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Abstract: Background: Transcutaneous electrical nerve stimulation (TENS) is presently one of the
main methods of treatment for neuropathic pain in type II diabetes mellitus. The discussion about
which TENS frequency is more effective in the treatment of neuropathic pain has been ongoing
for many years. Despite this, the response of different aspects of neuropathic pain to various
TENS modalities has not been sufficiently studied. Aim: To analyze changes in characteristics of
neuropathic pain depending on the frequency of TENS. Materials and methods: Seventy-five Russian
diabetic patients with painful distal axonal neuropathy were enrolled in the study. Patients were
assigned to three groups: in the HF TENS group, 25 patients received standard drug therapy (Alpha-
lipoic acid, Pentoxifylline, Vitamin B12, Gabapentin) + high-frequency TENS (HF); in the LF TENS
group, 25 patients received standard drug therapy (Alpha-lipoic acid, Pentoxifylline, Vitamin B12,
Gabapentin) + low-frequency TENS (LF); in the control group, 25 patients underwent just standard
drug therapy (Alpha-lipoic acid, Pentoxifylline, Vitamin B12, Gabapentin). Pain intensity was
calculated before and after treatment with visual analogue scale (VAS), McGill pain questionnaire
(MPQ), Douleur Neuropathique 4 Questions (DN4) and Pain Drawing. Results: TENS increased
the therapeutic effect of standard drug therapy, in the treatment of neuropathic pain, by 65.9% and
prolonged its efficacy by 31% for up to 6 months after treatment. HF TENS had a more pronounced
analgesic effect than LF TENS based on VAS (34.7%), sensory (57.6%) MPQ dimensions and DN4
(21%). Affective MPQ dimension with the use of LF TENS was lower than HF TENS by 34.7%
immediately after treatment, by 47.3% after 2 months and by 34.8% after 6 months of the follow-up
period. Conclusion: There are significant differences between HF and LF TENS based on pain
assessment using various pain scales. This reflects the distinctive effects of different TENS modalities
on different aspects of neuropathic pain.

Keywords: neuropathic pain; transcutaneous electrical nerve stimulation; TENS; high frequency;
low frequency; VAS; distal polyneuropathy; MPQ; Pain Drawing
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1. Introduction

The Transcutaneous Electrical Nerve Stimulation (TENS) of peripheral nerves for
treatment of diabetic distal polyneuropathy in Russia was used for the first time in 2015 [1].
By 2015, TENS efficacy in the treatment of peripheral nervous system pathology was
considered proven, based on several mechanisms of action:

• Regional improvement of blood circulation in nerve and surrounding tissue [2,3];
• Increased axonal transport, contributing to the accumulation of growth factors in

peripheral nerves [4–6];
• Creation of anastomoses between intact and damaged peripheral nerve fibers [7];
• Reinnervation of muscle fibers [4];
• Regeneration of peripheral nerve fibers [6,8,9];
• Inhibition of pro-inflammatory cytokines [2].

Previous studies demonstrated that direct TENS enhances the efficacy of standard
drug therapy in the treatment of diabetic distal neuropathy by reducing negative sensory
dysfunction by 1.5 times, positive sensory dysfunction by 2.1 times and neuropathic pain
in 40% [1,10,11].

We additionally found evidence that lower limb distal neuropathy symptom resolution
depends on the modality of applied electrical impulses. Positive sensory symptoms respond
23.9% better to high-frequency TENS (HF) compared to low-frequency TENS (LF), while
the difference of negative sensory symptom decrease between LF TENS and HF TENS
was 37.9%. However, existing clinical and experimental research dedicated to the study of
direct TENS has not fully investigated the changes in characteristics of neuropathic pain
depending on TENS frequency and amplitude [7,12].

It is important to note that previous studies attempted to carry out a comparative anal-
ysis between indirect HF TENS (frequency from 100 to 200 Hz) and LF TENS (1–3 Hz) [7,13].
However, these studies lacked uniform criteria, used multiple TENS techniques, different
generated currents and enrolled patients with neuropathic pain of various etiology [7].
In addition, pain intensity assessments were carried out using a single scale, which was the
visual analogue scale (VAS) in the majority of cases.

The aim of this study was the analysis of changes in characteristics of neuropathic
pain depending on the TENS frequency.

