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Abstract
To date, noninvasive and immediate assessment of muscle tissue status after exercise-induced muscle damage (EIMD) has not been established. This study was designed to assess and determine parameters suitable for measuring EIMD after eccentric exercise, using multi-frequency bioimpedance analysis (BIA). Thirty-five young male participants performed dumbbell exercises with their left arm, and BIA parameters were measured at time points up to 168 h post exercise using a multi-frequency BIA device. At all time points, intra and extracellular water content was greater in the left arm than in the right arm, and the impedance, reactance, resistance, and phase angle were lower in the left arm than in the right arm. Established indices of EIMD, such as maximal isometric voluntary contraction, were measured and used in correlational analyses. Only reactance was highly correlated with biomarkers indicating muscle damage; therefore among BIA parameters, reactance is the most suitable to assess EIMD.



Introduction
Severe eccentric contractions induce inflammation and damage myofibrils, leading to exercise-induced muscle damage (EIMD), which, at onset, causes pain due to pressure, loss of strength, and reduced range of motion1. Detailed observation of the damage at the cellular level requires a muscle biopsy; however, this is highly invasive, and the measurement environment is limited2. Therefore, indirect muscle damage markers, such as levels of creatine kinase3, myoglobin4, and urinary titin N-terminal fragment (UTF)5,6, have been used as indicators of muscle cell membrane damage. However, these biomarkers are difficult to discriminate from those indicating localized damage and are not suitable for immediate feedback because it takes several days to obtain the measurement results6.
Bioimpedance analysis (BIA) estimates body composition by applying a small electric current to the body and measuring electrical characteristics, such as reactance, resistance, and impedance. Cell membranes act as capacitors in electrical circuits in vivo, producing phase shifts between current and voltage. This is called the phase angle (PhA), and several studies have established that measuring PhA is a valid noninvasive method for quantifying cell health7,8. Measuring PhA is a sensitive method to evaluate the grade of muscle injury, as its value decreases when the integrity of the myocyte membrane is compromised8,9. Recently, evaluation of localized parts of the body has also been attempted10, which may solve some of the problems posed by using biomarkers alone in the evaluation of EIMD. 
Only few previous studies have evaluated the biological changes caused by EIMD using BIA11; it has been reported that extracellular water (ECW) content increases at the onset of EIMD, and there is a positive correlation (r = 0.654) between peak ECW content and peak creatine kinase10. While examining the process of recovery from EIMD, it is important to consider physiological changes; no studies to date have used BIA in combination with markers, such as muscle strength markers, to assess recovery from EIMD. Yamada et al.12 found that differences in current frequency affected skeletal muscle reactance in resting subjects without EIMD, and between PhA, resistance, and reactance, reactance had the strongest correlation with maximal muscle power (r = 0.881~0.898). Low frequencies do not penetrate the cell membrane, whereas high frequencies do; a detailed analysis of frequency characteristics can discriminate between intra- and extracellular changes13,14. Although there is a lack of detailed knowledge on the relationship between the various indices of EIMD, such as muscle strength, and multiple BIA parameters and frequency characteristics, the above findings suggest that changes in reactance at low frequencies could indicate substantial EIMD. Tracking the course of recovery from EIMD may further our understanding of the electrophysiological mechanisms underlying EIMD.
The aim of this study was to analyze and track BIA parameters in various frequency bands and determine the variables suitable for measuring EIMD. We hypothesized that reactance obtained at low frequencies would be most associated with changes in muscle strength and biochemical markers produced by EIMD, based on the report by Yamada et al12. In this study, we used a standing multi-frequency bioimpedance meter, which is widely used in clinical settings and is considered to have a low error rate with dual-energy X-ray absorptiometry values15, to examine the changes in parameters in response to EIMD.  If the degree of muscle damage can be predicted by BIA, it may be possible to indirectly identify the degree of damage without placing a burden on the subject during daily body composition measurements in the future.

Methods 
Participants
Thirty-five healthy male participants (aged 23.0 ± 3.1 years; weighing 64.3 ± 8.6 kg) were enrolled in this study. They were informed of the nature, aims, and risks associated with the experimental procedures before giving written informed consent. We excluded those whose habits work out, those with arm injuries, those with pacemakers implanted in their bodies, and those under 18 and over 35 years of age. They were informed of the nature, aims, and risks associated with the experimental procedures before providing written informed consent. The study was conducted in accordance with the principles of the Declaration of Helsinki. This study was approved by the university’s ethics committee (21-003).


