was 0.79%
(p = 0.007) between the Pre and Post0 measurements, and 1.01% (p = 0.001) between the Pre and Post20
measurements. In the leg that did not receive NMES, the temperature increase was 0.55% (p = 0.037)
and 0.4% (p = 0.09), respectively, between the Pre and Post0 measurements and the Pre and Post20
measurements (Figure 2B).

When the NMES was placed on the nondominant side, the temperature increase in the leg subjected
to NMES was 0.53% (p = 0.318) between the Pre and Post0 measurements and 0.49% (p = 0.538) between
Pre and Post20 measurements. In the leg that did not receive NMES, the temperature increase was
0.55% (p = 0.146) and 0.41% (p = 0.539), respectively, between the Pre and Post0 measurements and the
Pre and Post20 measurements (Figure 2C and Table 1).

The results of the maximum average temperatures, the percentage variations in the temperature
between each measurement, and the Bonferroni-adjusted p-values are shown in Table 1.

Linear regression analysis showed the existence of a positive relationship between the temperatures
of the legs with and without NMES both for the Post0 measurements and for the Post10 and Post20
measurements, which is explained by the equations; y = 5.179 + 0.855x, y = 2.807 + 0.923x, and y = 2.807
+ 0.923x, respectively (Figure 3).

Figure 3. The temperature value of the leg that does not receive NMES can be predicted using the
temperature value of the leg with NMES.

Table 2 shows the results of the linear regression: the typified coefficients and their probability
values for the three measurements, which make it possible to explain a causal relationship between
the increase in temperature of the leg not receiving NMES with the application of the method on the
contralateral leg.
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Table 2. Typified coefficients (B) and their probability values for the application moments of NMES
(Post0, Post10, and Post20).

B ± SD Standardized B

Post0
Constant 5.179 ± 1.455 0.977 **

Maximum temperature
in the leg with NMES 0.855 ± 0.042 0.954 ***

Post10
Constant 2.807 ± 1.561 0.977 ***

Maximum temperature
in the leg with NMES 0.923 ± 0.450 0.954

Post20
Constant 4.563 ± 1.641 0.972 ***

Maximum temperature
in the leg with NMES 0.872 ± 0.480 0.944

** p < 0.01; *** p < 0.001.

Finally, regarding the correlations obtained with respect to the relationship between temperature
increase and sex, no statistically significant results were found, as was the case between the results of
the measurement of the skin fold of the thigh and the increase in temperature.

3.1. Skin Temperature Increase in the Leg With NMES

As a first result, we found an increase in the Tsk of the homolateral leg after the application of
NMES (8 Hz, 400 µs width of pulse), which was evidenced immediately (0.67%), at 10 min (0.14%),
and remained for 20 min, after which it fell by 0.05%.

The temperature increase observed in our study (0.35 ◦C) is lower than the one obtained by Toro
and Poy [8] with a current of 100 Hz (+3.7 ◦C), perhaps due to the fact that the study measured the
temperature just below the electrodes, thus increasing it. On the other hand, Novotny et al. [26] showed
an increase in temperature of 0.04◦C after voluntary exercise. The fact that a contraction induced by
NMES achieves a greater increase in blood flow than a voluntary contraction has already been found
in previous studies [7,27].

The current parameter used in our case (8 Hz) coincides with that used by several authors [7,28].
Other authors such as Araújo et al. [29] applied higher frequencies (50 Hz), accounting for the increase
of blood flow as a result of the stimulation of type I muscle fibers. Furthermore, these authors also
showed an increase in the number of blood capillaries, which rose to their highest point over a period
of 15 days during the 10 min that the current was being applied [29].

Regarding the vascular effects that continued after the application of NMES, Petrofsky et al. [30]
reported a 12% increase in blood flow that lasted for at least 5 min after the cessation of the current.
By contrast, Varatharajan et al. [31] reported the disappearance of any effects after the completion of the
NMES. It should be remembered that the pulse durations applied in this investigation reached 940 µs,
much higher than that used in our work or used by other authors, who used currents that ranged
between 70 and 400 µs. On the other hand, Boerner et al. [6] determined that the temperature increase
after the application of an infrared therapy, followed by a diadynamic current, was maintained for at
least 30 min after the application of the therapy.

