
 

 

Abstract: 
Purpose: Prolonged durations of ischemia followed by reperfusion are known to cause irreversible injury to tissues and 

organs. The damage by ischemia/reperfusion (I/R) is characterized by proinflammatory responses as well as increases in 

intracellular Ca2+ and reactive oxygen species (ROS), which cause damage to the cell membrane, which may lead to cell 

death. Ischemic preconditioning (IPC) is known to reduce infarct size following prolonged durations of ischemia followed 

by reperfusion. Damages caused by I/R have similarities to exercise-induced muscle damage (EIMD) since both are 

characterized by inflammation as well as increases in intracellular Ca2+ and ROS Therefore, the purpose of this study was 

to investigate whether IPC reduces known markers of EIMD following eccentric exercise.   

Methods: Eleven healthy volunteers were stratified and randomized into two conditions (IPC and sham) in a crossover-

design. Participants received an IPC (220 mmHg) or sham (20 mmHg) condition, consisting of 4x5 minute cuff inflations. 

The EIMD-protocol, consisting of 5 x 10 controlled eccentric contractions of the tibialis anterior (TA) muscle performed 

on a custom-built platform, was executed immediately following IPC/sham procedures. Muscle stiffness (using shear 

wave elastography), muscle thickness (using B-mode ultrasound), muscle strength (using maximal voluntary contraction 

test) and perceived pain (using numeric rating scale) were measured prior to IPC/sham procedures, immediately post-

exercise as well as 24 and 48 hours post-exercise. Perceived pain was additionally assessed 72, 96, 120 and 144 hours 

post-exercise. 

Results: Perceived pain increased significantly between trials for both conditions, compared to baseline. Perceived pain 

did not significantly differ between the conditions (P > 0.05). Both conditions increased in perceived pain until 48 hours 

post-exercise (P = 0.005). However, only the sham condition increased perceived pain 72 hours post-exercise (P = 0.007). 

Muscle thickness increased significantly between trials 24 hours (P = 0.041) and 48 hours (P = 0.036) post exercise. 

However, muscle thickness did not differ between conditions (P = 0.734) and had no significant interaction (P = 0.851). 

No significant changes in muscle stiffness (P-values ≥ 0.471) and muscle strength (P-values ≥ 0.15) were found.  

Conclusion: The present findings indicate that IPC may reduce perceived pain following eccentric exercise of tibialis 

anterior (TA). No significant effects were observed in muscle stiffness, muscle swelling and muscle strength. 
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Introduction 
It is well established that eccentric resistance training can provide increases in muscle mass and 

strength as well as offer eccentric specific adaptations, such as changes in neural activation patterns 

(Roig et al. 2008; Seger et al. 1998). Furthermore, eccentric resistance training provides superior 

results in overall strength and muscle mass gains compared to concentric resistance training (Roig, et 

al., 2008). However, eccentric contractions have been shown to cause greater amounts of exercise-

induced muscle damage (EIMD) compared to concentric muscle contractions (Clarkson & Hubal, 

2002), especially when unaccustomed (Nosaka & Newton, 2002). EIMD is ascribed to mechanical 

disruptions in the muscle fibers (Clarkson & Hubal, 2002), which are followed by inflammatory re-

sponses (MacIntyre et al., 1995). Beyond this, it has been found in EIMD studies using ultrasound 

elastography that muscle stiffness increases following eccentric resistance training (Niitsu et al., 

2011). Furthermore, EIMD is accompanied by muscle soreness, muscle swelling and decreases in 

strength (Clarkson & Hubal, 2002; Proske & Morgan, 2001). 

 Muscle stiffness has been shown to increase immediately post-exercise and remain increased four 

days post-exercise (Howell et al., 1985). Increases in muscle stiffness following eccentric exercise 

are also supported by the literature assessing EIMD by ultrasound (Niitsu, et al., 2011). It has been 

argued that muscle stiffness caused by EIMD may be related to intracellular increases in Ca2+ (Howell 

et al., 1985; Proske & Morgan, 2001). 

