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Abstract

:

Carpal tunnel syndrome (CTS) is the most frequent entrapment neuropathy. CTS therapy includes wrist immobilization, kinesiotherapy, non-steroidal anti-inflammatory drugs, carpal tunnel steroid injection, acupuncture, and physical therapy. Carpal tunnel decompression surgery (CTDS) is recommended after failure of conservative therapy. In many cases, neurological disorders continue despite CTDS. The aim of this study was to investigate the efficiency of direct transcutaneous electroneurostimulation (TENS) of the median nerve in the regression of residual neurological symptoms after CTDS. Material and Methods: 60 patients aged 28–62 years with persisting sensory and motor disorders after CTDS were studied; 15 patients received sham stimulation with a duration 30 min.; 15 patients received high-frequency low-amplitude TENS (HF TENS) with a duration 30 min; 15 patients received low-frequency high-amplitude TENS (LF TENS) with a duration 30 min; and 15 patients received a co-administration of HF TENS (with a duration of15 min) and LF TENS (with a duration of 15 min). Results: Our research showed that TENS significantly decreased the pain syndrome, sensory disorders, and motor deficits in the patients after CTDS. Predominantly, negative and positive sensory symptoms and the pain syndrome improved after the HF TENS course. Motor deficits, reduction of fine motor skill performance, electromyography changes, and affective responses to chronic pain syndrome regressed significantly after the LF TENS course. Co-administration of HF TENS and LF TENS was significantly more effective than use of sham stimulation, HF TENS, or LF TENS in patients with residual neurological symptoms after CTDS.
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1. Introduction


Carpal tunnel decompression surgery (CTDS) is a treatment for carpal tunnel syndrome (CTS) via the surgical release of the transverse carpal ligament, thereby decompressing the median nerve [1]. The method was first described by Galloway in 1924 [2]. CTDS is recommended if conservative treatment fails and CTS symptoms persist or worsen [3]. The greatest effect of CTDS develops 6–12 months after the surgery [4,5]. Nocturnal numbness and tingling, with occasional daytime pain, persist after CTDS in 8.56% of patients [6,7]. The cause of residual neurological disorders after CTDS is incomplete surgical relaxation, due to the complexity of the surgical exploration of the distal transverse carpal ligament and the proximal antebrachial fascia [8]. In some cases, CTDS is not sufficiently effective, due to a long history of CTS before surgery, the presence of fibrous proliferation and tenosynovitis [9], or irreversible changes in the structures of the long-term compressed median nerve [10,11]. These conditions explain the persistence and severity of the residual neurological disorders of CTS in the early and late postoperative periods [12,13,14].



In many cases, revision surgery significantly improved the function of hands, with residual neurological symptoms after CTDS, by 33% at 6 months [15]. However, in 43–80% of patients, residual symptoms persisted 6 months postoperatively [8,16].



Conservative treatment of residual symptoms after CTDS begins with the use of central analgesics to relieve neuropathic pain syndrome [6]. The effectiveness of physiotherapy methods for the treatment of residual neurological symptoms after CTDS, using manual therapy [17,18], low-intensity laser therapy [19,20,21], acupuncture [22,23,24], and electroacupuncture [25], as well as extracorporeal shock wave therapy [26], has been proven in many studies. The effectiveness of these methods was of an individual nature—in some cases, they had a pronounced therapeutic effect, while in other cases, they were not sufficiently effective. In this regard, there remains a need to study and develop new effective physiotherapeutic methods for the treatment of this disease.



Transcutaneous electroneurostimulation (TENS) is a well-known method of physiotherapy [27,28]. Recent studies have helped clarify the mechanisms of the analgesic effect of TENS, which include stimulation of the release of endogenous endorphins [29], activation of opioid-mediated antinociception of rostroventromedial medulla and periaqueductal gray [30], activation of the descending inhibitory pathway [30,31,32], reduction of inflammation-induced sensitization of dorsal horn neurons [33], and acceleration of regenerative processes in damaged peripheral nerves [34] and denervation muscles [35,36].



In clinical practice, indirect TENS methods are more often used, in which sensory fibers and muscle fibers are stimulated in the areas of pain. However, in 2015, EMG-guided direct TENS of the peroneal and tibial nerves was proposed for the treatment of distal lower extremity polyneuropathy in patients with type 2 diabetes mellitus [37,38]. The efficiency of direct TENS exceeded the efficiency of indirect TENS by several times. At the same time, the improvement of the neurological symptoms of neuropathy was not limited to the analgesic effect, but extended to the regression of sensory and motor deficits and to the improvement of the EMG parameters of the affected nerves [37]. In subsequent studies, the direct TENS technique was applied in the treatment of patients with CTS in the preoperative period and demonstrated a significant regression of the pain syndrome, a decrease in sensory and motor deficits, and improvement in the EMG parameters of the affected median nerve [39].



The aim of this study was to investigate the efficiency of direct TENS of the median nerve in the regression of persisting neurological symptoms after CTDS.




2. Materials and Methods


2.1. Participants


In this randomized controlled trial, we observed 60 patients (female—38, male—22) who had residual neurological symptoms of CTS for 6 to 9 months after CTDS.



The inclusion criteria for the study were as follows:




	
European patients;



	
Adult patients (male: 21 to 60 years old, female: 20 to 55 years old) according to World Health Organization classification;



	
Neurophysiological parameters of the median nerve without deterioration;



	
Amplitude compound muscle action potential of the median nerve > 2.5 mV;



	
History of CTS before CTDS of less than 5 years;



	
CTDS older than 6 months but less than 9 months;



	
The severity of paresthesia was 5 points or more;



	
Signed voluntary informed consent to participate in this study.