Experimental design
	The design of measurement parameters, excluding those of BIA, used in this study were based on that of a previous study16 on EIMD. The study was conducted over nine days. Before the experiment, the participants took part in a familiarization session, which included muscle strength measurements. On the first day before the exercise session, a warm-up was conducted, then an eccentric exercise routine was performed involving the elbow flexor muscles. The values measured were maximum voluntary contraction (MVC), range of motion (ROM), muscle soreness, circumference, bioimpedance, and UTF. Immediately before and after the eccentric exercise routine, all parameters were measured, and the measurements were repeated at 1, 24, 48, 72, 96, and 168 h. In this study, all participants performed exercises with the left arm. For measurements immediately before and after exercise, and from days 2 to 8, only the left arm was measured for MVC, ROM, muscle soreness, and circumference to establish the onset of EIMD. To compare the differences between the right arm and left arm, BIA was performed on both arms.

Eccentric exercise routine
In this study, the exercise involved the left arm. Participants were seated on an arm curl bench in such a way that the hip was flexed at 85° (0° = full hip extension). During exercise, the participants were tightly secured to an arm curl bench with non-elastic straps. They completed five sets of 10 eccentric exercises with dumbbells weighing 50 % of the elbow joint MVC of the left arm, measured in the familiarization session. The elbow joint extended from 90° to 180° (180° = full extension) to the 60 beats per min rhythm of the metronome (i.e., extended 90° in 5 s). To perform eccentric actions, the examiner supported the participant's elbow flexion during the concentric phase. All actions were repeated every 3 s, and a recovery period of 2 min was provided between each set. 

BIA
	Participants wore light athletic clothing and were instructed to remove shoes and any plastic, metal, and easily removable jewelry from their bodies. A multi-frequency BIA device (InBody770, InBody Japan Inc., Japan) was used for BIA. The participants stepped onto the multi-frequency BIA device, held onto the handrails bilaterally, and remained on the device for 2 min. This analyzer used an alternate current of 250 mA and assessed impedance, reactance, resistance, total body water (TBW), and ECW. The parameters were measured at frequencies of 5, 50, and 250 kHz. The data were used to calculate PhA and intracellular water (ICW) using the formula below. 
PhA (°) = Arctangent  × 
ICW = TBW - ECW
The multi-frequency BIA device measured segmental impedances in the right arm, left arm, right leg, and left leg at all three frequencies.

MVC evaluation
	Maximal isometric elbow flexion strength was evaluated during 5 s isometric maximal voluntary contractions performed at an elbow angle of 90° using handheld dynamometer (Mobie, SAKAI Medical Co., Ltd. Japan). Two trials were performed (if the difference between the two measurements exceeded 10 %, a third measurement was taken), and the maximum value obtained was used.

Active ROM 
	A semi-permanent marker was used to mark the center of the acromion, lateral epicondyle, and ulnar styloid. The elbow joint angle was photographed in a relaxed and flexed state to determine the active ROM. The angle formed between the line connecting the center of the acromion and lateral epicondyle and that connecting the lateral epicondylitis and ulnar styloid was calculated using ImageJ software (version 1.39, Bethesda, Maryland, USA). After determining the relaxed and flexed angles, we subtracted the relaxed angle from the flexed angle to determine the ROM of the elbow joint.

Muscle soreness 
	We measured muscle soreness by subjectively evaluating muscle damage5. A 100-mm visual analog scale was used to assess muscle soreness, with 0 indicating no pain and 100 representing extreme pain. Muscle soreness was measured when the participants actively extended their arms. Participants were instructed to hold their shoulder joints at 90° flexion and elbow joints at 180° active extension and to mark their levels of perceived soreness on the visual analog scale. 

Circumference 
	Circumference of the upper arm at 50 % of the acromial process of the scapula were measured using a tape measure (Model R-280; Futaba, Japan) when letting the arm hang down by the side. The mean of two measurements was recorded.

Titin N-terminal fragment excretion assay
	Approximately 3 mL of urine was collected from each participant to measure UTF concentrations through an ELISA, using a kit (Titin N-terminal Fragment Assay Kit, Immuno-Biological Laboratories Co. Ltd., Japan) in accordance with previous studies17. Samples were stored at −20 ℃ for later analyses. Thawed urine samples were diluted 1:5–1:500 to ensure they were within the linear detection range. Diluted samples and standard solutions were added to each antibody-coated well of 96-well microplates, and the microplates were incubated at 37 ℃ for 60 min. The microplates were washed four times with the wash buffer, and labeled antibodies were added to each well; the microplates were incubated again at 37 ℃ for 30 min. Microplates were incubated with tetramethylbenzidine solution at room temperature (20 ℃ ~ 25 ℃) for 30 min after washing five times with wash buffer. As the final step of the ELISA procedure, the stop solution was added to each well. The absorbance was measured using a microplate reader at a main wavelength of 450 nm (Multiskan FC, Thermo Scientific, Japan). The UTF concentration was calculated using a linear regression model and urinary creatinine levels were estimated using an automated analyzer (Bio Majesty JCA-BM8060, JEOL, Japan). The UTF values were normalized relative to urinary creatine (each raw data point in urine/urinary creatine concentration)17. The normal range of UTF concentrations in the general population is 1.47–7.14 pmol/mg/dL6.

