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Abstract

:

The present study aimed to assess the function of muscular and nervous systems in high-maneuvering jet fighters with the chosen method of clinical neurophysiology, which methodologically has not yet been presented in detail. Fifteen pilots with the experience of more than 1700 flying hours at 7G overloading on average and fifteen healthy subjects for the comparison of health status declared to participate in this study. The dermatomal perception from C4 to S1 was examined using von Frey’s filaments tactile method. Surface electromyography (sEMG) recordings examined the activity of proximal and distal muscles in the upper and lower extremities, the transmission of motor nerve impulses peripherally was diagnosed by electroneurography (ENG), the efferent transmission from C5–C7 and L4–L5 spinal centers to muscles was entirely verified with recordings of motor-evoked potentials induced oververtebrally with the magnetic field (MEP). The pilots estimated more lumbosacral than cervical pain at about 2 on the 10-point visual analog scale (VAS). Sensory perception studies did not reveal abnormal symptoms in the C2–S1 dermatomes innervation. Clinical neurophysiology studies indicated, in general, the lack of pathology during sEMG tests in comparison to healthy subjects or even better muscle motor unit contractile properties in pilots, both in the upper and lower extremities. In pilots, the parameters of ENG and MEP examinations show a statistically significant sensitivity for detecting the slight changes and their consequences in the transmission of neural impulses within L4–L5 ventral root fibers. The research results enable specifying the algorithm of future preventing rehabilitative treatment in high-maneuvering jet fighters with an average flight experience of 2000 h and working conditions at 7G on average. This study, for the first time, describes the application of a set of diagnostic neurophysiological methods with the particular importance of MEPs in the clinical evaluation of the jet fighters’ health status.
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1. Introduction


It can be assumed that the overload accompanying the work of a high-maneuver jet fighter pilot may lead to changes in the biomechanics of the spine and cause changes in the transmission of nerve impulses in the fibers of the spinal roots. Moreover, it can be a source of pathological, generalized changes in peripheral nerve fiber conduction, and changes in the function of muscle motor units by neurogenic and/or overload origins. Additional expected clinical symptoms of the pathology may be a pain in the cervical and lumbosacral spine, sensory disturbances, or decreased muscle strength. Only a few papers describe the effectiveness of treatment of the mentioned pathologies in military aviators, with only a few kinesiotherapeutic methods that minimize the risk of abnormalities in the nervous and muscular systems [1]. Considering the G overloading influence, it can be supposed that there may be a maximum value beyond which the severity of pain does not increase. However, the intensity of exposure to overload is responsible for the stronger pain in the neck [2]. The literature describing the pathologies in high-maneuvering jet fighters focuses mainly on the cervical spine level. Rintala and co-workers point to persistent high overload forces and changes in head position resulting in musculoskeletal pathologies [3]. The combination of a tight cockpit where the pilot is sitting and works while wearing a helmet increases the loading and may cause acute or chronic pain in the spine and upper extremities [4]. The fact of loading by the auxiliary pilot’s equipment becomes essential; there are night-vision goggles or the helmet signaling system. Such devices are the most commonly reported cause of neck pain [5]. Drew considers that the exposure of the jet military fighter to overloading can cause pain in the cervical spine, reduces the pilot’s efficiency, and cause acute or chronic diseases [6]. Oksa and co-workers demonstrated the phenomenon of muscle fatigue, mainly innervated from the cervical spine, and increasing the risk of spine injury, thus reducing the effectiveness of air missions [7]. In their research, the muscle’s strength and the muscle’s motor unit activity decreased with the number of air maneuvers performed by the pilot. It has not been entirely explained the real cause of muscle pathology, the phenomenon of overload, or the secondary effects of damage to the nerve structures [8]. Most of the studies conducted so far used clinical assessment methods of pain intensity increase or muscle strength decline, based mainly on subjective questionnaire assessment [9]. These studies show that high-maneuvering jet fighters report severe pain after the flight; therefore, there is a growing concern about their operational ability [10].