2. Materials and Methods
2.1. Participants

We enrolled 75 (female 38, male 37) adult Russian patients with type II diabetes
mellitus complicated by lower limb painful distal axonal neuropathy.

The control group (n = 25; female 13, male 12) received only standard drug therapy.
In addition to standard drug therapy, the TENS group (n = 50; female 25, male 25) was man-
aged with TENS. Depending on the form of TENS, patients were divided into two groups:
the HF TENS group (n = 25, female 12, male 13) underwent a course of HF TENS, and the
LF TENS group (n = 25, female 13, male 12) completed a course of LF TENS (Figure 1).

The mean age of the studied patients was 39 ± 2 years old. The control group included
patients aged from 25 to 54 years old, mean age 39.5 ± 2 years old. HF TENS group
included patients aged from 24 to 53 years old, mean age 39 ± 2 years old. LF TENS group
included patients from 25 to 54 years old, mean age 39.8 ± 2 years old. From these data,
it can be noted that there is no significant difference between mean age values in the studied
groups (p > 0.05).

The duration of type II diabetes mellitus was 9.3 ± 0.46 years in the control group,
9.8 ± 0.36 years in the HF TENS group and 9.6 ± 0.36 years in the LF TENS group.
The mean serum level of glycated hemoglobin (HbA1c) was 6.7 ± 0.12% in the control
group, 6.8 ± 0.13% in the HF TENS group and 6.7 ± 0.12% in the LF TENS group.
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Inclusion criteria in the TENS and control groups:

• Age—from 21 to 60 years old, including first period middle-aged (males 22–35 years,
females 21–35 years) and second period middle-aged (males 36–60 years, females
36–55 years);

• Medically stable type 2 diabetes mellitus (the diagnosis was made by an endocrinolo-
gist or internist);

• Serum level HbA1c in two separate tests is lower than 7.0%;
• Distal axonal neuropathy of lower extremity vitrificated by electromyography (EMG);
• History of neuropathic pain for over 6 months;
• Neuropathic pain intensity is 5 scores or more on the visual analogue scale (VAS) and

4 scores or more on the Douleur Neuropathique 4 Questions (DN4).

Exclusion criteria in the main and control groups:

• Epilepsy and uncontrolled seizure disorder;
• Severely cognitive disorders;
• Mental illness;
• Hereditary polyneuropathy;
• History of peroneal nerve injury in the fibular tunnel or tibial nerve in the tarsal tunnel;
• History of stroke, spinal cord injury, traumatic brain injury, multiple sclerosis;
• Edema of lower extremity;
• History of cardiac arrhythmias or hemodynamic instability;
• Cardiac pacemaker or other implanted electronic system;
• Botulinum toxin injections to any lower extremity muscle in the last 3 months;
• Evidence of deep venous thrombosis or other forms of venous thromboembolism;
• Rheumatoid arthritis, gout, psoriasis and arthrosis of the joints of the lower extremities;
• Vascular atherosclerosis of the lower extremities.

Voluntary Informed Consent in Research and Clinical Care was signed by all pa-
tients. After an explanation of the medical condition, the purpose and benefits of the test,
procedure or treatment and description of the proposed test, procedure or treatment were
analyzed, including possible complications or adverse events. The study protocol was
approved by the local medical ethics committee (protocol № 34, 23.01.2019). All procedures
adhered to the 1984 Declaration of Helsinki and its later amendments. All patients read the
abovenamed article in full (including text, figures and Supplementary Material) and agree
to its publication.
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Participation is not rewarded in this study. The researchers were not rewarded for their
work. The study was carried out as part of a scientific research program of the Department
of Physiotherapy of Peoples’ Friendship University of Russia.

2.2. Characteristics of Standard Drug Therapy

All patients received identical drug therapy with Alpha-lipoic acid 600 mg/day for
2 months: Pentoxifylline 100 mg t.i.d. during 1 month per orally; Vitamin B12 1000 mcg in
muscular s.i.d during 10 days. Neuropathic pain was treated with Gabapentin 300 mg t.i.d.
for 2 months orally.