Statistical analysis
	All data are expressed as means ± SD. Correlations between variables were analyzed using Pearson's product-moment correlation. Changes over time in ROM, MVC, muscle soreness, circumference, and UTF in the eccentric exercise condition were compared using one-way ANOVA. When the one-way ANOVA results indicated a significant difference, a Bonferroni post-hoc test was performed to compare the values at different time points. The changes after exercise were compared between the conditions (right arm vs. left arm) using two-way ANOVA with two factors (arm × time). If a significant interaction effect was found, a post-hoc test was performed to identify the time points of significant differences between the conditions using Bonferroni’s method. This test indicated a non-normal distribution of the UTF data; therefore, we applied a logarithmic transformation (log10) before analysis5. The statistical significance level was set at p < 0.05. All statistical analyses were performed using Predictive Analytics Software, version 28 for Windows (SPSS Japan Inc., Tokyo, Japan). 


Results
EIMD indices
The comparative results of the EIMD assessment indices are presented in Fig 1. ROM and MVC showed the greatest decreases immediately after exercise, followed by a trend toward recovery at 24 h. Muscle soreness increased significantly immediately after exercise and reached a maximum after 48 h. Circumference peaked immediately after exercise, falling at 1 h, followed by an increase over the measured time points until a recovery trend at 168 h. The UTF showed a notable increase at 24 h, reaching a maximum at 96 h, followed by a recovery trend at 168 h.

Cell water content
The results of the comparison between right arm and left arm for cell water content is shown in Fig. 2. The TBW, ECW, and ICW for left arm is higher than that for right arm at all time points. The comparison between right arm and left arm for BIA values measured over time are shown in Fig. 3. PhA for left arm was lower than that for right arm at all frequencies at each time point, except at 24 h. Impedance and reactance for left arm were lower than that for right arm at all frequencies and time points. In terms of resistance, left arm was lower than right arm at all time points at 5 kHz and 50 kHz; at 250 kHz, left arm was lower than right arm immediately post exercise, and at 1, 72, 96, and 168 h post exercise. 

Bioelectrical impedance parameters at each frequency and EIMD index
Table 1 presents the results of the correlation analysis of the relationship between the electrical characteristic parameters and the EIMD evaluation indices. Due to the large number of correlations identified, only parameters with three or more correlations are reported. Positive correlations were found between PhA 5 kHz and circumference (r = 0.421 to 0.495). Negative correlations were found between reactance at 5 kHz and UTF (r = −0.532 to 0.493). Negative correlations were found between reactance at 50 kHz and UTF (r = −0.559 to −0.543). Negative correlations were found between reactance at 250 kHz and UTF (r = −0.547 to −0.519). A positive correlation was found between TBW and circumference (r = 0.701 to 0.766), ECW and circumference (r = 0.677 to 0.766), and ICW and circumference (r = 0.725 to 0.765). 