Exclusion criteria for the study were as follows:




	
Epilepsy and uncontrolled seizure disorder;



	
Severely cognitive disorders or mental illness;



	
Hereditary polyneuropathy or history of cervical radiculopathy C6;



	
Distal polyneuropathy of the upper extremities;



	
Damage to the median nerve anywhere along its path from the brachial plexus to the carpal canal;



	
History of stroke, spinal cord injury, traumatic brain injury, multiple sclerosis, or edema of the upper extremities;



	
History of cardiac arrythmias or hemodynamic instability;



	
Cardiac pacemaker or other implanted electronic system;



	
Botulinum toxin injections to any muscle of hand in the previous 3 months;



	
Evidence of deep venous thrombosis or other forms of venous thromboembolism;



	
Rheumatoid arthritis, gout, psoriasis, and arthrosis of the joints of the upper extremities;



	
Type 1 or type 2 diabetes mellitus;



	
Vascular atherosclerosis of the upper extremities;



	
Raynaud’s disease and vibration white finger;



	
De Quervain’s tenosynovitis, deformity and dislocation of the carpometacarpal joint of the thumb, and wrist arthritis;



	
Undergoing physiotherapy treatment or acupuncture after CTDS.








A “Voluntary Informed Consent in Research and Clinical Care” form was signed by all patients after explaining their state of health, the need for clinical, instrumental, and laboratory examination, and the proposed treatment, including possible complications or adverse events. The study protocol was approved by the local ethics medical committee (protocol No. 61, 3 September 2021). All procedures adhered to the 1984 Declaration of Helsinki and its later amendments. All patients read the above-named form in full (including the text, figures, and supplementary materials) and agreed to publication of the results.



Participation in this study was not rewarded. 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 the Peoples’ Friendship University of Russia.



The control group consisted of 15 patients (female—10, male—5). These patients received sham stimulation in addition to pharmacotherapy. The comparable (TENS) group consisted of 45 patients (female—28, male—17), including three subgroups, depending on the characteristics of direct TENS: subgroup 1 (HF TENS subgroup)—15 patients (female—9, male—6), co-administration of pharmacotherapy and HF TENS; subgroup 2 (LF TENS subgroup)—15 patients (female—10, male—5), co-administration of pharmacotherapy and LF TENS; subgroup 3 (HF-LF TENS subgroup)—15 patients (female—9, male—6) co-administration of pharmacotherapy and combined course of HF TENS and LF TENS. The female/male ratios were comparable in the control group, in the TENS group, and in all TENS subgroups (Figure 1). Thus, we compared four different methods of electrostimulation (sham stimulation and three TENS techniques) in the patients, who received the same pharmacotherapy prescribed by a neurologist.



The ages of the patients in the control group ranged from 36 to 65 years (mean age—49.8 ± 2.55 years). The ages of the patients in the HF TENS subgroup ranged from 35 to 63 years (mean age 49.1 ± 2.3 years). The ages of the patients in the LF TENS subgroup ranged from 34 to 65 years (mean age—50.2 ± 2.55 years). The ages of the patients in the HF- LF TENS subgroup ranged from 35 to 61 years (mean age—50.8 ± 1.82 years). The group–group differences in patients’ ages were not statistically significant (p-value > 0.1).



In the general sample, the patients suffered from CTS symptoms before CTDS from 2 to 5 years (mean duration—2.9 ± 0.09 years), as follows: control group—2.9 ± 0.23 years; HF TENS subgroup—2.9 ± 0.18 years; LF TENS subgroup—3.1 ± 0.18 years; HF-LF TENS subgroup—2.8 ± 0.14 years.




2.2. Sample Size Calculation


To determine the minimum number of subjects, we used the sample size calculator at ClinicCalc.com and Sealed Envelope online software (version 23). When searching the literature, it was found that in a study by Forst et al. [40], the total neuropathy symptom scores (NTSS-6) decreased after treatment of patients with diabetic neuropathy with active TENS by 42% and did not change in the control group after sham stimulation. The primary end point (measurement) that allows the minimum expected difference to be calculated is the anticipated percentage difference in the reduction of neuropathy symptoms according to the NTSS-6 questionnaire in the treatment group compared to the control group, which equals 42%. The power value = 80%. The expected significance level (p-value) = 0.05. When entering data, the sample s calculator of ClinicCalc.com and Sealed Envelope show that the minimum number of patients in each group is 15 patients.




2.3. Neurological Examination


2.3.1. Pain Syndrome


The pain syndrome was assessed using the visual analogue scale (VAS) and the Russian version of the McGill Pain Questionnaire (MPQ). The MPQ is composed of 78 words (descriptors), from which patients choose those words that best describe their experience of pain. The descriptors are summarized in 20 subclasses (subscales), which are distributed over three classes (dimensions): sensory (1st–14th subclasses); affective (15th–19th subclasses); and evaluative (20th subclass). In each subclass, descriptors are arranged in ascending order of synonymous value. Patients must select descriptors in any (not necessarily all) of the 20 subclasses, but only one descriptor per subclass. By summing values associated with each descriptor, the pain rating index (PRI) is subtracted. In this work, total PRI and the PRI for each dimension (sensory, affective, and evaluative) were used to assess the pain syndrome.




2.3.2. Positive Sensory Symptoms


Patients determined the severity of tingling, numbness, and burning sensation in the wrist area and on the palmar surface of the affected hand on a 10-point scale.




2.3.3. Negative Sensory Symptoms


The tactile sensation on the palmar surface of the thumb and the index and middle fingers of the affected hand was investigated using Semmes–Weinstein monofilament. The severity of tactile sensation was determined on a 5-point scale relative to the tactile sensation on the palmar surface of the little finger. The average of the values of tactile sensation determined on three fingers were calculated (Figure 2).




2.3.4. Motor Disorders


To determine the dynamics of the motor function of the affected hand, the strength of m. abductor pollicis brevis was manually tested before and after treatment. The test technique included assessment of the muscle function in grades, depending on the strength of thumb abduction up and away from the plane of the palm. Muscle strength was assessed according to the muscle strength grading scale (Figure 3). Fine movement skills were studied using the Jebsen–Taylor test [41].