2.3. Characteristics of Motor and Sensory Disorders

Negative sensory symptoms of distal axonal neuropathy scores were based on the
prevalence of symptoms on a 5-point scale. The mean scores in the control group were
2.7 ± 0.17 points, 2.8 ± 0.16 points in the HF TENS group and 2.8 ± 0.17 points in the
LF TENS group, p > 0.05. Positive sensory symptoms of distal axonal neuropathy were
determined by patients (using a 10-point scale). The mean scores in the control group were
6.8 ± 0.27 points, 6.8 ± 0.26 points in the HF TENS group and 6.9 ± 0 points in the LF
TENS group, p > 0.05.

Foot dorsiflexion paresis was diagnosed in 4 cases in the control group (strength on a
5-point scale: 3.5, 4.0, 3.0, 3.5 points), 5 cases in HF TENS group (3.5, 3.0, 3.0, 4.0, 4.0 points)
and 4 cases in LF TENS group (3.0, 3.0, 3.5, 4.0 points), p > 0.05. Paresis of foot plantar
flexion was diagnosed in 1 case in control group (4.0 point), 1 case in HF TENS group
(4.5 points) and in 2 cases in LF TENS group (4.0 point), p > 0.05.

2.4. Characteristics of Neuropathic Pain Assessment Tools

Visual analogue scale (VAS): Patients were asked to rate their pain on a scale of 0 to
10 points.

McGill pain questionnaire (MPQ): Pain characteristics were assessed using MPQs.
Patients self-reported their experience of pain in the sensory, affective and evaluative ques-
tionnaire dimensions. The questionnaire contains 78 words serving as pain descriptors,
grouped into 20 categories and further divided into 3 dimensions: sensory (1–14), affective
(15−19) and evaluative (20). The evaluative scale consists of 5 words expressing a gen-
eralized subjective assessment, similar to the usual verbal scale. Each category contains
descriptors arranged in ascending order of synonymous meaning. The rank value for each
descriptor is based on its position in the word set. The sum of the rank values is the pain
rating index (PRI).

Pain Drawing: Location and distribution of pain were assessed using the Pain Drawing
Method. Patients indicated the location of their pain on human drawings. Pain projection
area (PPA) was determined by using a special two-dimensional transparent mesh.

DN4: Neuropathic pain was differentiated from nociceptive and psychogenic pain by
the DN4 questionnaire.

Patients were assessed before, on completion and after completion of treatment.
The post-treatment follow-up period was carried out 2, 4 and 6 months after complet-
ing therapy with and without TENS.

2.5. TENS Technique

TENS was applied with a CE0434 certified BTL-4000 smart/premium device
(BTL Industries Ltd., Hertfordshire, UK). Registration number P3H 2020/12648 dated
24 November 2020. The device has been approved in Russia since 2010 by registration
certificate number ΦC3 2010/06686 dated 29 April 2010.

Protocol of HF TENS: We used monophasic impulses with a frequency of 100 Hz and
a duration of 100 µs. Impulse amplitude was adjusted individually, from 5 to 20 mA, to
achieve painless sensory sensations. Peroneal and tibial nerves were stimulated for 5 min
each. There was a total of 15 sessions carried out on alternate days [1,10,11].
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Protocol of LF TENS: Monophasic impulses were used with a frequency of 1 Hz and
duration of 200 µs. Impulse amplitude was individually adjusted from 5 to 40 mA until
painless muscle contraction was achieved. Peroneal and tibial nerves were stimulated for
5 min each (Figure 2). There was a total of 15 sessions carried out on alternate days [1,10,11].
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2.6. Statistical Analysis

Collected data were computed and analyzed using SPSS software for Windows,
version 20 (IBM, Armonk, NY, USA).

Descriptive statistics were used to describe the mean ± standard error of the mean
(mean ± S.E.M.) of the participants’ characteristics. Normality was tested using Shapiro–
Wilk normality test. Levene’s test was used to test the equality of variances. Multivariate
ANOVA was used to statistically test the differences between the three groups. In order
to prevent data from incorrectly appearing to be statistically significant, the Bonferroni
correction test was used. Moreover, we used the post hoc test in data analyses.

To compare the means of the same variable between two groups, we used an indepen-
dent group t-test. The p-value was set at 0.05.