3.2. Cross-Education

Another interesting finding of our work was the thermal increase produced in the contralateral
leg after the immediate application of the current (0.55%), which lasted for up to 10 min.

Through Doppler laser, Ye and Griffin [32] reported vascular effects of cross-education related to
the application of mechanical vibrations. Other studies, such as that of Doi et al. [14], show changes of
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temperature, although not significant, measured with a thermometer after the application of ipsilateral
and contralateral vibrotherapy.

The characteristics of cross-education following NMES demonstrated in our study are in line
with the results obtained in other works [13,15,16]. In the present study, we found an increase
of 0.55% in the temperature of the unworked leg, while Bezerra et al. [15] found an increase in
strength of 28% in the unworked leg. The NMES presents greater muscle activation as measured
through surface electromyography [4]. In addition, there are some supraspinal adaptations derived
from an activation of sensory and motor areas in the cortex, which are assumed following studies
that demonstrated the phenomenon of cross-education in the increase of maximum voluntary
contraction [16]. Along the same lines, Han et al. [33] demonstrated an increase in the activation of
the primary sensory–motor area of the contralateral cortex on the side where the NMES was placed,
and a bilateral activation of the supplementary motor areas. Blickenstorfer et al. [34], using functional
magnetic resonance, demonstrated an activation of the contralateral primary motor cortex, premotor
cortex, and cerebellum.Although most studies have investigated the phenomenon of cross-education
in the area of strength, our research shows a cross-education effect on Tsk. Escamilla-Galindo et al. [12]
and Manca et al. [35] state that the causes of the increase in temperature in the leg that is not exercised
are not clear, since other parameters such as phospho-creatinekinase levels or electromyography (EMG),
were not measured in their study in parallel with temperature.

The phenomenon of temperature cross-education suggests a direction for future research that
could consider, in a more detailed way, new zones of the cortex that could be stimulated by NMES,
in addition to the primary motor cortex that controls strength.

3.3. Dominance

Another interesting result was to verify that the application of the NMES on the dominant side
achieved a higher temperature cross-education effect than when applied on the nondominant side.

Regarding this important aspect, it should be highlighted that our results agree with the study
conducted by Hortobágyi and Maffiuletti [16], who reported a greater transfer of temperature, due
to cortical mechanisms whose precise role is still uncertain, when the limb on which the NMES was
applied was the dominant one, compared with when it was applied to the nondominant one.

Some authors have even found an absence of significant cross-education results when strength
training was performed on the nondominant side [12], results that are in line with ours regarding
nonsignificant temperature increases when the NMES was applied on the nondominant side.

3.4. Study Limitations

Among the limitations of this research, it is necessary to mention the stabilization period used
(10 min), which could have led to a higher Tsk in our subjects prior to the placement of the current
than in other studies. We also believe it would have been appropriate to extend the completion of the
last thermographic evaluation (Post20) to at least 30 min. Moreover, the increase in local temperature
produced by NMES cannot be separated from a possible increase in temperature produced by a
stimulation of the sympathetic nervous system. Another limitation of the study is the fact that the time
of the menstrual cycle of the participating women, in which temperature variations can occur, was
not considered.

Another limitation regarding food control over subjects could be the limited standardized window
around the taking of a simple meal, but this is very different to nutritional control or meal composition
control to limit the impact of foodstuffs (or lack thereof) on outcomes. It is, however, true that there
was a control over the consumption of large meals.

In our clinical practice, it should be noted that the effects obtained by using an electric current
varied in duration depending on the side where the current was applied. Thus, any increase in blood
flow produced by the current will reinforce the application of subsequent techniques that benefit from
an increase in prior blood flow, such as iontophoresis, sonophoresis, or manual techniques, but will do
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so for 20 min if applied on the dominant side, and only for 10 min if applied on the nondominant side.
These research outputs, which should be further investigated, are in line with the findings regarding
the kinesio taping technique by Lemos et al. [36], where the results obtained varied according to the
level of dominance of the bandaged member.