Following eccentric resistance training, an inflammatory response arises with the purpose of clear-

ing the muscle of metabolic by-products in order to prepare for regeneration (Clarkson & Hubal, 

2002). This process is accompanied by an influx of fluid and plasma proteins into cells, hereby in-

ducing cell swelling and increases in muscle size (Clarkson & Hubal, 2002). Muscle swelling has 

been shown to occur gradually after eccentric exercise and peak four days post-exercise (Chleboun 

et al., 1998). 

Furthermore, EIMD is usually accompanied with decreases in muscle strength (Sayers & Clark-

son, 2001). This reduction in muscle strength may last 1-2 weeks with the greatest decrease 1-24 

hours post-exercise (Clarkson & Hubal, 2002). The decrease in muscle strength is likely to be caused 

by the initial mechanical disruptions and subsequent events of inflammation and altered homeostasis, 

such as increased intracellular levels of Ca2+ (Sayers & Clarkson, 2001). 

Moreover, EIMD is accompanied by delayed onset muscle soreness (DOMS), which typically lasts 

for 5-7 days while peaking 24-48 hours post-exercise (Clarkson & Hubal, 2002). Theories suggest 

that inflammation and edema may sensitize type III and IV afferent nerve endings, increasing per-

ception of pain (Cheung et al., 2003). Furthermore, intracellular Ca2+ accumulation may inhibit mi-

tochondrial adenosine triphosphate (ATP) regeneration, which inhibits ATP dependent transport of 

Ca2+ out of the cell (Cheung et al., 2003). 

Therefore, bouts of eccentric resistance training may result in increased recovery time compared 

to concentric bouts (Newham et al, 1983), which may negatively affect performance and adherence 

to training (Franz et al., 2017a). Thus, several studies have investigated the effects of different meth-

ods of reducing the amount of EIMD following eccentric exercise (Chen et al. 2012; Sousa et al., 
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2014). Evidence was found that ischemic preconditioning (IPC) reduced EIMD following a bout of 

eccentric resistance training of the elbow flexors (Franz et al., 2017b). This was determined by meas-

uring creatine kinase (CK) levels, muscle contractile function, DOMS and muscle swelling, showing 

significant results for DOMS, muscle contractile function and CK levels for IPC compared to control.  

IPC has shown to be useful in both medical studies and exercise studies (Incognito et al. 2016; 

Hausenloy & Lim, 2012). For instance, IPC has been shown to decrease infarct size in the rabbit’s 

heart by 75% following 40 minutes of ischemia (Murry et al., 1986). Likewise, it was later found that 

IPC can protect skeletal muscles from ischemia/reperfusion injury (I/R injury) locally (Aktaş et al, 

2015) and remotely (Addison et al., 2003). It is believed that this protective effect arises due to pro-

inflammatory responses (Sullivan et al., 2009), a reduction in the development of metabolic stress 

(Van et al., 2008), as well as a reduction in Ca2+ accumulation and reactive oxygen species (ROS) 

production (Franz, et al., 2017a). 

It is suggested that the inflammation and stress caused by I/R injury is similar to that caused by 

EIMD (Franz, et al., 2017a). Therefore, it was hypothesized that IPC would protect the skeletal mus-

cles, not from the mechanical disruptions of eccentric contractions, but rather from the subsequent 

inflammation and homeostatic imbalance (Franz, et al., 2017a). Similarities in responses post I/R and 

post EIMD are also found, as in both cases, nuclear factor κB (NFKB) is activated with consequential 

increases in proinflammatory cytokines and chemokines (Memtsoudis et al., 2010; Xin et al, 2013). 

This, in turn, will cause further inflammation in the muscle (Hughes et al., 2007; Paulsen et al., 2012). 

Based on the similarities between I/R-injury and EIMD presented in the introduction, we believe 

that IPC may reduce several indicators of EIMD, such as muscle stiffness, muscle swelling, pain and 

muscle strength. IPC has been proven to reduce the intracellular accumulation of Ca2+, which is be-

lieved to increase muscle stiffness (Howell, et al., 1985), soreness (Cheung, et al., 2003), and reduce 

maximal force production (Sayers & Clarkson, 2001). Furthermore, IPC may reduce the activity of 

NFKB, thereby reducing inflammation, which is believed to reduce maximal force production (Sayers 

& Clarkson, 2001), muscle swelling (Clarkson & Hubal, 2002) and DOMS (Cheung, et al., 2003). 