3. Results
3.1. Pain Assessment Using VAS

Before treatment, mean pain intensity in TENS and control groups was 7.68 ± 0.14 points
(Figure 3). After treatment, there was a significant decrease in pain intensity from baseline
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pre-treatment scores in both the control (40.5%, p < 0.05) and TENS groups (HF TENS
group—77.2%, p < 0.05; LF TENS group—57.3%, p < 0.05). The intensity of pain 2 months
after treatment did not significantly differ from the scores obtained immediately after
treatment in the control and LF TENS groups (p > 0.05). The HF TENS group recorded a
significant increase in pain intensity by 61.1%, p < 0.05.
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After six months of the follow-up period, pain intensity did not significantly differ in
the control group compared to baseline values before treatment. At the same time, pain
intensity decreased in comparison to pre-treatment values with the use of HF TENS by
31.6%, p < 0.05 and LF TENS by 30.7%, p < 0.05. No significant difference in pain values
between HF TENS and LF TENS groups was detected (p > 0.05).

3.2. Pain Assessment Using MPQ

As is shown in Table 1, the mean total of PRI and mean PRI of sensory, affective
and evaluative dimensions before treatment in the control and TENS groups were similar
(p > 0.05).

In the immediate post-treatment period, a significantly lower PRI was noted af-
ter TENS compared with the control group: in sensory dimensions by 32.0% (p < 0.05);
in affective dimensions by 35.3% (p < 0.05); in evaluative dimensions by 52.9% (p < 0.05);
in total PRI by 36.4% (p < 0.05).

Sensory dimension PRI immediately after treatment was lower, by 35.2% after HF
TENS compared to LF TENS (p < 0.05), but did not differ after 2 and 6 months of follow-up
periods (p > 0.05). Affective dimension PRI with the use of LF TENS was lower than HF
TENS by 34.4% immediately after treatment (p < 0.05), by 47.3% after 2 months (p < 0.05)
and by 34.8% after 6 months of follow-up period (p < 0.05). PRI differences in the evaluative
dimension immediately after treatment were not statistically significant between HF TENS
and LF TENS groups and did not differ between two TENS groups after 6 months of the
follow-up period (p > 0.05). After 2 months of follow-up period, evaluative dimensions of
PRI were higher in the HF TENS group than in the LF TENS group by 53.3% (p < 0.05).
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Table 1. Dynamics of pain rating index of sensory and affective dimensions of MPQ during treatment
of diabetic patients with painful distal axonal neuropathy at different periods.

Group Before Treatment
(Mean ± S.E.M.)

After Treatment
(Mean ± S.E.M.)

2 Months
Post-treatment

(Mean ± S.E.M.)

6 Months
Post-treatment

(Mean ± S.E.M.)

Sensory Dimensions

Control group 16.2 ± 0.41 11.4 ± 0.56 * 10.4 ± 0.40 * 14.7 ± 0.49
HF TENS 15.3 ± 0.42 6.10 ± 0.43 *# 7.22 ± 0.43 *# 10.3 ± 0.36 *#
LF TENS 15.2 ± 0.43 9.42 ± 0.42 *# 7.51 ± 0.42 *# 11.1 ± 0.45 *#

Affective Dimensions

Control group 10.2 ± 0.39 6.4 ± 0.28 * 7.2 ± 0.27 * 9.82 ± 0.4
HF TENS 9.10 ± 0.35 5.0 ± 0.21 *# 5.5 ± 0.11 *# 6.9 ± 0.29 *#
LF TENS 10.3 ± 0.36 3.28 ± 0.27 *# 2.9 ± 0.17 *# 4.5 ± 0.34 *#

Evaluative Dimensions

Control group 4.5 ± 0.11 3.4 ± 0.26 * 3.3 ± 0.20 * 4.3 ± 0.19

HF TENS 4.6 ± 0.12 1.5 ± 0.13 *# 2.3 ± 0.13 *# 2.8 ± 0.16 *#

LF TENS 4.6 ± 0.11 1.7 ± 0.12 *# 1.5 ± 0.12 *# 2.7 ± 0.15 *#

Total Pain Rating Index

Control group 30.9 ± 0.37 21.2 ± 0.25 * 20.9 ± 0.23 * 28.8 ± 0.24

HF TENS 29.0 ± 0.39 12.6 ± 0.24 *# 15 ± 0.22 *# 20 ± 0.24 *#

LF TENS 30.1 ± 0.37 14.4 ± 0.24 *# 11.9 ± 0.17 *# 18.3 ± 0.23 *#

Note: * p < 0.05—reliability of differences in results compared to the initial values before treatment;
# p < 0.05—compared with similar values of the control group.