2.4. Neurophysiology Examination


The neurophysiological parameters of the median nerve were examined using evoked EMG studies of the median nerve. The sensory conduction velocity and the motor conduction velocity of the median nerve were measured bilaterally. The study was conducted before CTDS, 6 months after CTDS and 3 months after treatment. The motor-conduction velocity of the median nerve at the level of the brachial plexus, axillary region, shoulder, elbow, and forearm was examined. The latency of the compound muscle action potential (CMAP) was determined in the wrist area. The amplitude of the CMAP was measured in response to each stimulation of the nerve at each point. The sensory conduction velocity of the median nerve was studied antidromically through the carpal canal, and the amplitude of the sensory nerve action potential (SNAP) was determined. EMG examination was carried out on the EMG hardware complex (“Neuroexpeditor”, MBN company, registration certificate No. FSR 2010/07889).




2.5. Ultrasonography of Carpal Canal


In our study, all patients underwent an ultrasound diagnostic before treatment to exclude postoperative changes of the median nerve and surrounding tissues [42,43,44], but not all patients underwent an ultrasound diagnostic after treatment. Serious postoperative changes that required repeated surgical treatment were not detected in all patients. The studies were carried out on a Samsung Medison UGEO H60 ultrasound machine, registration number P3H 2013/691, dated 10 July 2017.




2.6. Pharmacotherapy


All patients underwent pharmacotherapy with the following drugs: alpha-lipoic acid—600 mg/day orally for 2 months; pentoxifylline—300 mg/day orally for 1 month; cyanocobalamin—1000 mcg/day (intramuscular injection) for 10 days; gabapentin—900 mg/day orally for 2 months. Pharmacotherapy began 1 month before TENS. In our study, no allergic reactions to the applied pharmacotherapy, nor any adverse effects, were observed.




2.7. Surgery of Carpal Tunnel Syndrome


All patients underwent traditional open carpal tunnel release with visualization of the carpal tunnel [45]. In all patients, surgical interventions were performed successfully without the development of complications or adverse events. CTS was diagnosed by a neurologist and confirmed by median-nerve EMG and carpal-tunnel ultrasound in all patients in the preoperative period.




2.8. Transcutaneous Electroneurostimulation


2.8.1. Protocol of Sham Stimulation


A cathode of 1 cm2 was fixed at the level of the wrist above the projection of the entrance of the median nerve into the carpal tunnel. A 1 cm2 anode was fixed on the distal part of the index finger. The current characteristics were as follows: monophasic rectangular with a frequency of 1 Hz; duration—50 μs; stimulation amplitude—1 mA above the initial sensory response. Stimulation was administered for 30 min. The number of procedures was 15. The procedures were carried out every other day.




2.8.2. Protocol of High-Frequency Low-Amplitude Transcutaneous Electroneurostimulation


A 1 cm2 anode was fixed at the level of the wrist above the projection of the entrance of the median nerve into the carpal canal. The 1 cm2 cathode (pen electrode) was left unfixed. The thumb and the index finger, middle finger, and ring finger were stimulated sequentially. The current characteristics were as follows: monophasic, rectangular with a frequency of 100 Hz; duration—100 μs; and the stimulation amplitude was raised until a comfortable painless sensory response was achieved. Amplitude adjustment was carried out for each finger separately. Each finger was stimulated for 10 s. The total amount of stimulation with each procedure was 30 min. The number of procedures was 15. The procedures were carried out every other day.




2.8.3. Protocol of Low-Frequency High-Amplitude Transcutaneous Electroneurostimulation


A cathode of 1 cm2 was fixed at the level of the wrist above the projection of the entrance of the median nerve into the carpal tunnel. The 1 cm2 anode (pen electrode) was left unfixed. The thumb and the index finger, middle finger, and ring finger were stimulated sequentially (Figure 4). The current characteristics were as follows: monophasic, rectangular with a frequency of 1 Hz; duration—200 μs; and the stimulation amplitude was raised until a comfortable painless motor response was achieved. Amplitude adjustment was carried out for each finger separately. Each finger was stimulated for 10 s. The total amount of stimulation with each procedure was 30 min. The number of procedures was 15. The procedures were carried out every other day.




2.8.4. Protocol of Co-Administration of High-Frequency Low-Amplitude Transcutaneous Electroneurostimulation and Low-Frequency High-Amplitude Transcutaneous Electroneurostimulation


For the electrical stimulation of the median nerve, a combined application of HF-TENS (stimulation duration of 15 min) and LF-TENS (stimulation duration of 15 min) was used. The total duration of the procedure was 30 min. The number of procedures was 15. The procedures were carried out every other day.




2.8.5. Transcutaneous Electroneurostimulation Technique


A CE0434 certified BL-4000 smart/premium device (BL Industries Ltd., Hertfordshire, United Kingdom) was used for TENS (registration number RAN 2020/12648, dated 24 November 2020). The equipment has been used in Russia since 2010 (registration number FEZ 2010/06686, dated 29 April 2010).





2.9. Statistical Analysis


Collected data were computed and analyzed using SPSS Statistics for Windows, Version 25.0 (IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp). Descriptive statistics were used to measure the means (M), standard deviation (SD), and standard error mean (SEM). Normality was tested using the Shapiro–WilK normality test. Levene’s test was used to assess the equality of variances between two or more groups. Multivariate analysis of variance (ANOVA) was used to test for differences between the means of the control group and the three TENS subgroups. To prevent data from incorrectly appearing to be statistically significant, the Bonferroni test was used. To compare the means of the same variable between two groups, we used an independent group t-test. The p-value < 0.05 provided evidence against the null hypothesis, suggesting a statistically significant effect.