Discussion
The purpose of this study was to follow the temporal changes in BIA parameters obtained at different frequencies with the onset of EIMD and to determine BIA parameters suitable for the assessment of EIMD. We hypothesized that the reactance obtained in the low-frequency band (5 kHz in this study), which is less likely to penetrate muscle cell membranes, would have the strongest relationship with the measures used to assess EIMD. The results showed high correlations between UTF with both reactance and PhA, but no clear differences in the ability to detect EIMD among the three frequencies used in this study (5 kHz, 50 kHz, and 250 kHz).
In the present study, subjects were seated on an arm curl bench as described by Nosaka et al.18, and an exercise task was used in which the examiner lifted the dumbbells during flexion, and the subject controlled and lowered the dumbbells for 5 s during extension. The results showed that ROM was most restricted immediately after the eccentric exercise (Fig. 1a), muscle soreness peaked 48 h after the eccentric exercise (Fig. 1c), and UTF peaked 96 h after the eccentric exercise (Fig. 1e). These temporal changes were similar to those reported in previous studies5,16 at the onset of EIMD. In addition, MVC decreased by 61.5 % immediately after the exercise task and did not recover to baseline, even at 168 h (Fig. 1b). Damas et al.19 performed a cluster analysis based on the rate of decrease in MVC after the onset of EIMD and identified low, intermediate, and high responder groups. They reported that the high responder group had a 57.8 % decrease in MVC. This suggests that EIMD was more severe in the present study than in the high responder group in the previous study19. 
In this study, TBW, ECW, and ICW, all increased considerably immediately after exercise in the left arm and decreased 1 h later. However, these indices increased over time (Fig. 2). Because vasodilation and increased vascular permeability generally occur under the influence of multiple substrates (such as histamine and kinin) and induce swelling at the site of injury20, the changes observed in this study may also be attributed to vasodilation and increased permeability. Furthermore, analysis of the balance between ICW and ECW content from our results showed that ECW increased more than ICW after eccentric exercise (Fig. 4). A study by Shiose et al.10, which reported changes in TBW, ECW, and ICW during EIMD, also reported an increase in ECW/TBW without a decrease in ICW, supporting our results. Previous studies21 have shown that muscle mass is reduced when ICW decreases and ECW/TBW increases simultaneously; such changes are often observed in cases of muscle atrophy and sarcopenia in the elderly. In contrast, an increase in ECW/TBW without a decrease in ICW is thought to indicate an increase in intracellular and extracellular water content combined due to vasodilation and increased permeability associated with acute or chronic inflammation22. In this study, an increase in ECW and TBW occurred without a decrease in ICW, suggesting that an acute inflammatory response occurred immediately after eccentric exercise, and a chronic response occurred after 24 h.
In the present study, all BIA parameters showed similar patterns of change over time, although the magnitudes of change were different (Fig. 2,3). The results of the correlation analysis show that only reactance correlated highly with UTF (Table 1). Therefore, it can be concluded that each BIA parameter has independent characteristics. The muscle cell membrane has a lipid bilayer structure composed mainly of phospholipids with an internal hydrophobic region and hydrophilic regions on both sides. The hydrophobic region acts like a conductor through which electrical charges can easily move. Therefore, the myocyte membrane acts as a capacitor when an electric current flows owing to the application of voltage (potential difference) on either side of the biomembrane23. The myocyte membrane is not different to the lipid bilayers of other cells in terms of conductance because of the presence membrane proteins and other components in addition to phospholipids24. The impedance, resistance, reactance, and PhA values obtained by applying a weak current in vivo provides information on biological functions23, and the results of this study confirm that each BIA parameter, which changed substantially after the onset of EIMD, can provide a large amount of detail on cell processes. Therefore, when evaluating EIMD in the future, it may be possible to determine the state of EIMD in more detail by analyzing each index separately rather than recording BIA parameters uniformly.
The hypothesis of this study was that there would be differences in the correlations with EIMD depending on the frequency, and that BIA parameters, especially those in the low-frequency band, would be strongly correlated with the EIMD assessment index. However, the correlations shown in Table 1 do not support this hypothesis. Since the low-frequency component does not penetrate the muscle cell membrane, in stark contrast to the high-frequency component, it is understood that frequency characteristics can be used to differentiate between intra- and extracellular changes23. Therefore, it was inferred that the low-frequency component would have a higher resistance in cells with high integrity and a lower resistance in cells in a highly damaged state, which would also affect the detection power. However, the results of the present study did not reveal such characteristics. This may be due to the effect of the frequency range used in this study. Here, BIA parameters were measured at three frequencies (5, 50, and 250 kHz) using standing multi-frequency BIA, whereas bioimpedance spectroscopy (BIS), which allows for more detailed verification, has been reported to analyze 256 different frequencies from 3 to 1000 kHz25. We could not specify the effect of the frequency on the detectability of EIMD, possibly because only three frequencies were used in this study. Future analyses with more frequencies using BIS may clarify the relationship between the frequency at which parameters are measured and EIMD.
Although PhA has been tested in sports medicine to assess muscle strain8, to the best of our knowledge, this is the first time that BIA parameters have been validated for characterizing EIMD. All BIA parameters showed noticeable changes after EIMD, with reactance having the strongest relationship with UTF. Reactance represents the resistance to current caused by the phospholipid bilayer structure of the myocyte membrane; the higher the reactance, the lower the current-carrying capacity23. A portion of the myocyte membrane disappears during the onset of EIMD26. Therefore, in this study, the decrease in reactance observed at the onset of EIMD may have been caused by the loss of a portion of the myocyte membrane. If BIA is used to assess cellular integrity, it should have a high correlation with UTF. Indeed, the high correlation between UTF in this study suggests the possible utility of reactance as an indicator of EIMD.
	There are three limiting factors to this study. First, the participants were limited to healthy young men, making the differences in performance by age indeterminate. In particular, the baseline of each BIA parameter was similar to that indicated by muscle damage status because older adults have lower cellular integrity than younger adults (as a typical example, older adults have lower PhA values than younger adults12). Therefore, it may be difficult to determine whether the changes in BIA parameters are due to EIMD. In the future, it will be necessary to broaden the age range and investigate the relationship between age and the detectability of EIMD. Second, the use of standing multi-frequency BIA as an evaluation method made it impossible to clarify the effect of frequency differences on the detectability of EIMD. As mentioned above, this limitation can be overcome by using BIS with more applicable frequencies; therefore, a detailed study, including congruency with the BIS, is needed. Finally, the point at which the BIA parameters completely returned to the baseline could not be determined. In the present study, BIA parameters were monitored for up to 168 h after eccentric exercise. To the best of our knowledge, no study has followed BIA parameter recovery after EIMD. BIA parameters that also indicate the inflammatory response show that recovery may take up to one month, as reported by Nosaka et al27. Future follow-up studies of up to one month are needed to elucidate the timing of recovery to baseline. 