 Therefore, the purpose of this study was to investigate the effects of IPC on EIMD in the tibialis 

anterior (TA) on parameters of muscle stiffness and muscle thickness using ultrasound, maximal force 

production using a maximal voluntary contraction (MVC) test and pain using a numeric rating scale 

(NRS). 

We expect that IPC will reduce the occurrence of increased muscle stiffness, muscle swelling, 

DOMS and decreases in muscle strength, as well as decrease recovery time for each parameter. 

 

MATERIALS AND METHODS 
Participants. Eleven healthy participants volunteered for the present study (for participant charac-

teristics, see Table 1). Prior to the investigation, the participants gave their written, informed con-

sent.  All participants reported to not having performed any resistance training of the dorsiflexor mus-

cles within the past six months. The participants engaged in no vigorous physical activity 48 hours 

prior to any of the examinations. Moreover, resistance training and massage of the dorsiflexor mus-

cles during the full test period were not allowed. Furthermore, intake of caffeine as well as any anal-

gesic and anti-inflammatory medication was prohibited 48 hours prior to the first test day and 

throughout the full test pe-

riod. 

 

 

 

All values are means ± standard deviations. 

 Table 1: Characteristics of participants.  

   Age (yr)  Height (cm)  Weight (kg)   

 Male (n = 9)  25.7 ± 5.3  182.0 ± 8.0  87.5 ± 15.3  

 Female (n = 2)  25.5 ± 3.5  170.5 ± 3.5  73.00 ± 17.0  
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Study design. A randomized crossover design was utilized to investigate the effects of IPC on EIMD 

in TA. All participants reported to the laboratory 6 times in total. The study consisted of two test 

periods split by a washout period of at least seven days (for study design, see Figure 1). Each test 

period consisted of 3 days of intervention and testing. The first day, the participants had their baseline 

measurements taken for muscle stiffness, muscle thickness, muscle strength and pain, followed by 

the IPC intervention. Subsequently, the participants underwent the EIMD protocol for TA, which 

again was followed by the same measurements as for the baseline measurements. The two following 

days, with 24 hours in between, measurements of muscle stiffness, muscle thickness, muscle strength 

and pain were taken again. Pain was assessed until the participants reached their baseline measure-

ments.  

Figure 1. Study design. Data sampling = Muscle strength (maximal voluntary contraction), muscle stiffness (shear wave 

elastography), muscle thickness (B-mode ultrasound) and pain (numeric rating scale).  

After the washout period, the 

crossover took place. Several pre-

cautions were taken in order to 

counterbalance the possibility of 

any prolonged effects of IPC, as 

well as of a contralateral repeated 

bout effect (CL-RBE) including 

any possible effect of dominant 

and non-dominant leg on the 

amount of EIMD. Therefore, half 

of the participants were treated 

with IPC during the first test pe-

riod, and the other half were 

treated with a sham intervention 

first. Likewise, half of the partici-

pants received IPC and EIMD on 

their dominant leg, and the other 

half on their non-dominant leg 

(see Figure 2). These subcondi-

tions were constructed through 

randomization, stratified by gen-

der. 

 
                                                                      Figure 2. Overview of the crossover design of the present study.  
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Double blinding was strived for as much as possible. Therefore, the participants were informed that 

the effect of different cuff pressures was investigated. Blinding of researchers was strived for by 

assigning only one researcher to conduct the IPC intervention. This researcher had no influence on 

any of the measurements. The remaining researchers handled the execution of the EIMD protocol as 

well as MVC, NRS and ultrasound measurements. 