3. Results


3.1. Assessment of Pain Syndrome


3.1.1. Visual Analogue Scale


Before treatment, in all groups, the pain syndrome exceeded 5 points and averaged 6.1 ± 0.1 points (Figure 5). The mean values in the control group and the TENS subgroups did not differ significantly (p-value > 1). After treatment, the analgesic effect was 29.5% (t = 5.00, p-value = 0.0001) in the control group, 60.7% (t = 12.47, p-value = 0.0001) in the HF TENS subgroup, 48.3% (t = 8.36, p-value = 0.0001) in the LF TENS subgroup, and 60.7% (t = 9.86, p = 0.0001) in the HF-LF TENS subgroup. Overall, post-treatment pain in the TENS group was 38.8% (t = 5.02, p-value = 0.0001) less than it was in the control group. In addition, it was shown that the post-treatment pain syndrome was significantly lower it was in the HF TENS and HF-LF TENS subgroups than it was in the LF TENS subgroup, by 22.5% (t = 2.92, p-value = 0.009).



After a 3 month follow-up period, the level of pain in the control group did not change significantly (p-value > 1.0). However, the patients in the HF TENS subgroup showed an increase in pain by 37.5%, compared with the level of pain immediately after treatment (t = 3.41, p-value = 0.002). Despite this, the achieved analgesic effect was 45% less than the initial level of pain before treatment (t = 8.58, p-value = 0.0001). No significant changes were found in the levels of pain in the LF TENS and the HF-LF TENS subgroups compared with the achieved analgesic effect immediately after treatment (p-value > 0.1).




3.1.2. Pain Assessment Using McGill Pain Questionnaire


Before treatment, the results of a pain assessment using MPQ demonstrated no significant differences in total PRI in the control group and the TENS subgroups (p-value > 0.1). The average severity of the pain syndrome was 11.4 ± 0.18 points in the sensory dimension, 7.2 ± 0.11 points in the affective dimension, and 3.6 ± 0.09 points in the evaluative dimension.



Immediately after treatment:



In the control group, significant decreases in the level of the pain syndrome were found in the sensory, affective, and evaluative dimensions, of 19.6% (t = 3.7, p-value = 0.01), 11.1% (t = 2.5, p-value = 0.03), and 31.4% (t = 16.7, p-value = 0.0001), respectively (Figure 6). In the TENS group, a significant decrease in the pain syndrome was registered, which turned out to be lower than the initial level by 52.3% (t = 16.7, p-value = 0.0001), including the sensory dimension—51.8% (t = 3.5, p-value = 0.001), the affective dimension—53.4% (t = 3.9, p-value = 0.001), and the evaluative dimension—51.9% (t = 4.2, p-value = 0.0003). However, the analgesic effect in the control group was less than it was in the TENS subgroups, by 38.9% (t = 5.7, p-value = 0.0001) in the sensory dimension, by 47.4% (t = 8.47, p-value = 0.0001) in the affective dimension, by 27.8% (t = 4.7, p-value = 0.001) in the evaluative dimension, and by 40.5% (t = 6.7, p-value = 0.0001) in the total PRI of the MPQ score.



A comparative analysis among the TENS subgroups demonstrated that the reduction in PRI of the sensory dimension in patients treated with HF TENS was 12% better than that of patients treated with LF TENS (t = 2.47, p = 0.02). However, no significant differences between HF TENS and HF-LF TENS subgroups were found in the pain level after treatment (p-value > 0.1).



The PRI of the affective dimension decreased, mainly, in the LF TENS and the HF-LF TENS subgroups, compared to the HF TENS subgroup, by 22.5% (t = 3.43, p-value = 0.003) and 25% (t = 3.80, p-value = 0.0007), respectively.



The regression of the PRI of the evaluative dimension turned out to be 21% more significant in the HF TENS subgroup than in the LF TENS subgroup (t = 2.44, p-value = 0.021), but no significant difference was found between the HF-TENS and the HF-LF TENS subgroups (p-value > 0.1).



The total PRI in all the TENS subgroups did not differ significantly after treatment (p-value > 0.1).



After a 3 month follow-up period:



The PRI of the sensory dimension did not change significantly, compared to the achieved therapeutic effect immediately after treatment in the control group (p-value > 0.1). However, in the HF TENS subgroup, an increase in the pain syndrome of 25.0% was determined (t = 3.29, p-value = 0.003), but the level of the pain syndrome did not change significantly in patients after LF TENS and HF-LF TENS (p-value > 0.1). A comparative analysis showed that the PRI of the sensory dimension was lower in HF-LF TENS subgroup than in the HF TENS subgroup, by 15.4% (t = 2.30. p-value = 0.03).



The PRI of the affective dimension increased in the HF TENS subgroup by 37.5% (t = 6.30, p-value = 0.0001), but the PRI of the affective dimension continued to decrease in the LF TENS and HF-LF TENS subgroups, by 9.7% and 13.3%, respectively. In the LF TENS and HF-LF TENS subgroups, the PRI of the affective dimension was significantly lower than it was in the HF TENS subgroup, by 49% (t = 13.1, p-value = 0.0001) and 53% (t = 13.6, p-value = 0.0001), respectively.



Negative dynamics of the PRI evaluative dimension were noted in the HF TENS subgroup, amounting to 40% (t = 6.60, p-value = 0.0001). However, a comparative analysis showed that the decreases in this indicator were 41.7% (t = 6.64, p-value = 0.0001) compared to baseline (before treatment) and 19.2% (t = 3.60, p-value = 0.014) compared to the control group after treatment. The maximum decrease in the PRI evaluative dimension was found in the HF-LF TENS subgroup, amounting to 23.8% (t = 2.60, p-value = 0.001), compared to HF TENS subgroup.



In the control group, the PRI regression of the evaluative dimensions was 25.7% (r = 4.38, p-value = 0.0001).