Conclusion
We tested the validity of EIMD measurement indices for several BIA parameters. Although all BIA parameters changed considerably during EIMD, correlations with other EIMD measurement indices suggest that reactance may have the most validity as an indicator of EIMD. Physicians and athletic trainers may find reactance useful for obtaining a highly reliable and simple assessment index for athletes. Future validation using BIS is needed to further increase detectability of EIMD, and further validation across a wider age range is needed to account for age-related effects.
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Figure legends

Figure 1: Time course of EIMD evaluating indices.
a: range of motion, b: maximum voluntary contraction, c: soreness during elbow extension, d: circumference of the upper arm, e: urinary titin N-terminal fragment, † p < 0.05, ††p < 0.01, ††† p < 0.001.

Figure 2: Time course TBW, ECW, and ICW.
a: Total body water; b: Extracellular water; c: Intracellular water; * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 3: Time course of each bioimpedance analysis parameter.
a: 5 kHz phase angle, b: 50 kHz phase angle, c: 250 kHz phase angle, d: 5 kHz impedance, e: 50 kHz impedance, f: 250 kHz impedance, g: 5 kHz reactance, h: 50 kHz reactance, i: 250 kHz reactance, j: 5 kHz resistance, k: 50 kHz resistance, l: 250 kHz resistance, * p < 0.05, ** p < 0.01, *** p < 0.001. 

Figure 4: Ratio of extra- and intracellular water to total body water.
TBW: total body water, ECW: extracellular water, ICW: intracellular water

Table 1: The relationship between the electrical characteristic parameters and EIMD evaluation indices.
Table 1 Key: ROM, Range of motion; MVC, Maximum voluntary contraction; SOR, Muscle soreness; CIR, Upper arm circumference; UTF, Urinary titin N-terminal fragment. 
* p < 0.05, ** p < 0.01
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	0.304
	-0.027
	
	0.025
	0.146
	0.170
	0.220
	0.067
	0.223
	0.312
	-0.018

	MVC
	-0.068
	0.128
	-0.121
	-0.122
	-0.168
	-0.188
	-0.024
	-0.032
	
	-0.058
	0.149
	-0.095
	-0.104
	-0.122
	-0.128
	0.032
	0.009
	
	-0.048
	0.164
	-0.082
	-0.102
	-0.100
	-0.102
	0.065
	0.029

	SOR
	0.102
	-0.184
	0.092
	0.300
	0.177
	0.094
	-0.157
	-0.020
	
	0.079
	-0.181
	0.114
	0.265
	0.144
	0.076
	-0.171
	-0.029
	
	0.084
	-0.170
	0.128
	0.242
	0.123
	0.052
	-0.196
	-0.048

	CIR
	0.075
	0.005
	0.011
	0.164
	0.106
	0.061
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	0.300
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	-0.180
	0.115
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	-0.375
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	-0.007
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	0.207
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	0.043
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	0.617**
	-0.116
	-0.076
	0.004
	-0.049
	-0.114
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	0.594**
	-0.101
	-0.080
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	0.002
	0.485*
	0.421*
	0.302
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	0.718**
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	0.677**
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	0.765**
	0.761**
	0.714**
	0.755**
	0.727**
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	0.145
	0.081
	0.366
	-0.278
	-0.162
	0.068
	-0.046
	-0.190
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	0.090
	0.382
	-0.275
	-0.158
	0.065
	-0.051
	-0.211
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	0.076
	0.355
	-0.279
	-0.164
	0.070
	-0.043
	-0.176
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