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Abstract

Background—This study compared immediate versus delayed massage-like compressive

loading on skeletal muscle viscoelastic properties following eccentric exercise.

Methods—Eighteen rabbits were surgically instrumented with peroneal nerve cuffs for

stimulation of the tibialis anterior muscle. Rabbits were randomly assigned to a massage loading

protocol applied immediately post exercise (n=6), commencing 48 hours post exercise (n=6), or

exercised no-massage control (n=6). Viscoelastic properties were evaluated in vivo by performing

a stress-relaxation test pre- and post-exercise and daily pre- and post-massage for four consecutive

days of massage loading. A quasi-linear viscoelastic approach modeled the instantaneous elastic

response (AG0), fast ( ) and slow ( ) relaxation coefficients, and the corresponding relaxation

time constants τ1 and τ2.

Findings—Exercise increased AG0 in all groups (P<0.05). After adjusting for the three multiple

comparisons, recovery of AG0 was not significant in the immediate (P=0.021) or delayed

(P=0.048) groups compared to the control group following four days of massage. However,

within-day (pre- to post-massage) analysis revealed a decrease in AG0 in both massage groups.

Following exercise,  increased and  and τ1 decreased for all groups (P<0.05). Exercise had no
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effect on τ2 (P>0.05). After four days of massage, there was no significant recovery of the

relaxation parameters for either massage loading group compared to the control group.

Interpretation—Our findings suggest that massage loading following eccentric exercise has a

greater effect on reducing muscle stiffness, estimated by AG0, within-day rather than affecting

recovery over multiple days. Massage loading also has little effect on the relaxation response.
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Introduction

Unaccustomed eccentric exercise (EEX) results in delayed onset muscle soreness, presenting

clinically as pain, stiffness, and decreased range of motion. These symptoms are attributed

to tissue inflammation and the disruption of the cellular components, thus altering the

muscle’s structure and subsequently the tissue’s viscoelastic response (Lieber and Friden,

2002; McHugh et al., 1999; Page, 1995). Various approaches to characterize the viscoelastic

properties of both human and animal skeletal muscle in response to EEX have been utilized

(Chleboun et al., 1998; Howell et al., 1993; Jones et al., 1987; Pousson et al., 1990;

Whitehead et al., 2001). Changes in muscle mechanical properties (particularly increased

stiffness), increased tissue swelling, and decreased joint range of motion have been observed

4–6 days following unaccustomed EEX (Chleboun et al., 1998; Jones et al., 1987).

Additional studies have estimated changes in human skeletal muscle stiffness by measuring

joint torque-angle properties (Chleboun et al., 1993; Chleboun et al. 1998; Whitehead et al.,

2001). Moreover, Howell et al. (1993) noted that passive elbow stiffness doubled

immediately following EEX and remained elevated for 4 days. The increase in stiffness was

estimated from the slope of the first 50 degrees of the torque-angle curves of the elbow

flexors and is therefore not a measure of the tissue’s passive stiffness. In a recent study,

Green et al. (2012) employed magnetic resonance elastography to directly measure changes

in the in vivo elastic properties of the human triceps surae after EEX. The investigators

noted that both the storage modulus (elastic component) and the shear loss modulus (viscous

component) increased after exercise in the gastrocnemius and remained elevated for one

week.

Massage therapies have been shown to reduce muscle soreness following unaccustomed

exercise (Farr et al., 2002; Hilbert et al., 2003; Smith et al., 1994; Zainuddin et al., 2005).