The possibility of a correlation between age or the time of flying hours and the intensity of lumbosacral back pain was also underlined. Activities such as sitting and standing are also reported to be the most painful, relieved after stretching kinesiotherapy exercises [11]. Few studies describe the use of clinical neurophysiology techniques, including electromyography (EMG) to assess the activity of the muscles of the neck and upper or lower extremities, associated with increased activity during aerobatics or flight control [12]. Diagnostic tests of clinical neurophysiology used in the presented study are performed to confirm or deny the clinical diagnosis of the presence of pathological symptoms in the muscular system and abnormal transmission of nerve impulses in the central and peripheral nervous systems. Electroneurography (ENG) or motor-evoked potential induced with the magnetic field (MEP) studies were never or casuistically utilized in the evaluation of the health status of the high-maneuvering jet fighters. In cases where there are no obvious structural pathologies in the ultrasound image or high-resolution neuroimaging (computed tomography or magnetic resonance imaging), these tests may highlight the functional nature of the abnormality. No changes in MRI were observed in jet fighters after 13 years of flying fighter planes. The exposure to large overloads did not cause significant radiological changes in the spine [13].



To sum up, most of the authors of the works related to the described problems point to the necessity to undertake further detailed research with the use of objective methods based on measurable functional tests on a larger population of pilots. Such criteria are met by electroneurographic studies of impulse conduction within the nerve fibers of the upper and lower extremities peripherally and within the spinal roots induced by electrical impulses (ENG) [14,15]. In turn, the determination of the correct or altered impulse transmission parameters from the level of the spinal motor center in the cervical or lumbosacral spinal cord directly to the muscles is possible in clinical neurophysiology tests using the method of recording motor potentials induced by magnetic field pulses (MEP) [16,17]. In the available world literature, the above-mentioned methods were not used to assess the efficiency of impulse conduction in the peripheral and central nervous systems in pilots of high-maneuvering fighters. The present study is intended to determine whether the above-mentioned functional abnormalities, even of a subclinical nature, can be diagnosed with complementary methods of clinical neurophysiology in high-maneuvering fighter pilots.



This study aimed to assess the function of muscular and nervous systems in high-maneuvering jet fighters with the chosen methods of clinical neurophysiology, surface electromyography (sEMG), electroneurography (ENG), and recordings of motor-evoked potentials induced oververtebrally with the magnetic field (MEP), in comparison to the healthy volunteers.




2. Materials and Methods


2.1. Participants


We preliminarily recruited a total number of 54 male subjects, both F-16 pilots and healthy volunteers. Information on certain steps of the study is provided in Figure 1. The main inclusion criteria were the general good health status, especially no episodes of epilepsy and other neurological syndromes, severe disorders of the cardiovascular system, electronic implants such as pacemakers and cochlear implants, inflammatory diseases and spine or head traumas, and COVID-19 related symptoms. Special attention was paid to the similar body constitution of all preliminary recruited subjects. Ethical considerations were in agreement with the Helsinki Declaration. Approval was also received from the Bioethical Committee of the University of Medical Sciences in Poznań, Poland (including studies on healthy people, decisions No 554/17 and 942/21). All subjects understood that there was no financial benefit from participation, and they signed a written consent form for voluntary participation in the study. Twenty out of fifty-four subjects were excluded from the project, they did not meet the inclusion criteria, declined to participate during this stage of enrollment or were ill with COVID-19. All of them were right-handed. Finally, the same clinical neurophysiology tests were conducted once on 19 pilots and 15 healthy subjects to obtain reference values.



In 19 jet fighters with an average flight experience of 1711.7 h, working in conditions of 7G in an average, with an average age of 38.2 years, with similar anthropometric characteristics, a confidential interview was conducted regarding seniority, physical activity and the occurrence of pain in the VAS scale. The group of 19 pilots was then divided according to the number of flying hours. The value of 2000 h has become the limit. Nine subjects were below this value, ten were above. Unfortunately, the continuity of research was lost in 4 pilots. Finally, 15 of them took part in the research utilizing the neurophysiological evaluation, also performed in the same fashion to the population of healthy people (control group with the similar demographic and anthropometric properties).




2.2. Clinical Neurophysiology Tests


Clinical neurophysiology studies were performed using the integrated KeyPoint system (Dantec, Skovlunde, Denmark) and MagPro (Medtronic A/S, Denmark), in an air-conditioned room with an average temperature of 22 °C, according to the guidelines of The International Federation of Clinical Neurophysiology, European Chapter.



Clinical evaluation of symptoms typical for the consequences of disc-root conflicts at cervical and lumbosacral spine included assessment of pain intensity in a ten-points VAS scale and the numbness in tips of fingers and toes.