3.2. Assessment of Positive Sensory


The mean level of tingling, numbness, and burning of the positive sensory symptoms in the affected hand after CTDS was 5.48 ± 0.12 points, according to VAS. There was no significant difference between control group and TENS subgroups in the severity of the positive sensory symptoms. After treatment, the mean regression of the positive sensory symptoms in the control group was 21.6% (t = 3.46, p-value = 0.002). The mean regression of the positive sensory symptoms in the TENS group was 50.9% (t= 8.07, p-value = 0.0001). At the same time, the severity of the positive sensory symptoms in the TENS group was less than it was in the control group, by 36.2% (t = 4.32, p-value = 0.0002). When comparing the TENS subgroups with each other, it was found that the best reduction in the positive sensory symptoms was in the HF TENS and HF-LF TENS subgroups, by 56.1% (t = 8.83, p-value = 0.0001) and 53.3% (t = 8.36, p-value = 0.0001), respectively. The regression of the positive sensory symptoms in the LF TENS subgroup was less than it was in the HF TENS and HF-LF TENS subgroups, by 23.4% (t = 2.74, p-value = 0.01) and 18.1% (t = 2.11, p-value = 0.04), respectively (Figure 7).



At the end of the follow-up period, the regression of the positive sensory symptoms in the TENS subgroups persisted for 3 months.




3.3. Assessment of Tactile Sensation


Before treatment, no significant differences between the control group and the TENS subgroups in tactile sensation were found (p-value > 1.0). The mean level of tactile sensation was 3.5 ± 0.16 points in the control group, 3.4 ± 0.15 points in the HF TENS subgroup, 3.4 ± 0.15 points in the LF TENS subgroup, and 3.4 ± 0.16 points in the HF-LF TENS subgroup.



After treatment, in the control group, sham stimulation did not lead to a significant improvement in the level of tactile sensation (p-value > 1.0). A significant improvement in tactile sensation was noted in all TENS subgroups: in the HF TENS subgroup—26.5% (t = 4.5; p-value = 0.0003); in the LF TENS subgroup—14.7% (t = 2.50, p-value = 0.02); and in the HF-LF TENS subgroup—20.6% (t = 3.39, p-value = 0.002). Improvement in tactile sensation was higher in the HF TENS subgroup than it was in the LF TENS subgroup, by 10.3% (t = 2.26, p-value = 0.03). There was no statistically significant difference between the HF TENS and HF-LF TENS subgroups in tactile sensation (p-value > 0.1).



After 3 months of follow-up, the improvement in tactile sensation levels that was achieved after TENS treatment remained unchanged in all TENS subgroups (p-value > 1.0) (Figure 8).




3.4. Assessment of Muscle Strength in the Affected Hand


Before treatment, the mean strength levels of m. abductor pollicis brevis were 3.75 ± 0.11 grade in the control group and 3.75 ± 0.11 grade in the TENS group, without significant group–group differences (p-value > 1.0).



After treatment, in the control and TENS groups, significant changes in the strength of m. abductor pollicis brevis were not observed. However, there was a moderate but non-significant increase in muscle strength in the LF TENS and HF-LF TENS subgroups, of 10.8% and 8.1%, respectively (p-value > 0.1). After 3 months of follow-up, the improvement in the muscle-strength levels of m. abductor pollicis brevis in the LF TENS and HF-LF TENS subgroups were significant, compared to the control group, amounting to 16.2% and 13.5%, respectively (p-value < 0.05). No significant differences between these subgroups wre found (p-value > 1.0) (Figure 9).




3.5. Assessment of Fine Movement Skills by the Jebsen–Taylor Test


Before treatment, the mean duration of the Jebsen–Taylor test required to complete the task was extended in all patients (Table 1), as follows: writing a short sentence—16.8 ± 0.14 s.; turning card—9.6 ± 0.11 s.; picking up small common objects—8.8 ± 0.10 s.; simulated feeding—8.6 ± 0.10 s.; stacking checkers up to 5.6 ± 0.10 s.; picking up and transferring large light objects—5.9 ± 0.09 s.; picking up and transferring large heavy objects—7.6 ± 0.10 s. The mean duration of this test in all sub-tests was 66% longer (p-value < 0.01) than the normal duration [46]. There were no significant group–group differences in the duration of the Jebsen–Taylor test before the start of the study (p-value > 1.0).



After treatment: a significant improvement in the Jebsen–Taylor test scores was found in all TENS subgroups, but not in the control group (Figure 10 and Figure 11). The total test-execution time in the HF TENS subgroup decreased by 9.8% (t = 2.09, p-value = 0.046). However, a more pronounced decrease in test-execution time was demonstrated in the LF TENS and HF-LF TENS subgroups—15% (t = 3.16, p-value = 0.004) and 19.3% (t = 4.10, p-value = 0.0003), respectively (Figure 12). The patients in the HF-LF TENS subgroups performed this test faster than the patients of the HF-TENS subgroup, by 10.8% (t = 2.5, p-value = 0.01). However, no significant differences between the LF TENS and the HF-LF TENS subgroups in test-execution time were found (p-value > 0.1). In the control group, the Jebsen–Taylor test did not change significantly in any of the sub-tests (p-value > 1.0).



After the 3 month follow-up period, no significant changes were found in the HF-TENS subgroup. However, if we compare these results with the baseline data before treatment, we find an additional positive therapeutic response in the reduction of the test duration in all sub-tests, by 12.6% (t = 4.91, p-value = 0.001).



In the LF TENS subgroup, the positive dynamics continued with improvement in the simulated-feeding sub-test by 11% (t = 2.44, p = 0.02) and in the picking-up-large-light-objects sub-test by 15.9% (t = 2.47, p = 0.012). The total time to complete all sub-tests, compared with the initial results (before treatment), significantly decreased, by 20.4% (t = 4.65, p-value = 0.0001).