Several animal models and theoretical approaches have been developed to understand the

effects of compressive loading on muscle mechanical properties. As a result, these pursuits

have sought to provide possible mechanisms to explain the effects of these manual therapies

on tissue function. Bosboom et al. (2001) performed a ramp and hold compression test on rat

skeletal muscle and utilized an Ogden model to estimate both elastic and viscous material

parameters that accurately described the muscle’s behavior under compressive loading. Van

Loocke et al. (2008) employed a quasi-linear viscoelastic (QLV) model to investigate the

time-dependent behavior of porcine skeletal muscle and found that the muscle’s viscoelastic

behavior was dependent on both compression rate and fiber orientation. Haas et al. (2013)

demonstrated in a rabbit model that recovery of isometric torque production following
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intense EEX was dependent on both magnitude and frequency of compressive loading

intended to mimic clinical massage. In our lab’s previous work, Haas et al. (2012b)

quantified the effects of massage-like compressive loading (MLL) on the recovery of muscle

viscoelastic properties and noted that tissue stiffness, rather than relaxation, was more

affected. Finally, our lab’s previous work has also noted that immediate and 48 hour delayed

MLL had different effects on the recovery of both torque production and inflammatory cell

infiltration following EEX (Haas et al., 2012a).

The purpose of the current study was to extend our previous work and to compare

immediate and delayed MLL following a damaging bout of EEX and their changes in the

viscoelastic properties of the muscle-tendon complex. We hypothesized that MLL applied

immediately following exercise would have a greater recovery on the tissue’s viscoelastic

properties compared to the same regimen started 48 hours post-exercise. Such information

could guide clinicians in prescribing the optimal time for massage therapies following

exercise in order to mitigate symptoms, such as prolonged muscle stiffness, of intense EEX.

Methods

All experiments were approved by the Institutional Animal Care and Use Committee

(IACUC) at The Ohio State University. The rabbits were anesthetized using 5% isoflurane

and maintained under anesthesia during all surgeries and experiments.

Surgical Procedure and Exercise Protocol

Eighteen skeletally mature New Zealand White female rabbits were surgically instrumented

with bilateral deep fibular (peroneal) nerve cuffs (Koh and Leonard, 1996) for consistent

and reproducible stimulation of the tibialis anterior (TA) muscle. The surgical procedure is

detailed in Butterfield et al. (2008). The interfaces for the nerve cuffs were subdermal on the

back of each rabbit so as not to interfere with normal ambulation and activity.

The rabbits were subjected to the exercise protocol seven days after surgery. As detailed in

previous works (Butterfield et al., 2008; Haas et al., 2012a; Haas et al., 2012b; Haas et al.,

2013), the rabbits were placed supine in a sling with one foot placed on a footplate attached

to a Servo motor with a torque sensor (Figure 1). The EEX protocol consisted of seven sets

of ten lengthening contractions, during which the TA was stimulated at a voltage three times

the α-motoneuron threshold. Two minutes of rest preceded each set of contractions in order

to minimize the effects of fatigue. The parameters of the lengthening contractions are

detailed in Haas et al. (2012b).

MLL Protocol

The rabbits were randomized into one of three groups: immediate MLL (n=6), 48 hour

delayed MLL (n=6), or exercised no-MLL control (n=6). Each of the 18 rabbits had one

hind limb exercised. MLL was applied immediately after exercise (day 1) in the immediate

MLL group and 48 hours after exercise (day 3) in the delayed MLL group and daily

(approximately 24 hours apart) for four consecutive days. MLL was not applied for the

control group in order to assess the effects of natural healing four days after EEX. The

rabbits were subjected to in vivo MLL using a customized device (Haas et al., 2012b, Wang
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et al., 2013). A mechanical tip was mounted on the end of the motorized device and

connected to a force sensor (Figure 2). The tip compressed the tissue surface until a

compressive force of 10 N was attained. The mechanical tip moved longitudinally along the

muscle at 0.5 Hz for 15 minutes. These parameters were shown to produce optimal recovery

of isometric torque after a bout of EEX (Butterfield et al., 2008; Haas et al. 2013).