Using the method of examining the sensory perception with von Frey filaments (FvF, 0—decreased, 1—normal), the functional state of dermatomal innervation in the range C2–S1 was bilaterally examined (Figure 2A). It was performed during three-touch trials at areas of dermatomal innervations in upper (Figure 2A(a)) and lower (Figure 2A(b)) extremities. If the subject reports the touch sensation applied to skin twice, it is assumed as a positive test result. Perception evoked by pressure with filament of 0.30 mm in diameter corresponds to normal perception, with 0.12 mm to hyperesthesia and with 0.55 mm to analgesia.



The function of the motor units in the selected proximal and distal muscles of the upper and lower extremities in a relaxed state (rEMG) and with the attempt of maximal contraction for 5 s (mcEMG) was examined by electromyography (sEMG) (Figure 2B). A pair of standard disposable Ag/AgCl surface electrodes with an active area of recording of 5 mm2 were applied bilaterally over the skin of examined muscles (the biceps brachii—BIC, the abductor pollicis brevis—APB, the rectus femoris—RECT muscles). The ground electrodes were placed on the distal part of the hand and leg. The upper 10 kHz and lower 20 Hz filters of the recorder were used. During the first stage of the examination, the patient was asked to fully relax muscles, and then to perform a maximal contraction for 5 s during which the simultaneous recording took place. Participants were instructed to contract the tested muscle as hard and quickly as possible until the neurophysiologist requested them to stop the attempt. The test was performed in triplicate, with a one-minute interval between each muscle contraction. The recording with the highest amplitude (measured peak-to-peak with the reference to isoelectric line in µV) and frequency (in Hz) parameters was chosen for the final analysis. Modified frequency index (FI, 3-0)—frequency of motor units action potentials recruitment during maximal contraction in sEMG recording; 3—95–70 Hz—normal; 2—65–40 Hz—moderate abnormality; 1—35–10 Hz—severe abnormality; 0—no contraction) was calculated using the automatic analysis software included in the KeyPoint system, compared to the online readings of sEMG recordings [14,15,16,17,18,19]. The sEMG recordings were made at the base time of 80 ms/D and the amplification of 20–1000 µV/D.



The conduction of nerve impulses in the motor fibers of nerves in the upper and lower extremities was diagnosed bilaterally by electroneurography (ENG, recordings of M and F waves in evoked potentials) (Figure 2C). Nerves were stimulated transcutaneously along their anatomical passage with the single electrical pulses in a rectangular shape, duration of 0.2 ms, at 1 Hz, and the intensity from 10 to 80 mA. ENG recordings were collected at the amplification of 100–5000 μV and a time base of 8 ms with the surface electrodes from APB and EXT muscles. The outcome measures were the parameters of amplitudes (in µV) and latencies (in ms) of M-waves (CMAP) and F-waves frequencies (not less than 14, during evoking 20 positive, successive recordings of M-waves). They aimed to evaluate the function of motor nerve fibers peripherally and the transmission of neural impulses in the spinal ventral roots, respectively.



The efferent transmission of neural impulses from the level of spinal center to the proximal and distal muscles of upper and lower extremities was bilaterally investigated using the motor-evoked potentials recording method (MEPs) (Figure 2D). They were induced by a single, sinusoidal, 5 ms duration magnetic stimulus released from the magnetic coil placed oververtebrally (C-100, 12 cm in diameter) at cervical and lumbosacral levels and recorded with surface electrodes from BIC, APB, RECT and EXT muscles. The magnetic field stream strength was 70–80% of the maximal stimulus output (2.4 T); the expected depth of stimulation was 3–5 cm deep. The parameters of amplitudes (in µV) and latencies (in ms) of MEPs were the main outcome measures. MEPs were usually recorded at the time base of 10 ms/D and amplification at 100–2000 µV; low-frequency 20 Hz and high-frequency 10 kHz filters were used in a KeyPoint recorder. A bandwidth of 10 Hz to 1000 Hz and digitalization at 2000 samples per second and channel were used during recordings.



Methodological details, analysis and interpretation of the results from VAS, von Frey’s filaments, sEMG, ENG and MEPs in the healthy people and the patients with symptoms of disc-root conflicts at the cervical and lumbosacral levels are described elsewhere [14,15,16,17,18,19,20,21].