In the HF-LF TENS subgroup, an 11% (t = 2.31, p-value = 0.03) decrease in the mean duration of the Jebsen–Taylor test was registered, compared to post-treatment outcomes, and there was a 28.1% (t = 5.438, p-value = 0.0001) decrease, compared to the initial duration (before treatment).




3.6. Electrodiagnostic Evaluation of Median Nerve


The mean latency and amplitude of the CMAP, the sensory conduction velocity and the SNAP did not differ significantly between all studied groups (p-value > 0.01). After treatment, the latency and the amplitude of the CMAP, the sensory conduction velocity, and the SNAP did not change significantly in any of the studied groups (p-value > 0.1). At the same time, the latency of the CMAP in five patients of the LF TENS subgroup and in four patients of the HF-LF TENS subgroup decreased by 1.3 ± 0.18 s and 1.2 ± 0.22 s, respectively. However, the CMAP amplitude increased by 1.15 ± 0.22 mV in four patients in the LF TENS subgroup and by 1.10 ± 0.20 mV in four patients in the HF-LF TENS subgroup.





4. Discussion


Our study demonstrated that the treatment of residual neurological symptoms after CTDS, by a combination of TENS and pharmacotherapy, was more pronounced than it was with the use of pharmacotherapy alone.



The analgesic effect of TENS immediately after treatment exceeded the analgesic effect of pharmacotherapy by 91.6% (VAS) and by 65% (MPQ), compared with the preservation of the analgesic effect during the first 3 months of the follow-up period. The severity of spontaneous positive sensory symptoms (paresthesia) reduced by 1.35 times after TENS treatment and by 1.12 times at the end of the follow-up period. Compared to pharmacotherapy, TENS decreased the levels of positive sensory symptoms by 50.9% after treatment and by 49.9% at the end of the follow-up period. A prolonged decrease of 20.6% in the severity of tactile hypothesis occurred b in the TENS group, but there was no significant change after the use of pharmacotherapy alone. An increase of 14.9% in the motor function of the abductor pollicis brevis was significant after TENS but did not change after the use of pharmacotherapy alone. Improvement in movement skills and fine motor skills of the hand, as determined by the Jebsen–Taylor test, was found only after TENS—it was 15.5% after treatment and 21.6% at the end of the follow-up period. Electromyography of the affected median nerve showed a significant increase in the CMAP amplitude by 1.13 mV and a decrease in the CMAP latency by 1.25 s in 20% of cases after TENS, but there were no changes after pharmacotherapy.



A comparative analysis between the HF TENS and LF TENS subgroups demonstrated that the severity of the pain syndrome after treatment was 22.6% less in the HF TENS subgroup than it was in the LF TENS subgroup. Using MPQ, we demonstrated that the sensory dimensions of the pain syndrome decreased more after HF TENS than after LF TENS, by 30.9%. In addition, the affective dimensions of the pain syndrome turned out to be 38% less after LF TENS and by 49% less at the end of follow-up period, compared with HF TENS. The effectiveness of HF TENS in reducing the positive sensory symptoms (tingling, numbness, and burning) was 29.4% higher than that of LF TENS. However, at the end of the follow-up period, the average level of the positive sensory symptoms after HF TENS and LF TENS did not differ significantly. HF TENS was 79.6% more effective in improving the tactile sensation of the median nerve than LF TENS immediately after treatment and at the end of the follow-up period. The recovery of the motor function of m. abductor pollicis brevis was detected in patients after LF TENS but not after HF TENS. In addition, the improvement in fine motor skills of the hand was higher in patients after LF TENS than it was in patients after HF TENS immediately after treatment, by 49%, and at the end of the follow-up period, by 56%. Improvement in the EMG parameters of the affected median nerve was registered in 30% of patients after LF TENS, but this was not observed in patients after HF TENS.



The results of our study demonstrated the high efficacy of combining two modalities of median nerve electrostimulation (LF TENS and HF TENS) in the treatment of patients with residual neurological symptoms after CTDS. A feature of the application of this method, in comparison with the use of the individual modalities of HF TENS and LF TENS, is the expansion of the range of therapeutic effect. At the same time, the maximum sensory recovery, analgesic, and anti-participate effects of HF TENS and the maximum motor recovery, anti-inflammatory, and anti-effective effects of LF TENS were achieved. Similar results were found in previous studies, where the maximal effectiveness of TENS on the symptoms of distal polyneuropathy in patients with type 2 diabetes mellitus was registered after the combined use of HF TENS and LF TENS [37,38]. Furthermore, the high efficiency of combined HF TENS and LF TENS was proven in many experimental [47,48] and clinical studies [32,37,38]. However, in this work, for the first time, we proved the high efficiency of combined HF and LF TENS in the treatment of residual neurological symptoms after CT, compared with the use of separate HF TENS and LF TENS



The analgesic effect of TENS can be achieved at several analgesic levels, including the segmental, supplemental, and local levels [32]. The segmental analgesic mechanism is due to the neurotic stimulation effect of electrical impulses on the A-e sensory fibers of the median nerve. Excitation of these fibers activates the pain gate mechanism in the dorsal horns of the spinal cord to inhibit the transition of pain signals from the noxious A-e and C fibers to the brain, and thus reduces the sensation of pain [28,30,31]. The segmental analgesic effect is more characteristic of HF TENS, since the stimulation of fast fibers with TENS at a frequency of 100 Hz is 100 times stronger than their stimulation with TENS at a frequency of 1 Hz. This explains the rapid and marked reduction in pain immediately after HF TENS, compared the reduction after LF TENS. The frequency of electrical impulses during HF TENS is tens of times higher than the frequency of LF TENS pulses, but the difference in the analgesic effect of these techniques did not exceed 31%. This discrepancy is explained by other analgesic mechanisms of LF TENS, which simultaneously act along with the segmental mechanism as parasegmental and local analgesic mechanisms.