Exercise induced muscle damage protocol. A custom-made 15 cm 

tall platform with a hinged footplate (25 cm) was used to induce mus-

cle damage. The platform was placed 45 cm from a wall. The partic-

ipants were instructed to position the lateral malleolus at the fulcrum, 

with toes facing towards the wall. The foot was secured to the foot-

plate using a nylon Velcro® strap (2.5 x 20 cm). The participants were 

instructed to perform 5 sets of 10 repetitions of controlled plantar 

flexions. The participants were instructed to keep the knee extended 

during all repetitions. Participants’ hands were placed on the wall in 

front of them for the sake of balance, and the opposite leg was used 

to return to starting point again (see Figure 3). A 60 beats per minute 

(BPM) metronome was used to help the participants control their 

plantar flexions. The participants were instructed to hold each con-

traction for 3 metronome beats (i.e. 3 seconds). If the plantar flexion 

could not be completed in a controlled manner for 3 repetitions in a 

row, the exercise was terminated. The number of sets and repetitions 

for each participant was noted during the first intervention for identi-

cal reproduction during the second intervention. 

IPC protocol. The IPC protocol was executed, with participants 

placed supine, using four cycles of 5 min ischemia, separated by five 

min reperfusion, with a total duration of 40 minutes. The pressure was 

applied using a sphygmomanometer (WelchAllyn  

Duraschock Silver®, DS-6501-300, New York City, NY, USA) and a 

22 cm wide cuff (WelchAllyn Flexiport® Reusable Blood Pressure 

Cuff THIGH 13, New York City, NY, USA). The cuff was placed 

distally on participant’s thigh with a pressure of 220 mmHg for IPC  

and 20 mmHg inflation for the sham procedure. 

MVC test. Participants were placed supine on an examination table with legs stretched and arms 

crossed. The participant’s foot was placed on a custom-made footplate, connected to a force trans-

ducer (SSM-AJ-1000, Interface, Scottsdale, AZ, USA). The signal was sampled at a frequency of 500 

Hz and amplified 2000 times. The foot was fixated to the footplate at a 120° angle with a nylon 

Velcro® strap. Three MVCs were collected for each person per test. Each MVC was separated by 1 

min rest. A specific warm-up was used, consisting of 14 submaximal dorsiflexor contractions of ap-

proximately 50% maximal force lasting five seconds, separated by 10 seconds. This was followed by 

three submaximal contractions of approximately 75% maximal force for three seconds separated by 

30 seconds. The warm-up was implemented before each MVC test. 

Muscle stiffness and muscle swelling. A LOGIQ® S8 ultrasound system was used to collect muscle 

stiffness and swelling data, using the 9L transducer. 10 muscle stiffness measurements were taken 

with shear wave elastography (SWE) for each test, and the five most homogenous measurements, 

selected through visual inspection, were used. The scanned muscle area was a fixed 1.2 x 0.88 cm 

rectangular area which was placed just beneath the superficial fascia of TA. A frequency of 10 MHz 

was used for the measurements. The scanner depth was specifically adjusted to the size of the partic-

ipant’s TA. The ultrasound transducer was placed on the muscle belly of TA, at one third of the length 

Figure 3. Illustrates the custom-built 

platform used for the exercise-in-

duced muscle damage protocol. 
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from the head of the fibula to the medial malleolus. Marks were placed to assure that all measurements 

on the same leg were taken at the exact same spot. 

Muscle thickness measurements, obtained through the LogiQview® mode, were used for evalua-

tion of muscle swelling. One image was taken of the entire TA muscle (from the head of the fibula to 

the medial malleolus). On the image, the muscle belly was determined at one third of the total distance 

from the head of the fibula (see Figure 4). On this location, three measurements were taken, one on 

the center of the muscle belly and one measurement 2.5 cm to each side of the center. The mean of 

these three measurements was used as data. Foot angle and position were relaxed to minimize TA 

activity. However, ankle joint angle was measured at each test to assure that the same angle was used 

for each measurement. 

 
Figure 4. Shows a LogiQview of a participant's tibialis anterior. The yellow lines indicate the location of the  

measurements of muscle thickness. 1. The superficiel fascia of tibialis anterior. 2. The deeper lying fascia of tibialis anterior. 3. The 

proximal direction of the lower leg.  