2.3. Data Analysis and Statistics


Data were analyzed with Statistica software version 13.1 (StatSoft, Kraków, Poland). Descriptive statistics were reported as minimal and maximal values (range), mean or median and standard deviations (SD). The Shapiro–Wilk test was used to assess the normality of distributions in the test score. Wilcoxon’s signed-ranks test was conducted to compare the differences between results on the right and left side. The Friedman test was used to determine whether there were any differences between the measurements performed in pilots and healthy subjects. A post hoc analysis was used in the cases when there were statistically significant differences in the measurements. p-values ≤ 0.05 were considered statistically significant or at least at the level of significance. The statistical software was used to determine the required sample size using the primary outcome variable of sEMG amplitude recorded from APB and EXT muscles during maximal contraction with a power of 80% and a significance level of 0.05 (two-tailed). The mean and standard deviation (SD) were calculated using the data from the first seven patients and the sample size software estimated that more than ten pilots and ten healthy volunteers were needed for purposes of this study.





3. Results


The results of demographic and anthropometric data collection, the questionnaire and clinical studies are shown in Table 1. The pilots and the healthy volunteers did not differ significantly in demographic and anthropometric characteristics.



The pilots conducted moderate physical activity (training; moderate stretching exercises, bicycling, swimming) with a frequency of about two times a week, similar to the healthy subjects who were mainly the office workers (N = 7) than physical workers (N = 8). Only one pilot reported the incidence of a weak trauma, requiring short-lasting conservative treatment which could not permanently influence the general health status on the day of examination. Pilots experienced 1711 h of flying the high-maneuvering aircraft at 7G over-loading, all of them had four catapulting trainings, on average.



The intensity of pain with the occurrence onset at 1.7 years on average in the cervical and the lumbosacral region was rated as 1.4 on average on the 10-point VAS scale by pilots Table 1). The studies of sensory perception (FvF) did not reveal any symptoms of hyperesthesia or hypoaesthesia in the area of C2–S1 dermatomes on both sides. Neither the pilots nor the healthy volunteers complained of symptoms of pain or numbness in the distal areas of the upper and lower limbs on both sides.



Based on the data from the questionnaire (Table 2), the pilots with a number of flying hours <2000 reported the symptom of spine pain with a 0.88 intensity on average, while the pilots with a number of flying hours >2000 scored 1.67 on average. The twice as high pain level in pilots with a number of flying hours >2000 was not related to the frequency of weekly activity; similarly, about 2 h in all studied pilots.



Examples of the recordings from neurophysiological studies performed in one of the pilots in comparison to one of the control subjects are presented in Figure 3. Table 3 summarizes the most significant differences found in sEMG, ENG, and MEPs recordings in two studied groups of subjects. The mean amplitudes of sEMG recordings performed at rest (rEMG) in all participants never reached values ≥25 μV, which proves no pathological symptoms of the increased muscle tension. The values of amplitudes of sEMG recordings during the attempt of maximal contraction (mcEMG) have been found to be significantly higher in all examined muscle groups in pilots at p = 0.02–0.04, pointing to the better ability of the muscle motor units for the contractile properties than in controls. No differences in FI indexes recorded in the two groups of examined subjects were found, indicating no pathological changes in the recruitment of the motor units of neurogenic origin.



Results of the ENG studies in both groups of participants regarding the peripheral nerve impulses transmission in the motor fibers of median nerves and within C6 ventral roots bilaterally did not present clear-cut abnormalities in the parameters of M potentials (CMAP) amplitudes or recorded F wave frequencies. On the other hand, we have found significant (p = 0.05–0.04) decreases in the parameters of amplitudes and increases in the latencies parameters of recorded M potentials following peroneal nerves stimulations, which may suggest the moderate changes of axonal and demyelinating nature. They were related to the decreases in frequencies of the recorded F waves (at p = 0.05) suggesting the onset of abnormalities from the level of L4–L5 ventral roots.



Data presented at the bottom of Table 3 regarding parameters of MEPs recordings following the stimulation of the spinal motor centers at C6, C7 neuromeres do not indicate significant differences between the pilots and the healthy subjects. Differences in parameters of more amplitudes than latencies between pilots and controls have been found at p = 0.05–0.03, when MEPs induced oververtebrally excited L4 more than L5 spinal motoneurones and ventral roots and recordings were performed from the distal lower extremities muscles (see Figure 3C).