A parasegmental analgesic mechanism is carried out mainly by activating of collateralized periaqueductal gray [29,30] and the suprasegmental pathways of β-endorphin and met-enkephalin [49,50]. At the same time, the analgesic effect correlates most of all with the painless current amplitude and the pulse duration [51]. This mechanism is more typical for LF TENS. Another insufficiently studied suprasegmental analgesic mechanism of LF TENS is the reflex acupuncture effect. LF TENS is also known as acupuncture, as is TENS [52]. Some authors believe that the mechanism of action of acupuncture is associated with the direct stimulation of ergo-receptors and the excitation of muscle afferent (Aδ) fibers, which cause stimulation of the brain in its various parts, especially in the hippocampus [53]. A characteristic of this mechanism is the arrival of impulses to the brain parasegmentally (without the participation of the spinal cord). As a result, the secretion of many different anti-stress neurotransmitters is stimulated, such as serotonin, norepinephrine, substance P, dopamine, β-endorphin, enkephalin, dynorphin, and neuropeptide Y. The release of these neurotransmitters in response to LF TENS reduces the severity of the affective response of the brain to persistent neuropathic pain [54,55,56,57,58]. Local analgesic mechanisms in the zone of TENS application are associated with improved microcirculation [59,60], accumulation of anti-inflammatory and analgesic substances, and reduction in proinflammatory cytokines [61,62]. Another important mechanism is the local effect of HF TENS and LF TENS on degenerative changes that develop in the median nerve and the surrounding tissues [63,64,65]. As a result of the stimulation of regenerative processes in the affected area, the restoration of damaged tissues is accelerated, the afferentation of nociceptive receptors decreases, and spontaneous ectopic activity reduces, which decreases the severity of peripheral sensitization.



In all of the methods of electrostimulation of the median nerve (HF TENS, LF TENS, and HF-LF TENS) we used, the analgesic effect persisted for 3 months after the end of the course of treatment, which can be explained by the temporary deactivation of the foci of peripheral and central sensitization [37,38,39,66,67,68,69]. The prolonged effect of TENS was observed not only in the treatment of pain, but also extended to the reduction of sensory and motor deficits. The persistent positive remission of sensory and motor disorders within 3 months after the end of treatment indicates restoration in the structure of the nerve, as well as the development of persistent compensatory re-innervation changes in the affected muscles. In the literature, the prolonged effect of TENS has been demonstrated in many works [70,71,72].




5. Limitations


	
We did not have the opportunity to study the morphological changes of the median nerves using ultrasonography after TENS treatment, because in our study we used only clinical and neurophysiological methods of examination to appraise the effectiveness of treatment. In the next studies, we plan to conduct a control examination of TENS treatment of residual neurological symptoms after CTDS with ultrasonography.



	
We were unable to compare the efficacy of TENS with other physical therapy treatments. First, this was not the purpose of our study, and second, we compared the effectiveness of TENS with a (sham stimulation) placebo. The effectiveness of various physiotherapeutic methods, such as manual therapy [17,18], low-intensity laser therapy [19,20,21], acupuncture [22,23,24], electroacupuncture [25], and extracorporeal shock wave therapy [26] has been proven in many studies in the treatment of patients with residual neurological symptoms after CTDS, but TENS has never been studied in the treatment of this disease. Thus, before comparing TENS with other methods of treatment, it was necessary first to prove the effectiveness of TENS in the treatment of patients with residual neurological symptoms after CTDS with the determination of optimal current parameters and appropriate modalities to achieve the maximum therapeutic effect. However, in the next works, we plan to compare TENS with ultrasound and laser therapy in the treatment of patients with residual neurological symptoms after CTDS.







6. Conclusions


Our research showed that TENS, but not sham stimulation, significantly decreased the pain syndrome, sensory disorders, and motor deficits in patients with residual neurological symptoms after CTDS. Negative and positive sensory symptoms and pain decreased after co-administration of pharmacotherapy and HF TENS. The best regression of motor deficits, reduction of fine motor skill performance, electromyography changes, and affective responses to chronic pain syndrome in these patients occurred after the co-administration of pharmacotherapy and LF TENS. The co-administration of HF TENS and LF TENS was significantly more effective than the separate use of HF TENS or LF TENS in expanding the range of therapeutic effects, with a pronounced analgesic effect and significant recovery of sensory and motor functions in the patients with residual neurological symptoms after CTDS.
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Figure 1. Flow chart of study population selection. Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—combination of high-frequency low-amplitude transcutaneous electroneurostimulation and low-frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 2. Determination of the severity of tactile sensation on the palmar surface of the thumb and the index and middle fingers relative to tactile sensation on the palmar surface of the little finger. The maximum level of tactile sensation on the palmar surface of the little finger was 5 points. In this case, the patient noted that the tactile sensation was 3.5/5 points on the middle finger, 4/5 points on the index finger, and 2.5/5 points on the thumb. For statistical processing, the average value of tactile sensation on three fingers was calculated as (3.5 + 4.0 + 2.5)/3 = 3.3 points. 
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Figure 3. Muscle strength grading scale in m. abductor pollicis brevis. Note: (a) grade 1: muscle activation without full range of motion; (b) grade 2: muscle activation against gravity, full range of motion achieved; (c) grade 3: muscle activation against gravity, full range of motion achieved, (d) grade 4: muscle activation with some resistance, full range of motion achieved; (e) grade 5: muscle activation with full resistance by the examiner, full range of motion achieved. 
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Figure 4. Stimulation of the median nerve by low-frequency high-amplitude transcutaneous electroneurostimulation. The cathode was fixed above the carpal channel. The anode (pen electrode) was not fixed. The thumb and the index, middle, and ring fingers were stimulated sequentially every 10 s. 
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Figure 5. Dynamics of pain by visual analogue scale in patients with residual neurological symptoms after carpal tunnel decompression surgery). Note: * p-value < 0.05, ** p-value < 0.01; HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—combination of high-frequency low-amplitude transcutaneous electroneurostimulation and low-frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 6. Decrease in pain rating index of the McGill Pain Questionnaire after treatment compared to baseline, in percentage. Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—co-administration of high-frequency low-amplitude transcutaneous and low-frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 7. Dynamics of tingling, numbness, and burning after treatment, compared to the baseline before treatment. Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—co-administration of high-frequency low-amplitude transcutaneous and low-frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 8. Dynamics of the tactile sensation levels in the affected hand after treatment in the control group and the TENS subgroups (mean ± SEM). Note: * p-value < 0.05, ** p-value < 0.01; HF TENS: high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS: low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS: co-administration of high-frequency low-amplitude transcutaneous electroneurostimulation and low-frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 9. Dynamics of muscle strength of m. abductor pollicis brevis in the affected hand after treatment in the control group and the TENS subgroups (mean ± SEM). Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—co-administration of high-frequency low-amplitude transcutaneous electroneurostimulation and low- frequency high-amplitude transcutaneous electroneurostimulation. 
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Figure 10. Improvement of fine movement skills according to the Jebsen–Taylor test in the HF TENS subgroup. Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; *—p-value < 0.05; **—p-value < 0.01. 
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Figure 11. Improvement of fine movement skills according to the Jebsen–Taylor rest in the LF TENS subgroup. Note: LF TENS—low frequency high amplitude transcutaneous electroneurostimulation; *—p-value < 0.05; **—p-value < 0.01. 
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Figure 12. Improvement of fine movement skills according to the Jebsen–Taylor test in the subgroup with co-administration of HF TENS and LF TENS. Note: HF TENS—high-frequency low-amplitude subcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; * p-value < 0.05; ** p-value < 0.01. 
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Table 1. Assessment of fine movement skills by the Jebsen–Taylor test (mean ± SEM, s.).
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Reflex