Pain. An NRS scale ranging from 0-10 was used to evaluate the participants’ pain in TA during 

dorsiflexor activation before the EIMD protocol, after the EIMD protocol and the following seven 

days after the intervention. The participants were informed that zero corresponds to no pain, and 10 

corresponds to worst imaginable pain. 

Statistical analyses. Data were analyzed using SPSS (IBM CORP, version 25.0, Armonk, NY). The 

statistical significance level was set to an alpha-value of 0.05.  

The parametric results of the study (muscle swelling, muscle strength and muscle stiffness) are 

presented in mean values with standard deviations and the following statistical information: F-

value(degrees of freedom), P-value. The Shapiro-Wilk test was used to calculate and check the nor-

mality of the data and all parametric data were normally distributed. A two-way repeated measures 

analysis of variance (ANOVA) was applied to calculate the main effects of trials (Pre, Post0, Post24, 

Post48), conditions (IPC, sham) and interaction (trial x condition). If the assumption of sphericity 

was not fulfilled, Greenhouse-Geisser corrected degrees of freedom were applied. Post-hoc Bonfer-

roni corrections were applied to counteract the problem with multiple comparisons.  

The non-parametric results (pain) are presented as median values with interquartile range and P-

value. The Friedman test was applied to check for significant differences between trials (Pre, Post0, 

Post24, Post48) in both interventions (IPC, sham) separately. If any difference was found, a post-hoc 

test was conducted through the Wilcoxon signed rank test. For the comparison between trials (Pre, 

Post0, Post24, Post48), Pre was compared to the remaining trials. For the comparison between inter-

vention, Pre (IPC) was compared to Pre (Sham), Post0 (IPC) was compared to Post0(Sham), Post24 

(IPC) was compared to Post24 (Sham), and Post48 (IPC) was compared to Post48 (Sham) using the 

Wilcoxon signed rank test. The Holm-Bonferroni correction was applied to counteract the multiple 

comparison error. The alpha-values were set according to the Holm-Bonferroni calculations and the 

number of comparisons (Holm, 1979). 
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Results 
Pain. The participants in both interventions reported no pain on the NRS at the baseline trial (see 

Figure 5). A Friedman test was performed on both conditions separately, both showing a significant 

difference (P < 0.001). A post-hoc analysis, the Wilcoxon signed rank test, was applied, which 

showed that the participants reported significantly increased pain perception for IPC condition 24 

hours (P = 0.004) and 48 hours post exercise (P = 0.007). Sham reported significantly increased pain 

perception immediately after exercise (P = 0.005) and 24 hours (P = 0.003), 48 hours (P = 0.005) and 

72 hours (P = 0.007) post exercise. NRS data did not statistically differ between conditions (all P-

values ≥ 0.046). However, none of the P-values were significant due to the Holm-Bonferroni cor-

rected, which set the significance level at 0.007 for the lowest P-value.    

 
 

 

 

Muscle thickness For muscle thickness results, see Table 2 and Figure 6. Muscle thickness differed 

significantly between trials F(3,30) = 18.218, P < 0.001. The post-hoc analysis showed that signifi-

cant increases in muscle thickness were found 24 hours (P = 0.041) and 48 hours (P = 0.036) post-

exercise compared to baseline. However, muscle thickness did not significantly differ between con-

dition F(1,10) = 0.122, P = 0.734, nor was there any interaction between trial and condition F(3,30) 

= 0.155, P = 0.818. For the interaction, Mauchly’s Sphericity could not be assumed (P = 0.044), and 

therefore a Greenhouse-Geisser correction was applied.   
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Figure 5. All values are medians ± interquartile range. 