Finally, our study does not show significant differences between the maximal Tsk and the sex of
the participants, which differs from the results found by Maffiuletti et al. [37] and Boerner et al. [6].
We believe that our results may be due to the fact that we worked at the maximum current intensity
tolerated by the patient, which meant that the difference in impedance due to the thickness of the fat
layer of each sex-dependent subject was corrected by a greater increase in the current intensity used.

We also consider that more studies are needed to affirm that the increase in temperature achieved
can generate physiological or clinical changes, both locally and contralaterally.

3.5. Practical Applications

Our results may be useful and should be taken into account when treating various injuries; for
example, in reactive phases of tendinopathies, an application of this type of current would generate an
increase in the blood flow of the area, something normally not desired for this phase of the process but
that would be very useful in the case of a degenerative phase or deterioration. In addition, although
NMES is not the rehabilitation technique of choice for increasing tissue temperature, it might be useful
in cases where techniques such as radiofrequency are contraindicated.

In cases where the current cannot be applied locally due to contraindications (e.g., plaster, wounds,
and burns), an improvement in blood flow to the contralateral leg can help alleviate possible adverse
vascular effects resulting from prolonged immobilization or in cases of local deterioration in circulation,
whether due to circulatory or nervous system issues. Further, in the case of burns or wounds, where
the application of other types of devices that promote an increase in blood flow is contraindicated,
the application of electrical currents to the healthy contralateral leg can increase the blood flow in the
injured leg.

It is also important to be aware that the application of NMES in the treatment of a limb may cause
effects in the contralateral limb that may or may not be desired.

4. Conclusions

Based on the results of our study, it is possible to conclude that the application of a symmetrical
biphasic current, with a frequency of 8 Hz and a pulse duration of 400 µs, applied for 12 min to the
anterior region of the thigh, causes an increase in temperature of 0.35 ◦C locally, that is, over the same
area to which the NMES is applied, which is maintained for at least 20 min after the use of the current.

Similarly, the application of NMES with these parameters in one leg produces an increase in
temperature in the contralateral leg; although this does not extend beyond 10 min after the application
of the current, it is greater when the NMES is applied on the dominant side.

Our study, which focuses on the analysis of the maximal Tsk, provides the specific current
parameters that generate a local increase, as well as knowledge about how to generate a temperature
increase on the contralateral side, which is very useful when the technique cannot be used at the local
level due to medical contraindication. This has useful applications in clinical practice. In addition, this
study suggests that future research could be usefully carried out into the zones of the cortex stimulated
by NMES: if we know that the primary cortex is stimulated when the phenomena of cross-education
in strength occurs, we should be able to find out what happens in relation to cross-education effects
on temperature.
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irradiation on oxidative stress, muscle damage and function following neuromuscular electrical stimulation.
A double blind, randomised, crossover trial. BMC Sports Sci. Med. Rehabil. 2019, 11, 38. [CrossRef]

2. McGlinchey, M.P.; James, J.; McKevitt, C.; Douiri, A.; Sackley, C. The effect of rehabilitation interventions on
physical function and immobility-related complications in severe stroke: A systematic review. BMJ Open
2020, 10, 9–11. [CrossRef] [PubMed]

3. Hwang, U.J.; Kwon, O.Y.; Jung, S.H.; Kim, H.A.; Gwak, G.T. Effect of neuromuscular electrical stimulation
training for abdominal muscles on change of muscle size, strength, endurance and lumbopelvic stability.
J. Sports Med. Phys. Fit. 2020, 60, 206–213. [CrossRef] [PubMed]

4. Glaviano, N.R.; Saliba, S.A. Immediate effect of patterned electrical neuromuscular stimulation on pain
and muscle activation in individuals with patellofemoral pain. J. Athl. Train. 2016, 51, 118–128. [CrossRef]
[PubMed]

5. Benito, E. Physiotherapy’s protocol to approach the insertional achilles tendinopathy. J. Hum. Sport Exerc.
2016, 11, 358–366. [CrossRef]

6. Boerner, E.; Bauer, J.; Kuczkowska, M.; Podbielska, H.; Ratajczak, B. Comparison of the skin surface
temperature on the front of thigh after application of combined red-IR radiation and diadynamic currents
executed in a different sequence. J. Therm. Anal. Calorim. 2015, 120, 921–928. [CrossRef]