Mean total PRI was significantly lower in TENS groups compared with control group
immediately after treatment by 36.4% (p < 0.05), after 2 months of follow-up period by
35.6% (p < 0.05) and after 6 months of follow-up period by 33.5% (p < 0.05). Comparing total
means of two groups, HF TENS and LF TENS, shows that pain value in the HF TENS group
was lower than LF TENS by 12.4% immediately after treatment (p < 0.05) and was lower
in LF TENS than in the HF TENS group by 20.7% after 2 months of the follow-up period
(p < 0.05) and did not differ between two TENS groups after 6 months of the follow-up
period (p > 0.05).

3.3. Pain Assessment Using DN4

The sum of DN4 exceeded 4 and averaged 7.52 ± 0.07 points in all enrolled patients
with diabetic painful distal axonal neuropathy. Complete resolution of neuropathic pain
was observed in 21.5% of patients who underwent HF TENS and LF TENS, p < 0.05.
In patients who received only standard drug therapy, complete resolution was not observed
at all (Figure 4).

The severity of neuropathic pain significantly decreased after HF TENS and LF TENS
compared to drug therapy by 56.3%, p < 0.05. Comparing the dynamics of neuropathic pain
between HF TENS and LF TENS, it can be noted that DN4 scores in the former decreased
by more than 21% in comparison to the latter immediately after treatment, p < 0.05. The
trend was maintained at 6 months of follow-up period with mean pain scores 14.8% higher
in the LF TENS group, p < 0.05.
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3.4. Pain Assessment Using Pain Drawing

In the control group, a decrease in PPA was registered by 25% immediately after
treatment (p < 0.05) and 23% after 2 months of follow-up period (p < 0.05). At the 6-month
mark PPA returned to pre-treatment baseline levels (p > 0.05). Figure 5 demonstrates that
application of TENS decreased PPA by 51% immediately after treatment (p < 0.05), 47.5%
after 2 months (p < 0.05) and 29% after 6 months of follow-up period (p < 0.05).
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axonal neuropathy at different periods (mean ± S.E.M.).

In comparison to the control group, immediate post-treatment PPA in the TENS group
was two times less, p < 0.05. It is important to underline that decrease in PPA in the LF
TENS group compared to HF TENS was 22% more immediately after treatment (p < 0.05),
35% more after 2 months of the follow-up period (p < 0.05) and 16% more after 6 months of
the follow-up period (p < 0.05).

Of note is the procedure’s safety, with no serious adverse events occurring during or
after treatment [14].
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4. Discussion

Neuropathic pain develops in 10–50% of patients with distal lower limb polyneu-
ropathy in type 2 diabetes mellitus [15–17]. Almost all patients with diabetic neuropathic
pain report quality of life impairment [18], with 80% experiencing poor sleep [19–21].
Unfortunately, drug therapy alone has not been effective enough in the treatment of
many patients with severe neuropathic pain [18,22]. This has led to a necessity of in-
creasing neuropathic pain pharmacotherapy efficacy through non-drug interventions [23].
The Toronto Expert Panel on Diabetic Neuropathy consensus recommends TENS as an
effective non-pharmacological treatment for neuropathic pain [24].

Our results demonstrate that the use of TENS significantly enhances the analgesic
effect of drug therapy as confirmed by multiple validated pain scales: VAS, MPQ, DN4 and
Pain Drawing. The same results were obtained by other authors when studying the re-
gression of pain syndrome using VAS [25] and MPQ [26]. In the literature, we did not
find an application for DN4 and Pain Drawing to assess the dynamics of neuropathic
pain using TENS. The findings suggest that HF TENS has a more pronounced analgesic
effect than LF TENS in the immediate post-treatment period by 25.8% in VAS scores, 35.5%
and 58.1% in MPQ evaluative and sensory dimensions, respectively, and by 21% in DN4.
On the other hand, LF TENS had more analgesic effect than HF TENS in affective dimen-
sions of MPQ by 51.3% and in Pain Drawing by 22%.