4. Discussion


The results of the presented research with the use of a set the clinical neurophysiology methods applied for diagnostic purposes of health status in high-maneuvering jet fighters are original and have not been fully described in the available literature so far. Except for this study, the results of motor transmission of impulses in peripheral nerves using electroneurography (ENG) and overall efferent transmission from the level of the motor center in the spinal cord to the muscles using motor potentials induced by a magnetic field (MEP) have not been presented in detail. Most reports describe pathological symptoms in pilots in the cervical spine diagnosed by subjective clinical methods of pain assessment [2,4,5,6] or by means of questionnaires [9,11], rarely with the use of electromyography or the range of movement and strength measurements in the examination of the neck and trunk muscles [7,12], and casuistically with the reference of the muscles of the pelvic girdle and lower extremities [12].



Based on our research results, it can be assumed that high-maneuver fighter pilots develop moderate ailments in the lumbosacral rather than cervical spine, with symptoms corresponding to the consequences of disc–root conflicts of various etiopathogenesis diagnosed using clinical neurophysiology methods and described in other studies [14,15,16,17,18,19]. It is likely that the effective methods of rehabilitation treatment of the consequences of cervical and back pain, as well as preventive methods limiting their development, should be the same ones that are applied in patients with symptoms of myofascial pain syndrome, disc–root conflict, and degenerative spine disease [1,14,15,18,22,23,24]. Early neurophysiological diagnosis of these syndromes in high-maneuver fighter pilots is all the more important because, in the early stages of the development of the ailment, there are no clear changes seen in the neuroimaging of the spinal structures [13]. Comparison of results from non-invasive neurophysiological tests may support monitoring and prognosis of the effectiveness of the treatment processes. Neurophysiological non-invasive diagnostic tests detecting the subclinical nature of abnormalities in the biomechanics of the spine may also be a reason to take action in the field of work ergonomics of a high-maneuvering fighter pilot [11].



Results of our study confirm observations of other researchers on the relation between the development of spine pain symptoms and the increasing number of flying hours and the overloading effect at 7G experienced by the high-maneuvering jet fighter pilot [3,4,6,8]. One of the most interesting aspects resulting from the health assessment of pilots presented in the study was the high efficiency of the motor units of the assessed muscle groups, and the ability to conduct impulses in the peripheral and central nervous systems, exceeding in some tests the standards of healthy volunteers to whom the results were compared. The reasons for such a high functional efficacy of the muscle and nervous systems should be sought in the high criteria of the initial qualification of fighter pilots according to the military psychomotor requirements and the care of the study participants about their health through regular exercises in accordance with the data from the interview that was conducted with them.



Our study has two main limitations. First of all, we have studied fifteen pilots only, who were not especially interested in the preliminary neuroimaging diagnostics and the neurophysiological testing in the absence of significant pain symptoms and changes in sensory perception or significant motor deficits. It should be also emphasized that participation in the study was anonymous and voluntary, participants during the recruitment process were randomly selected from a preliminary group of pilots and might abandon the project at any time. Moreover, the results of this work do not explain whether the discrete disturbances in the motor neural transmission detected in ENG and MEP studies were caused by the high overload itself at 7G accompanying the work of a high-maneuver jet fighter pilot or can be the secondary neurogenic consequences of the developed disc–root conflicts. An explanation of the above issues, including the influence of flying hours, requires further supplementary studies.