Evaluation of Muscle Viscoelastic Properties

The passive mechanical properties were evaluated in vivo using the same device that applied

MLL (Figure 2). While the rabbits were anesthetized, the hind limb was secured on a

footplate underneath the mechanical tip with the TA facing up. The viscoelastic properties

were measured by a 300 sec compressive ramp-and-hold stress relaxation test. These

measurements were taken pre-exercise and post-exercise on day 1 and pre- and post-MLL

for all four days of the MLL protocol for the immediate and delayed MLL groups. On the

final day for each group (day 5 for immediate MLL and day 7 for delayed MLL) a final

ramp-and-hold test was performed in order to gauge the cumulative effects of the MLL

intervention. In the no-MLL control group, the viscoelastic properties were only measured

pre-exercise, post-exercise, and four days after exercise. Performing a stress-relaxation test

on the control group every day would be a type of mechanical loading. Because we were

unsure if this loading would affect the viscoelastic properties, and consequently would not

allow us to evaluate the recovery of the exercised muscle due only to natural healing, we did

not evaluate the daily passive mechanical properties in the control group.

Mathematical Modeling

The mathematical modeling used to model the viscoelastic properties was first proposed by

Fung (1972) and later modified by Abramowitch and Woo (2004). Our previous work (Haas

et al. 2012b) further details the mathematical modeling used to determine the viscoelastic

parameters. Briefly, the stress relaxation was:

(1)

where the instantaneous elastic response was:

(2)

and the coefficient AG0 (kPa) represented the linear behavior of the elastic response, B

represented the nonlinear behavior of the elastic response, and ε was the engineering strain.

The reduced relaxation function G(t) was:

(3)

where k0, k1, and k2 were constants fitted by experimental data, t was time, and the time

constants τ1 and τ2 were the time constants corresponding to the fast and slow relaxations,

respectively. The fast time constant (τ1) was smaller than the slow time constant (τ2). The

fast and slow relaxation coefficients,  and , respectively, where:
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(6)

(7)

After fitting the stress relaxation data, we compared the daily and cumulative effects of

MLL or natural healing (exercise + no MLL) on AG0,  and , τ1, and τ2.

Statistical analysis

In order to account for rabbit variability at pre-exercise, post-exercise, and post four days of

MLL, a recovery index (RI) considering all three measurements was used to calculate the

level of recovery for AG0, , τ1, and τ2. This analysis is described in detail in (Haas et

al. 2013). The RI was calculated as:

(8)

The numerator measured the change in viscoelastic properties post four-day MLL protocol

(four days post exercise in the no-MLL control) relative to pre-exercise and the denominator

measured the same properties post-exercise relative to pre-exercise. This ratio quantified the

amount of recovery due to either MLL or natural healing compared to the amount of damage

induced by EEX. For instance, if the pre-exercise and post-MLL viscoelastic properties were

the same, recovery was 100% and the RI = 1. An RI = 0 indicated no recovery in mechanical

properties from post-exercise values.

AG0 data were first log transformed to reduce skewness and variance before the calculation

of RI. One-way ANOVA tests were used to compare the RIs for AG0, , , τ1 and τ2

among the three tested groups, i.e. immediate MLL, delayed MLL, and control (exercised

no-MLL) groups. The primary analyses were focused on the comparisons of the RIs. A

Holm’s procedure (Holm, 1979) was used to control for multiple comparisons for each

factor resulting in P=0.017 being regarded as significant for the smallest P-value and

P=0.025 and P=0.05 being regarded as significant for subsequent comparisons. Daily

changes (pre- to post-MLL) in each parameter were also performed and considered as

secondary analyses. The P-values were adjusted for multiple comparisons using a Holm’s

procedure where P=0.0125 was set as the significance level for the comparison with the

smallest P-value. Accordingly, P=0.017, P=0.025, and P=0.05 were considered as

significant for the subsequent within-day comparisons. Linear mixed effects models were

used to take into account the correlation among observations from the same animal. SAS 9.2

(SAS Institute Inc., NC, USA) was used for all analyses.
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Results

Instantaneous Elastic Response (AG0)

The instantaneous elastic response coefficient (AG0) increased immediately following EEX

for all 18 animals within the three groups (immediate MLL, 48 hour delayed MLL, and no-

MLL control groups, P=0.0007, 0.0035, and 0.0008, respectively), indicating that the muscle

became stiffer. Each animal’s AG0 values were normalized by its pre-exercise value and

then averaged within each group. The average post-exercise AG0 values were 289%, 431%,

and 320% for the immediate, delayed, and no-MLL control groups, respectively. The final

averages of AG0 for the immediate and delayed massage groups were 126% and 253% of

pre-exercise AG0, respectively, indicating that AG0 values were decreasing from post-

exercise values and approaching pre-exercise levels. The no-MLL control group final

measurement (four days post-exercise) AG0 showed no change from post-exercise and was

328% of pre-exercise values.