*Significantly different from baseline, i.e. Pre (P < 0.05) 

Pre, pre-exercise; Post0, immediately post-exercise; Post24, 24 hours post-exercise; Post48, 48 hours post-exercise.  
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Table 2: Indicators of muscle damage after exercise induced muscle damage (EIMD) 

   Pre  Post0  Post24  Post48  

 Muscle stiffness (kPa)          

    IPC  26.93 ± 6.40  24.88 ± 6.71  26.07 ± 8.09  27.50 ± 6.99  

    Sham  24.62 ± 6.98  23.74 ± 5.75  29.18 ± 7.41  27.83 ± 5.44  

 Muscle thickness (mm)          

    IPC  28.20 ± 2.85  29.10 ± 3.25  30.30 ± 2.87*  30.0 ± 2.68*  

    Sham  28.10 ± 2.51  29.30 ± 2.82  30.50 ± 3.28*  30.2 ± 3.49*  

 MVC (N)          

    IPC  216.48 ± 29.50  199.20 ± 32.84  186.14 ± 48.36  196.46 ± 54.91  

    Sham  209.37 ± 30.50  200.47 ± 37.32  198.94 ± 43.17  203.74 ± 56.68  

           

All values are means ± standard deviations. 

*Significantly different from baseline, i.e. Pre (P < 0.05). 

Pre, pre-exercise; Post0, immediately post-exercise; Post24, 24 hours post-exercise; Post48, 48 hours post-exercise. 

 
   Figure 6. All values are means ± standard deviations. 

   *Significantly different from baseline, i.e. Pre (P < 0.05). 

  Pre, pre-exercise; Post0, immediately post-exercise; Post24, 24 hours post-exercise; Post48, 48 hours post-exercise. 
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Muscle stiffness. For muscle stiffness results, see Table 2. Muscle stiffness did not significantly dif-

fer between trials F(3,30) = 2.356, P =0.92, conditions F(1,10) = 0.561, P = 0.471, nor was there any 

interaction between trial and condition F(3,30) = 2,464, P = 0.82. 

Muscle strength. For muscle strength results, see Table 2. MVC force production measurements did 

not significantly differ between trials F(3,30) = 1.904, P = 0.15, interventions F(1,10) = 0.082, P = 

0.781, and there was no interaction between trial and condition F(3,30) = 0.458, P = 0.714. 

Discussion 
The aim of this study was to investigate the possible effect of IPC on EIMD with focus on pain, 

muscle swelling, muscle stiffness, loss of muscle strength using a crossover design. The main finding 

was that the IPC condition caused quicker recovery from increased perceived pain following eccentric 

exercise. IPC showed no significant effect on muscle swelling, muscle stiffness and muscle strength 

as a result of EIMD. 

Pain. The significant main effects of trials for both interventions showed that sham caused significant 

increases in perceived pain for 24 hours longer than IPC. Pain levels during sham intervention were 

significantly increased immediately after eccentric exercise as well as 24, 48 and 72 hours after, while 

pain levels were only significantly increased for IPC 24 and 48 hours post-exercise. This is in agree-

ment with a recent finding by Franz et al. (2017b), who showed significant increases in pain 24, 48 

and 72 hours after eccentric exercise for the control group compared to baseline, and only significant 

increases in pain 24 and 48 hours after eccentric exercise for the IPC group. Therefore, IPC may be 

able to reduce the perception of pain following unaccustomed eccentric exercise. 

However, there has been no research to investigate and explain the underlying mechanisms. One 

theory of DOMS is that the muscle cell is infiltrated with proinflammatory substances and fluid 

(Cheung et al., 2003). It has previously been argued that cell swelling following EIMD occurs because 

of Na+ accumulation in the cell caused either by increased permeability of the cell membrane or be-

cause the ATP-dependent Na+ extrusion is slower than passive Na+ influx (Chleboun et al., 1998). 

This Na+ accumulation creates an osmotic pressure, which transports fluid through the cell membrane 

into the cell (Cheung et al., 2003). This swelling is argued to cause pain if type III and type IV afferent 

neurons from the muscle are active (Cheung et al., 2003). It is argued that macrophages are involved 

in the synthesis of prostaglandin E2 (Smith, 1991), which sensitizes afferent nerve endings and play 

an important role in increased nociception during inflammation (Mense, 1981). The increased sensi-

tivity may, in combination with cell swelling, result in an increased sensation of pain during move-

ment that would normally not produce pain (Cheung et al., 2003; Proske & Morgan, 2001). 