5. Conclusions


The long-lasting work of jet fighter pilots who are exposed to significant overload, in general, does not affect the function of the motor units of muscles in the upper extremities diagnosed on both sides with the electromyographic method, contrary to what has been found in this study in lower extremities. These factors also do not cause abnormalities in the sensory perception of the studied C2–S1 dermatomes nor in the transmission of impulses in motor fibers of median nerves and C6, C7 spinal ventral roots. On the other hand, electroneurographic examinations performed in pilots show changes in neural transmission typical for the moderate consequences of disc–root conflicts at the lumbosacral levels, also confirmed in neurophysiological diagnostics with the use of motor-evoked potentials induced oververtebrally with the magnetic field. The results of the research make it possible to specify the therapeutic algorithm of rehabilitation preventing the development of disc–root conflicts in high-maneuver fighter pilots with direct application to improving the ergonomics of pilots’ work.
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Figure 1. Flow chart of the study. 
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Figure 2. Photograph illustrating the methodological details of clinical neurophysiology diagnostic tests. (A)—Method of tactile testing the sensory perception with von Frey’s filaments (FvF) within the dermatomes of (a) upper and (b) lower extremities. (B)—Electromyographic (sEMG) testing of motor units’ activity using the surface electrodes with the locations over muscles of (a) upper and (b) lower extremities. (C)—Electroneurographic (ENG) recordings of the evoked potential from muscles of (a) upper and (b) lower extremities with the surface electrodes following the stimulation of median and peroneal nerves along their anatomical passage, respectively. (D)—The method of motor evoked potentials (MEP) recordings induced by the single magnetic stimuli applied oververtebrally to the spinal cord centers at the (a) cervical and (b) lumbar levels. Abbreviations: r—recording, s—stimulation. 






Figure 2. Photograph illustrating the methodological details of clinical neurophysiology diagnostic tests. (A)—Method of tactile testing the sensory perception with von Frey’s filaments (FvF) within the dermatomes of (a) upper and (b) lower extremities. (B)—Electromyographic (sEMG) testing of motor units’ activity using the surface electrodes with the locations over muscles of (a) upper and (b) lower extremities. (C)—Electroneurographic (ENG) recordings of the evoked potential from muscles of (a) upper and (b) lower extremities with the surface electrodes following the stimulation of median and peroneal nerves along their anatomical passage, respectively. (D)—The method of motor evoked potentials (MEP) recordings induced by the single magnetic stimuli applied oververtebrally to the spinal cord centers at the (a) cervical and (b) lumbar levels. Abbreviations: r—recording, s—stimulation.
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Figure 3. Examples of electromyographic recordings ((A), sEMG) at rest (rEMG) and during the attempt of 5 s lasting maximal contraction (mcEMG), electroneurographical examinations ((B), ENG) and motor evoked potential recordings ((C), MEP) obtained in one of the healthy volunteers and in one pilot from the studied group for comparison. Calibration bars of amplitudes and time bases of recordings are the same for all sEMG, ENG and MEP recordings, subsequently. 
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Table 1. Demographic and anthropometric properties, results of reports and clinical studies in pilots and healthy subjects. Ranges, median or mean values with standard deviations are presented.
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	Variable
	Pilots (N = 15)
	Healthy Subjects

(N = 15) Control
	p





	Age (years)
	(25–48) 38.2 ± 7.6
	(22–47) 35.6 ± 6.9
	NS



	Height (cm)
	(171–189) 178.0 ± 4.8
	(161–182) 173.3 ± 5.9
	NS



	Weight (kg)
	(52–95) 76.4 ± 9.5
	(50–95) 76.9 ± 10.3
	NS



	BMI
	(20.2–36.2) 28.1 ± 5.3
	(19.2–28.7) 25.1 ± 2.6
	NS



	Number of flying hours (all years)
	(410–3100) 1711.7 ± 861.9
	NA
	



	Average number of training catapultings
	4
	NA
	



	Traumas
	1/15
	0
	



	Conservative treatment
	1/15
	0
	



	Activity (days in a week)
	(1–4) 1.9 ± 0.4
	(1–4) 2.3 ± 0.5
	NS



	Spine pain VAS (0–10)
	(0–3) 1.4 ± 0.6
	(0–0) 0
	NS



	Spine pain (since when, years)
	(1–3) 1.7 ± 0.8
	0
	



	Pain—upper extremity
	0/15
	0/15
	



	Pain—lower extremity
	0/15
	0/15
	



	Numbness in hands
	0/15
	0/15
	



	Numbness in legs
	0/15
	0/15
	



	Superficial sensory perception (FvF)
	1
	1
	







Abbreviations: NS—not significant; NA—not applicable; VAS—visual analogue scale score; FvF—0—decreased, 1—normal.
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Table 2. Data on the number of flying hours, the physical activity and the symptoms of the spine pain evaluated in VAS among 19 studied pilots.
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	Number of Flying Hours
	Activity
	Spine Pain VAS