7. Tucker, A.; Maass, A.; Bain, D.; Chen, L.-H.; Azzam, M.; Dawson, H.; Johnston, A. Augmentation of venous,
arterial and microvascular blood supply in the leg by isometric neuromuscular stimulation via the peroneal
nerve. Int. J. Angiol. 2010, 19, 31–37. [CrossRef]

8. Toro, J.R.; Estévez-Poy, P.J. Valoración con termografía infrarrojo de la capacidad vasodilatadora de las
diferentes corrientes analgésicas y factores implicados. Rehabilitación 2012, 46, 7–14. [CrossRef]

9. Guangjun, W.; Yuying, T.; Shuyong, J.; Tao, H.; Weibo, Z. Change of blood perfusion in Hegu Acupoint after
contralateral Hegu Acupoint was stimulated. J. Altern. Complement. Med. 2012, 18, 784–788. [CrossRef]

10. Martin, J.S.; Martin, A.M.; Mumford, P.W.; Salom, L.P.; Moore, A.N.; Pascoe, D.D. Unilateral application of
an external pneumatic compression therapy improves skin blood flow and vascular reactivity bilaterally.
Peer J. 2018, 6, 107717. [CrossRef]

11. Carvajal-Fernández, O.; Álvarez, D.; Medina, F.; Minaya-Muñoz, F. Efectos de la electrolisis percutánea en el
tendón rotuliano sobre la temperatura local y contralateral medida con termografía infrarroja. Rev. Fisioter.
Invasiva 2016, 1, 18–25.

12. Escamilla-Galindo, V.L.; Estal-Martínez, A.; Adamczyk, J.G.; Brito, C.J.; Arnaiz-Lastras, J.; Sillero-Quintana, M.
Skin temperature response to unilateral training measured with infrared thermography. J. Exerc. Rehabil.
2017, 13, 526–534. [CrossRef] [PubMed]

13. Ben Othman, A.; Behm, D.G.; Chaouachi, A. Evidence of homologous and heterologous effects after unilateral
leg training in youth. Appl. Physiol. Nutr. Metab. 2018, 43, 282–291. [CrossRef] [PubMed]

14. Doi, A.; Sakasaki, J.; Tokunaga, C.; Sugita, F.; Kasae, S.; Nishimura, K.; Sato, Y.; Kuratsu, T.; Hashiguchi, S.;
Shin, M.-C.; et al. Both ipsilateral and contralateral localized vibratory stimulations modulated pain-related
sensory thresholds on the foot in mice and humans. J. Pain Res. 2018, 11, 1645–1657. [CrossRef]

15. Bezerra, P.; Zhou, S.; Crowley, Z.; Brooks, L.; Hooper, A. Effects of unilateral electromyostimulation
superimposed on voluntary training on strength and cross-sectional area. Muscle Nerve 2009, 40, 430–437.
[CrossRef] [PubMed]

16. Hortobágyi, T.; Maffiuletti, N.A. Neural adaptations to electrical stimulation strength training. Eur. J. Appl.
Physiol. 2011, 111, 2439–2449. [CrossRef] [PubMed]