There are significant differences between HF TENS and LF TENS when post-treatment
pain intensity is measured by multiple pain assessment tools. This reflects the distinctive
effects of different TENS modalities on different aspects of neuropathic pain. The anal-
gesic effect of HF TENS primarily addresses the sensory aspect of pain as a result of
segmental gelatinous substance cell excitation, which has an inhibitory effect on nocicep-
tive afferentation [27,28]. At the same time, long-term inhibition of nociceptive afferentation
further enhances the segmental analgesic effect by reducing dorsal horn neuron sensitiza-
tion [29–31]. Simultaneously there is a moderate secondary effect on the affective aspect of
neuropathic pain as a consequence of decreased afferentation along nociceptive fibers.

The therapeutic effect of LF TENS is probably achieved through two mechanisms:
Parasegmental mechanism: Parasegmental stimulation of the midbrain periaqueductal

gray and rostral ventromedial medulla activates descending pain inhibitory pathways and
inhibits descending facilitatory pain pathways [32–34]. Moreover, electrical stimulation of
the central nervous system by LF TENS promotes the release of endorphins, which enhance
the analgesic effect [32–34].

Local mechanisms: In many clinical and experimental studies, LF TENS was found to
be highly effective in the treatment of distal polyneuropathy due to improving microcircu-
lation and activating reparative processes in affected nerves [2,6–9].

It is important to note a stronger correlation between pain projection and affective
rather than sensory pain components. The drawing pain projection reflects not just sensory
disorders and pain locations. However, patients’ emotional reaction to pain is also very
important; patients can depict pain subjectively more than in the affected area in nature.
Some authors found a weak correlation between Pain Drawing pain syndrome severity
and the patient’s depressive state (Figure 6) [35].

In our study analgesic effect is prolonged and maintained 6 months after completion
of TENS treatment. The maximum analgesic effect in the post-treatment period was
recorded 2 months after TENS, with gradual regression over the next 4 months. Warke
et al. demonstrated that the long-term analgesic effect of low-frequency TENS could last for
about 7 months [36], while Nabi and Jin reported a 3 months effect following the application
of high-frequency TENS [31,37].

Our findings, supported by the existing literature, suggest that this prolonged anal-
gesic effect is due to two factors. Firstly, regression of central sensitization, with a delay
in its formation while maintaining nociceptive afferentation [38–41]. Secondly, improve-
ments in damaged peripheral nerve condition with decreased nociceptive afferentation
and increased sensory afferentation. In the best-case scenario, this mechanism prevents
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the development of central sensitization or, in the least, slows down the process of its
formation [10,11,13,37].
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(A) and after treatment (B) of a patient with severe neuropathic pain syndrome. Pain projection area
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As a result of this study, we recommend:

• Using direct TENS of peroneal and tibial nerves in treatment of neuropathic pain;
• A combination of HF TENS and LF TENS in treatment of patients with neuropathic pain;
• Complex application of VAS, MPQ, DN4 and Pain Drawing in neuropathic pain

diagnosis in patients with diabetic neuropathies.

However, these guidelines can be changed in other countries and other racial groups
of patients, depending on the genetic and nongenetic (cultural, religious, ethnicity, etc.)
factors that influence pain perception.

5. Limitations

• It was not possible to study the effectiveness of the combined use of HF TENS and LF
TENS in the treatment of diabetic neuropathic pain and to compare these results with
the use of separate methods of TENS;

• There was no comparative analysis of the effectiveness of HF TENS and LF TENS
in the treatment of diabetic neuropathic pain between patients with type 1 diabetes
mellitus and type 2 diabetes mellitus;

• We could not investigate the effectiveness of TENS methods in the treatment of patients
with myelinopathy type of peripheral nerve disorders, and we could not compare
these results with the results of treatment of patients with an axonal disorder;

• We could not study the effectiveness of TENS compared with the use of sham stimula-
tion in the control group.
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6. Conclusions

There are significant differences between HF and LF TENS based on pain assessment
using various pain scales, which reflects the distinctive effects of different TENS modalities
on different aspects of pain. Sensory aspects of pain respond better to HF TENS therapy
and affective aspects to LF TENS.
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