Similarly to EIMD, ischemia also causes the accumulation of Na+ and Ca2+ in the cell, which results 

in intracellular ion accumulation and cell swelling, which may result in membrane ruptures, perhaps 

leading to cell death (Murphy & Steenbergen, 2008). Evidence was previously found that IPC may 

have the effect of maintaining ion homeostasis in later ischemic periods by preventing the inhibition 

of the ATP-dependent Na+/K+ pump, presumably through cellular neuroprotection caused by in-

creased adenosine levels (de Souza Wyse et al., 2000). Furthermore, IPC was demonstrated to de-

crease cell swelling in the rabbit’s heart, with a possible explanation being the maintained activity of 

Na+/K+-ATPase (Diaz et al., 2003). 

Therefore, it is possible that IPC may be able to improve ion homeostasis following eccentric 

exercise, which may reduce cell swelling and nociception. However, whether or not muscle swelling 

is the cause of increased pain in this study is unknown. 

Nevertheless, despite the significant increases in muscle thickness from baseline compared to 24 

and 48 hours post-exercise, the lack of a significant interaction between IPC and sham conditions 

indicates that IPC’s attenuating effect on perceived pain cannot be ascribed to differences in muscle 

swelling. 
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It is well established that nerve growth factor (NGF) plays an important role in sensitization of 

nociceptors as a result of EIMD, causing hyperalgesia (Lee et al., 2008; Murase et al., 2010). Studies 

have shown that NGF is upregulated by a number of different cytokines, including Interleukin-1β 

(IL-1β) (Woolf et al., 1994; Woolf et al., 1997), which has been shown to increase as a result of EIMD 

(Pournot et al., 2011). Furthermore, evidence has been found that IPC suppresses cytokine expression 

(Hausenloy & Lim, 2012), such as IL-1β (Brzozowski et al., 2004). This suggests that IPC may be 

able to reduce proinflammatory cytokine expression following eccentric exercise and, therefore, re-

duce the production of NGF, which is correlated with hyperalgesia. This could be the reason why IPC 

condition resulted in a reduced recovery time for perceived pain.   

Muscle thickness. Muscle thickness measurements did not significantly differ between conditions. 

This is comparable to the findings of a recent study that did not find a difference in arm circumference 

for the IPC condition following eccentric exercise of the elbow flexors compared to the control group 

(Franz et al., 2017b). However, the present study does not provide any evidence that IPC has an effect 

on decreasing muscle swelling following eccentric exercise. 

Nevertheless, a significant main effect of trials was found in the present study, with significant 

increases in muscle thickness at 24 and 48 hours post-exercise compared to baseline, yet with no 

significant increases immediately after eccentric exercise. This is in agreement with a previous study 

by Bowers et al. (2004), which similarly did not find any significant muscle swelling immediately 

following eccentric exercise of the quadriceps muscles. Furthermore, peak swelling has been found 

to occur 24 hours post-exercise (Proske & Morgan, 2001), which is also the case in the present study. 

Muscle swelling and pain have been argued to be indirect markers of inflammation (Smith, 

1991). Therefore, increases in muscle thickness can be interpreted as an indirect marker of the in-

flammatory processes involved in reparation and regeneration of the damaged muscle following 

EIMD (Clarkson & Hubal, 2002). This suggests that the EIMD protocol has induced EIMD regardless 

of condition. 

MVC. No significant declines were found in muscle strength measured by MVC following eccentric 

exercise. Nevertheless, the occurrence of DOMS and muscle swelling in the present study indicates 

that EIMD occurred for both conditions (Clarkson & Hubal, 2002). Decreases in maximal force pro-

duction have previously been argued to be among the best indicators of EIMD (Warren et al., 1999; 

Paulsen et al., 2012). Muscle strength was measured using MVC, which is argued to be a reliable 

method for assessment of EIMD (Morton et al., 2005). It is likely that one or several familiarization 

sessions could have increased the reliability of the MVC test as a tool for assessing the degree of 

muscle damage. A study showed that 3-4 sessions were needed in order to achieve similar measure-

ments with no further increases in force production for young women during one repetition maximum 

(1RM) knee extensions (Ploutz-Snyder & Giamis, 2012). Knee extension is arguably comparable to 

ankle dorsiflexion, both being single-joint movements. Therefore, familiarization sessions may have 

prevented strength increases (Ploutz-Snyder & Giamis, 2012) and may have contributed to an in-

creased reliability of the MVC test as a means of EIMD assessment. 