17. Gómez-Carmona, P.; Fernández-Cuevas, I.; Sillero-Quintana, M.; Arnaiz-Lastras, J.; Navandar, A. Infrared
thermography protocol on reducing the incidence of soccer injuries. J. Sport Rehabil. 2020, 17, 1–6. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/s13102-019-0147-3
http://dx.doi.org/10.1136/bmjopen-2019-033642
http://www.ncbi.nlm.nih.gov/pubmed/32029489
http://dx.doi.org/10.23736/S0022-4707.19.09998-5
http://www.ncbi.nlm.nih.gov/pubmed/32125124
http://dx.doi.org/10.4085/1062-6050-51.4.06
http://www.ncbi.nlm.nih.gov/pubmed/26967547
http://dx.doi.org/10.14198/jhse.2016.113.03
http://dx.doi.org/10.1007/s10973-015-4545-9
http://dx.doi.org/10.1055/s-0031-1278361
http://dx.doi.org/10.1016/j.rh.2011.12.003
http://dx.doi.org/10.1089/acm.2011.0440
http://dx.doi.org/10.7717/peerj.4878
http://dx.doi.org/10.12965/jer.1735046.523
http://www.ncbi.nlm.nih.gov/pubmed/29114526
http://dx.doi.org/10.1139/apnm-2017-0338
http://www.ncbi.nlm.nih.gov/pubmed/29069548
http://dx.doi.org/10.2147/JPR.S162379
http://dx.doi.org/10.1002/mus.21329
http://www.ncbi.nlm.nih.gov/pubmed/19705423
http://dx.doi.org/10.1007/s00421-011-2012-2
http://www.ncbi.nlm.nih.gov/pubmed/21643920
http://dx.doi.org/10.1123/jsr.2019-0056
http://www.ncbi.nlm.nih.gov/pubmed/32188790


Int. J. Environ. Res. Public Health 2020, 17, 9028 12 of 13

18. Cabizosu, A.; Carboni, N.; Martínez-Almagro Andreo, A.; Casu, G.; Ramón Sánchez, C.; Vegara-Meseguer, J.M.
Relationship between infrared skin radiation and muscular strength tests in patients affected by
Emery-Dreifuss muscular dystrophy. Med. Hypotheses 2020, 138, 109592. [CrossRef]

19. Merla, A.; Di Romualdo, S.; Di Donato, L.; Proietti, M.; Salsano, F.; Romani, G.L. Combined thermal
and laser Doppler imaging in the assessment of cutaneous tissue perfusion. In Proceedings of the 29th
Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Lyon, France,
23–26 August 2007; pp. 2630–2633.

20. Moreira, D.G.; Costello, J.T.; Brito, C.J.; Adamczyk, J.G.; Ammer, K.; Bach, A.J.E.; Costa, A.M.A.; Eglin, C.;
Fernandes, A.A.; Fernández-Cuevas, I.; et al. Thermographic imaging in sports and exercise medicine: A
Delphi study and consensus statement on the measurement of human skin temperature. J. Therm. Biol. 2017,
69, 155–162. [CrossRef]

21. Declaration of Helsinki, Medical Research Involving Human Subjects. Available online: https://www.wma.
net/what-we-do/medical-ethics/declaration-of-helsinki/ (accessed on 10 November 2020).

22. Kirimtat, A.; Krejcar, O.; Selamat, A.; Herrera-Viedma, E. FLIR vs SEEK thermal cameras in biomedicine:
Comparative diagnosis through infrared thermography. BMC Bioinform. 2020, 21, 88. [CrossRef]

23. Lahiri, B.B.; Bagavathiappan, S.; Jayakumar, T.; Philip, J. Medical applications of infrared thermography: A
review. Infrared Phys Technol. 2012, 55, 221–235. [CrossRef] [PubMed]

24. Berz, R.; Sauer, H. The medical use of Infrared-thermography history and recent applications. Thermografie
Kolloqu. 2007, 2007, 107-CD.

25. Tattersall, G.J. Infrared thermography: A non-invasive window into thermal physiology. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 2016, 202, 78–98. [CrossRef] [PubMed]

26. Novotny, J.; Rybarova, S.; Zacha, D.; Bernacikova, M.; Ramadan, W.A. The influence of breaststroke swimming
on the muscle activity of young men in thermographic imaging. Acta Bioeng. Biomech. 2015, 17, 121–129.
[PubMed]

27. Bahadori, S.; Immins, T.; Wainwright, T.W. The effect of calf neuromuscular electrical stimulation and
intermittent pneumatic compression on thigh microcirculation. Microvasc. Res. 2017, 111, 37–41. [CrossRef]

28. Jawad, H.; Bain, D.S.; Dawson, H.; Crawford, K.; Johnston, A.; Tucker, A. The effectiveness of a novel
neuromuscular electrostimulation method versus intermittent pneumatic compression in enhancing lower
limb blood flow. J. Vasc. Surg. Venous Lymphat. Disord. 2014, 2, 160–165. [CrossRef]

29. Araújo, R.C.; Franciulli, P.M.; Assis, R.O.; Souza, R.R.; Mochizuki, L. Effects of laser, ultrasound and electrical
stimulation on the repair of Achilles tendon injuries in rats: A comparative study. Braz. J. Morphol. Sci. 2007,
24, 187–191.