	
Control Group

	
TENS Group

	




	
HF TENS

Subgroup

	
LF TENS

Subgroup

	
HF-LF TENS

Subgroup

	
Normal [46]






	
Writing

	
16.9± 0.49

	
16.2 ± 0.46

	
17.2 ± 0.48

	
16.8 ± 0.45

	
15.6 ± 0.38 *

	
15.4 ± 0.37 *

	
16.8 ± 0.41

	
14.9 ± 0.33 **

	
14.2 ± 0.30 **

	
16.8 ± 0.47

	
14.5 ± 0.35 **

	
13.8 ± 0.32 **

	
11.7 ± 2.1




	
Card turning

	
9.4 ± 0.28

	
9.1 ± 0.26

	
9.5 ± 0.28

	
9.6 ± 0.30

	
8.6 ± 0.30 *

	
8.4 ± 0.32 *

	
9.7 ± 0.32

	
7.8 ± 0.29 **

	
7.3 ± 0.18 **

	
9.5 ± 0.26

	
7.0 ± 0.20 **

	
6.1 ± 0.16 **##

	
4.3 ± 1.4




	
Small common objects

	
8.7 ± 0.30

	
8.5 ± 0.28

	
9.2 ± 0.30

	
8.9 ± 0.26

	
8.0 ± 0.32 *

	
7.8 ± 0.31 *

	
8.7 ± 0.28

	
7.4 ± 0.25 **

	
7.1 ± 0.20 **

	
8.9 ± 0.32

	
7.3 ± 0.24 **

	
6.5 ± 0.24 **#

	
5.5 ± 1.0




	
Simulated feeding

	
8.4 ± 0.32

	
8.5 ± 0.30

	
8.2 ± 0.30

	
8.6 ± 0.30

	
7.8 ± 0.24 *

	
7.3 ± 0.25 *

	
8.6 ± 0.28

	
7.3 ± 0.26 **

	
6.5 ± 0.20 **#

	
8.7 ± 0.30

	
6.8 ± 0.25 **

	
5.8 ± 0.26 **#

	
6.7 ± 1.1




	
Checkers

	
5.5 ± 0.38

	
5.7 ± 0.35

	
5.6 ± 0.37

	
5.8 ± 0.35

	
4.9 ± 0.25 *

	
4.7 ± 0.26 *

	
5.4 ± 0.34

	
4.3 ± 0.30 **

	
4.1 ± 0.20 **

	
5.7 ± 0.30

	
4.5 ± 0.25 **

	
4.1 ± 0.20 **

	
3.3 ± 0.6




	
Large light objects

	
5.9 ± 0.30

	
6.0 ± 0.32

	
5.8 ± 0.30

	
6.0 ± 0.30

	
5.2 ± 0.30 *

	
5.0 ± 0.28 *

	
5.7 ± 0.31

	
4.8 ± 0.25 *

	
4.5 ± 0.20 **

	
5.9 ± 0.28

	
4.6 ± 0.20 **

	
4.1 ± 0.20 **

	
3.1 ± 0.5




	
Large heavy objects

	
5.4 ± 0.29

	
5.1 ± 0.28

	
5.2 ± 0.30

	
5.6 ± 0.30

	
5.2 ± 0.30

	
4.9 ± 0.25 **

	
5.7 ± 0.32

	
4.4 ± 0.28 **

	
3.7 ± 0.22 **#

	
5.6 ± 0.28

	
4.1 ± 0.20 **

	
3.6 ± 0.25 **

	
3.2 ± 0.5








Note: HF TENS—high-frequency low-amplitude transcutaneous electroneurostimulation; LF TENS—low-frequency high-amplitude transcutaneous electroneurostimulation; HF-LF TENS—co-administration of high-frequency low-amplitude transcutaneous electroneurostimulation and low-frequency high-amplitude transcutaneous electroneurostimulation. Significant reduction time compared with the initial results (before treatment): * p-value < 0.05; ** p-value < 0.01. Significant reduction time compared with the results after treatment: # p-value < 0.05; ## p-value < 0.01.
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