Furthermore, a few of the participants encountered difficulties during the maximal isometric 

dorsiflexions. These participants consistently flexed their knees during the contraction, which may 

have led to additional muscle groups contributing to the total maximal force. Therefore, familiariza-

tion could have been beneficial for proper execution of the dorsiflexion MVC test. 

However, familiarization may have had the effect of attenuating EIMD from eccentric contrac-

tions (Chen et al., 2013). Chen et al. (2013) found evidence that two maximal isometric contractions 

of the elbow flexors reduced EIMD in response to 30 maximal isokinetic eccentric contractions two 

and four days after the maximal isometric contractions. Furthermore, a recent study provided 

knowledge that two maximal voluntary contractions of the elbow flexors in one arm reduced the 
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EIMD in the contralateral elbow flexors following 30 maximal eccentric contractions 1-2 days after 

the isometric contractions (Chen et al., 2018).  

Furthermore, maximal eccentric exercise of the elbow flexors on one arm have shown to decrease 

EIMD following eccentric exercise in the contralateral arm 14 days later (Emberger et al., 2011). This 

was taken into account in the present study by counterbalancing the crossover design. Thus, half of 

the participants received IPC as the first intervention, while the other received sham, so the CL-RBE 

would affect the conditions equally. 

Therefore, because EIMD was the main focus of the study, it was decided that the possible at-

tenuations in EIMD accompanying familiarization were to be avoided.  

Muscle stiffness. Muscle stiffness measurements, collected through SWE, did not statistically differ 

between trials or conditions. Furthermore, no interaction was found between trials and conditions. 

Despite the lack of significance, a tendency towards a different development for the two conditions 

was seen after 24 hours (IPC: -3.19%; sham: + 18.54%) and 48 hours (IPC: 2.12% sham: 13.03%) 

following EIMD-protocol.  

Previous studies have shown increases in muscle stiffness immediately after eccentric exercise 

(Niitsu et al. 2011), and 1 hour post-exercise after eccentric exercise (Lacourpaille et al., 2014), with 

further muscle stiffness increases for several days before returning to baseline (Niitsu et al., 2011; 

Lacourpaille et al., 2014). However, the findings for muscle stiffness in the present study immediately 

after eccentric exercise are not in agreement with the aforementioned studies. The results of the pre-

sent study show a tendency towards decreases in muscle stiffness following eccentric exercise for 

both conditions. This finding may receive some support from a study that shows a correlation between 

temperature and muscle fiber stiffness, with decrease in muscle fiber stiffness at higher temperatures 

(Sapin-de Brosses et al., 2010). This study explains that muscle fiber stiffness is strongly affected by 

temperature (Sapin-de Brosses, et al., 2010). Therefore, the decrease in muscle stiffness immediately 

after eccentric exercise may be due to increases in the temperature of TA as a result of the EIMD 

protocol. 

Nevertheless, there may be, although not significant, a slight tendency of increased muscle stiff-

ness for the sham condition at 24 and 48 hours post-exercise compared to the IPC condition. This 

may indicate that IPC could decrease muscle stiffness following eccentric exercise. However, no 

definite conclusions can be drawn from this study. 

Conclusion. The present study found that the application of IPC prior to eccentric exercise of TA 

reduced the perceived pain as a result of EIMD. No significant effects of IPC were observed for 

muscle stiffness, muscle swelling and muscle strength. However, the similar muscle swelling between 

conditions indicates that the differences in perceived pain between conditions was not caused by dif-

ferences in muscle swelling. Therefore, this may implicate that IPC reduces the proinflammatory gene 

expression and thereby NGF production, resulting in decreased perception of pain. 
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