	<2000
	1.89
	0.88



	>2000
	2.0
	1.67







VAS—visual analogue scale score.
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Table 3. Comparison of the results of neurophysiological tests in healthy people (N = 15) and pilots (N = 15). The mean values with standard deviations are presented. P—significant differences are marked bold. Arrow heads indicate increase (↑) or decrease (↓) the parameters recorded in pilots in comparison to the controls.
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Type of Test

Recording Site

Stimulation Site

	
Measured Parameter

	
Controls (Healthy Subjects)

	
Pilots

	
P




	
Right

	
Left

	
Right

	
Left

	
Right

	
Left






	
sEMG

	
BIC

	
rEMG (µV)

	
13.6 ± 3.5

	
15.7 ± 3.2

	
15.0 ± 1.9

	
14.3 ± 2.6

	
0.06

	
0.07




	
mcEMG (µV)

	
1500.0 ± 379.8

	
1435.7 ± 359.8

	
2842.9 ± 1233.9

	
2392.9 ± 1167.7

	
0.02 ↑

	
0.03 ↑




	
FI

	
2.8 ± 0.4

	
2.8 ± 0.4

	
2.7 ± 0.5

	
2.7 ± 0.5

	
0.06

	
0.06




	
APB

	
rEMG (µV)

	
16.4 ± 2.9

	
13.6 ± 2.9

	
13.6 ± 4.4

	
13.2 ± 4.4

	
0.02 ↓

	
0.07




	
mcEMG (µV)

	
1557.1 ± 394.1

	
1664.3 ± 345.6

	
3057.1 ± 1080.8

	
2785.7 ± 1249.5

	
0.01 ↑

	
0.02 ↑




	
FI

	
2.9 ± 0.3

	
2.9 ± 0.3

	
2.8 ± 0.6

	
2.9 ± 0.3

	
0.1

	
0.12




	
RECT

	
rEMG (µV)

	
15.0 ± 3.3

	
13.9 ± 4.3

	
15.4 ± 1.2

	
15.4 ± 1.3

	
0.07

	
0.06




	
mcEMG (µV)

	
1442.9 ± 145.0

	
1535.7 ± 183.6

	
2671.4 ± 1412.9

	
2292.9 ± 1310.1

	
0.02 ↑

	
0.04 ↑




	
FI

	
2.7 ± 0.5

	
2.9 ± 0.3

	
2.8 ± 0.4

	
2.9 ± 0.3

	
0.12

	
0.11




	
EXT

	
rEMG (µV)

	
16.1 ± 2.8

	
13.2 ± 2.4

	
17.1 ± 2.5

	
14.2 ± 4.5

	
0.06

	
0.07




	
mcEMG (µV)

	
1492.9 ± 373.1

	
1707.1 ± 308.1

	
2907.1 ± 1602.4

	
2664.3 ± 1256.8

	
0.02 ↑

	
0.03 ↑




	
FI

	
2.8 ± 0.4

	
2.9 ± 0.3

	
2.9 ± 0.3

	
2.9 ± 0.3

	
0.07

	
0.06




	
ENG—median nerve

	
M- wave

Wrist

	
Amplitude (µV)

	
6214.3 ± 2086.3

	
5778.6 ± 1467.3

	
7150.0 ± 2629.7

	
4907.1 ± 2080.3

	
0.06

	
0.07




	
Latency (ms)

	
3.3 ± 0.2

	
3.4 ± 0.3

	
3.5 ± 0.5

	
3.5 ± 0.7

	
0.16

	
0.13




	
M- wave

Cubital fossa

	
Amplitude (µV)

	
5450.0 ± 1947.1

	
4885.7 ± 1923.9

	
6685.7 ± 2251.3

	
4500.0 ± 2571.5

	
0.06

	
0.07




	
Latency (ms)

	
7.0 ± 0.8

	
7.0 ± 1.0

	
7.3 ± 0.9

	
7.0 ± 0.9

	
0.07

	
0.07




	
M- wave

Arm

	
Amplitude (µV)

	
6914.3 ± 1879.5

	
5728.6 ± 2546.3

	
7671.4 ± 2127.5

	
5985.7 ± 3224.9

	
0.05 ↑

	
0.06




	
Latency (ms)

	
8.1 ± 0.7

	
7.9 ± 1.1

	
8.6 ± 0.8

	
8.2 ± 1.2

	
0.07

	
0.06




	
F wave frequency [x/20]