30. Petrofsky, J.S.; Schwab, E.; Lo, T.; Cuneo, M.; Lawson, D. The thermal effect on the blood flow response to
electrical stimulation. Med. Sci. Monit. 2007, 13, 498–504.

31. Varatharajan, L.; Williams, K.; Moore, H.; Davies, A.H. The effect of footplate neuromuscular electrical
stimulation on venous and arterial haemodynamics. Phlebology 2015, 30, 648–650. [CrossRef]

32. Ye, Y.; Griffin, M.J. Effects of temperature on reductions in finger blood flow induced by vibration. Int. Arch.
Occup. Environ. Health 2011, 84, 315–323. [CrossRef]

33. Han, B.S.; Jang, S.H.; Chang, Y.; Byun, W.M.; Lim, S.K.; Kang, D.S. Functional magnetic resonance image
finding of cortical activation by neuromuscular electrical stimulation on wrist extensor muscles. Am. J. Phys.
Med. Rehabil. 2003, 82, 17–20. [CrossRef] [PubMed]

34. Blickenstorfer, A.; Kleiser, R.; Keller, T.; Keisker, B.; Meyer, M.; Riener, R.; Kollias, S. Cortical and subcortical
correlates of functional electrical stimulation of wrist extensor and flexor muscles revealed by fMRI. Hum.
Brain Mapp. 2009, 30, 963–975. [CrossRef] [PubMed]

35. Manca, A.; Peruzzi, A.; Aiello, E.; Cereatti, A.; Martinez, G.; Deriu, F.; Della Corce, U. Gait changes following
direct versus contralateral strength training: A randomized controlled pilot study in individuals with
multiple sclerosis. Gait Posture 2020, 78, 13–18. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mehy.2020.109592
http://dx.doi.org/10.1016/j.jtherbio.2017.07.006
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
http://dx.doi.org/10.1186/s12859-020-3355-7
http://dx.doi.org/10.1016/j.infrared.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32288544
http://dx.doi.org/10.1016/j.cbpa.2016.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26945597
http://www.ncbi.nlm.nih.gov/pubmed/26399555
http://dx.doi.org/10.1016/j.mvr.2017.01.001
http://dx.doi.org/10.1016/j.jvsv.2013.10.052
http://dx.doi.org/10.1177/0268355514542682
http://dx.doi.org/10.1007/s00420-010-0560-0
http://dx.doi.org/10.1097/00002060-200301000-00003
http://www.ncbi.nlm.nih.gov/pubmed/12510180
http://dx.doi.org/10.1002/hbm.20559
http://www.ncbi.nlm.nih.gov/pubmed/18344193
http://dx.doi.org/10.1016/j.gaitpost.2020.02.017
http://www.ncbi.nlm.nih.gov/pubmed/32171169


Int. J. Environ. Res. Public Health 2020, 17, 9028 13 of 13

36. Lemos, T.; Pereira, K.; Protássio, C.; Lucas, L.; Matheus, J.P.C. The effect of Kinesio Taping on handgrip
strength. J. Phys. Ther. Sci. 2015, 27, 567–570. [CrossRef]

37. Maffiuletti, N.A.; Jubeau, M.; Munzinger, U.; Bizzini, M.; Agosti, F.; De Col, A.; Lafortuna, C.L.; Sartorio, A.
Differences in quadriceps muscle strength and fatigue between lean and obese subjects. Eur. J. Appl. Physiol.
2007, 101, 51–59. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1589/jpts.27.567
http://dx.doi.org/10.1007/s00421-007-0471-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Approach to the Problem 
	Subjects 
	Procedures 
	Statistical Analyses 

	Results 
	Skin Temperature Increase in the Leg With NMES 
	Cross-Education 
	Dominance 
	Study Limitations 
	Practical Applications 

	Conclusions 
	References