The recovery indices (RI) of the final day AG0 were compared amongst the three groups and

are shown in Table 1. Using a Holm’s procedure to adjust for the three group comparisons

resulted in P=0.017 as being significant for the lowest P-value. Because of this adjusted

significance level, there was no significant difference between the no-MLL control and

immediate MLL groups (P=0.021). Since the first comparison was not significant,

subsequent comparisons resulted in no significant differences between the no-MLL control

and delayed MLL groups (P=0.048) and between immediate and delayed MLL groups

(P=0.68). Despite this lack of statistical significance, the four-day MLL protocol resulted in

an average 53% decrease in AG0 from post-exercise to the final measurement (day 5) in the

immediate group and an average 41% decrease in AG0 from post-exercise to the final

measurement (day 7) in the delayed group.

A secondary analysis of the intra-day differences (pre- to post-MLL) was performed to

detect any differences in AG0 due to MLL. A representative figure demonstrating the

normalized daily effects of MLL is shown in Figure 3. There were within-day decreases in

AG0 between pre- and post-MLL in both the immediate and delayed groups on all days of

MLL (Table 2). In the immediate group, there was a 55% decrease in AG0 from post-

exercise (pre-MLL) to post-MLL on Day 1 (P=0.0008), which was significant after the

adjustment for multiple comparisons. On Days 2 (P=0.0011) and 3 (P=0.0086), there were

also significant decreases in AG0 following MLL after adjusting for multiple comparisons

(51% and 48% decreases, respectively). On Day 4 there was a 31% decrease in AG0

following MLL, however this was not a significant decrease (P=0.062).

The intra-day AG0 decreased from pre-MLL to post-MLL in the delayed group, although the

decreases were an average 21% less than those observed in the immediate group (Table 2).

After adjusting for multiple comparisons, there was a significant decrease (P=0.0095) in

AG0 pre-MLL to post-MLL on Day 3, which corresponded to a 37% decrease. However,

there were no significant decreases on Days 4, 5, and 6 (P=0.034, 0.874, 0.759, respectively)

despite decreases in AG0 of 41%, 15%, and 7%, respectively, between pre- and post-MLL.
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Reduced Relaxation Response ( , τ1, , and τ2)

In the QLV model, fast relaxation was represented by  and τ1. The fast relaxation

coefficient ( ) increased in all three groups after exercise (P=0.0027, 0.0014, 0.0025 for

the immediate, delayed, and no-MLL control groups, respectively). Following four

consecutive days of MLL, the recovery indices of the final  measurements were not

significantly different amongst the three groups (P=0.444 for immediate group vs. control,

P=0.498 for delayed group vs. control, and P=0.994 for immediate group vs. delayed group).

This indicated that massage loading did not affect recovery over the four day period as

indicated by the RI values (Figure 4, Table 1). Daily massage-like loading had a varied

effect on  in both groups resulting in no consistent trends of the within-day values.

Consequently, after adjusting for multiple comparisons where P=0.0125 was regarded as

significant for the lowest P-value, there were no significant differences in either the

immediate (P=0.623, 0.389, 0.729, and 0.733 for Days 1, 2, 3 and 4, respectively) or the

delayed groups (P=0.102, 0.0127, 0.134, and 0.793 for Days 3, 4, 5, and 6, respectively).