	
16.7 ± 1.7

	
16.9 ± 1.9

	
17.4 ± 1.6

	
17.0 ± 2.3

	
0.16

	
0.12




	
M-F Latency [ms]

	
24.5 ± 1.8

	
24.5 ± 1.6

	
24.6 ± 1.5

	
24.7 ± 1.6

	
0.07

	
0.06




	
ENG—peroneal nerve

	
M-wave

Ankle

	
Amplitude (µV)

	
5164.3 ± 1578.2

	
5464.3 ± 1982.6

	
4485.7 ± 1285.0

	
5292.9 ± 2389.1

	
0.05 ↓

	
0.06




	
Latency (ms)

	
4.7 ± 0.7

	
4.9 ± 0.6

	
4.8 ± 1.1

	
5.2 ± 0.8

	
0.06

	
0.05 ↑




	
M- wave

Below knee

	
Amplitude (µV)

	
5628.6 ± 1278.6

	
5321.4 ± 1734.2

	
4992.9 ± 1548.5

	
5550.0 ± 2118.9

	
0.05 ↓

	
0.06




	
Latency (ms)

	
11.5 ± 1.0

	
11.4 ± 0.8

	
13.6 ± 11.8

	
14.6 ± 11.8

	
0.05 ↑

	
0.04 ↑




	
M- wave

Above knee

	
Amplitude (µV)

	
4864.3 ± 1290.4

	
5421.4 ± 1641.5

	
4450.0 ± 1148.8

	
5085.7 ± 1993.9

	
0.12

	
0.06




	
Latency (ms)

	
13.0 ± 0.9

	
13.0 ± 0.9

	
14.7 ± 13.1

	
14.7 ± 13.1

	
0.05 ↑

	
0.05 ↑




	
F wave frequency [x/20]

	
17.6 ± 1.6

	
17.3 ± 1.5

	
13.0 ± 4.1

	
13.7 ± 3.7

	
0.05 ↓

	
0.05 ↓




	
M-F Latency [ms]

	
43.2 ± 2.1

	
43.7 ± 2.4

	
45.2 ± 4.1

	
44.8 ± 3.0

	
0.06

	
0.06




	
MEP

	
BIC

	
Amplitude (µV)

	
1510.7 ± 601.2

	
1657.1 ± 793.5

	
1530.7 ± 1211.5

	
1753.6 ± 960.0

	
0.06

	
0.07




	
Latency (ms)

	
5.1 ± 0.5

	
5.0 ± 0.5

	
5.0 ± 0.9

	
5.2 ± 1.0

	
0.09

	
0.07




	
APB

	
Amplitude (µV)

	
1939.3 ± 816.0

	
1914.3 ± 976.8

	
2057.1 ± 2282.5

	
1820.0 ± 1527.8

	
0.12

	
0.14




	
Latency (ms)

	
12.9 ± 1.0

	
12.8 ± 1.0

	
13.4 ± 1.3

	
14.5 ± 3.0

	
0.01

	
0.01




	
RECT

	
Amplitude (µV)

	
2257.1 ± 1360.5

	
2514.3 ± 1161.2

	
1146.4 ± 2247.7

	
671.4 ± 1240.1

	
0.03 ↓

	
0.02 ↓




	
Latency (ms)

	
5.2 ± 0.6

	
5.2 ± 0.6

	
7.1 ± 1.1

	
7.2 ± 1.3

	
0.05 ↑

	
0.04 ↑




	
EXT

	
Amplitude (µV)

	
1714.3 ± 715.0

	
1435.7 ± 735.4

	
1485.7 ± 2179.2

	
1482.1 ± 2223.2

	
0.03 ↓

	
0.06




	
Latency (ms)

	
23.0 ± 0.9

	
22.9 ± 0.8

	
22.5 ± 4.1

	
21.7 ± 2.8

	
0.13

	
0.14








Abbreviations: sEMG—surface electromyography; ENG—electroneurography; MEP—motor evoked potential; BIC—biceps brachii muscle; APB—abductor pollicis brevis muscle; RECT—rectus femoris muscle; EXT—extensor digitorum longus muscle; FI—Modified frequency index (3-0)—frequency of motor units action potentials recruitment during maximal contraction sEMG recording: (3—95–70 Hz—normal; 2—65–40 Hz—moderate abnormality; 1—35–10 Hz—severe abnormality; 0—no contraction).
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