The fast time constant (τ1) decreased in all three groups following exercise (P=0.046, 0.032,

and 0.043 for the immediate, delayed, and no-MLL control groups, respectively). Following

four consecutive days of MLL, the recovery indices of the final τ1 measurements (Table 1)

were not significantly different amongst all three groups (P=0.977 for immediate group vs.

control, P=0.761 for delayed group vs. control, P=0.880 for immediate group vs. delayed

group). Thus, MLL did not affect the recovery of τ1 (Figure 5). Daily massage-like loading

had a varied effect on τ1 within the same day and we observed no consistent within-day

(pre- to post-MLL) trends. Furthermore, after adjusting for multiple comparisons, there were

no significant differences due to daily massage loading in either the immediate (P=0.159,

0.213, 0.159, and 0.866 for Days 1, 2, 3 and 4, respectively) or delayed groups (P=0.343,

0.581, 0.014, and 0.518 for Days 3, 4, 5, and 6, respectively).

The slow relaxation was represented by  and τ2 in the mathematical model. The slow

relaxation coefficient ( ) decreased in all three groups following exercise (P<0.0001 for

the immediate group, P=0.027 for the delayed group, and P=0.035 for the no-MLL control).

However, the recovery indices of the final  measurements were not significantly different

amongst the three groups (P=0.816 for immediate group vs. control, P=0.662 for delayed

group vs. control, and P=0.962 for immediate group vs. delayed group), indicating massage

loading had no effect on the recovery of  (Figure 4). The RI values are shown in Table 1.

Similar to , massage-like loading had a varied effect on  within the same day (pre- to

post-MLL) in both the immediate and delayed MLL groups. After adjusting for multiple

comparisons, there were no significant differences in  due to daily massage loading in the

immediate (P=0.176, 0.757, 0.454, and 0.134 for Days 1, 2, 3 and 4, respectively) or delayed

groups (P=0.611, 0.611, 0.017, and 0.310, for Days 3, 4, 5, and 6, respectively).

Unlike the previously mentioned relaxation parameters, exercise had no effect on the slow

time constant τ2 (P=0.488 for the immediate, 0.106 for the delayed, and P=0.175 for the no-

MLL control groups). Following four consecutive days of massage loading (Figure 5), there

were no significant changes in the recovery indices of τ2 amongst the three groups (P=0.638
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for immediate group vs. control, P=0.687 for delayed group vs. control, P=0.991 for

immediate group vs. delayed group). The RI values are shown in Table 1. Similar to τ1,

massage-like loading had a varied effect on τ2 within the same day (pre- to post-MLL) in

both the immediate and delayed MLL groups. As a result, there were no consistent trends of

the within-day values due to massage-like loading. After adjusting for multiple comparisons,

there were no significant differences in the daily effects of massage loading on τ2 in the

immediate (P=0.504, 0.093, 0.540, and 0.924 for Days 1, 2, 3, and 4, respectively) or

delayed groups (P=0.0416, 0.676, 0.503, and 0.734 for Days 3, 4, 5, and 6, respectively).

Discussion

Following a bout of eccentric exercise, massage-like loading (MLL) had a greater effect on

recovery of the muscle’s instantaneous elastic response coefficient (AG0) compared with its

relaxation response ( , τ1 and τ2). Furthermore, these effects were more evident within

the same day (pre- to post-MLL) rather than over the entire four day massage protocol.

With our protocol, one bout of EEX significantly increased the instantaneous elastic

response coefficient (AG0) for all 18 animals in this study. This increase indicates an

increase in muscle stiffness immediately following EEX, which is consistent with similar

studies in both humans and animals (Chleboun et al., 1995; Chleboun et al., 1998; Haas et

al., 2012b; Howell et al., 1993; Whitehead et al., 2001). Although there is increasing interest

in the use of manual therapies such as massage for facilitating recovery from injury and

intense exercise, possibly by decreasing tissue stiffness (Weerapong et al., 2005), little is

known about the ideal time course for their implementation. Whereas many studies have

investigated the effects of compression on muscle viscoelastic behavior (Bosboom et al.,

2001; Palevski et al., 2006; Van Loocke et al., 2006, 2008, 2009), the current study builds

upon these previous reports by investigating the in vivo mechanical response of rabbit

skeletal muscle following an intense bout of EEX; subsequent interventions of compressive

MLL applied immediately or 48 hours post-exercise; and the recovery of the tissue’s

viscoelastic properties.

Neither immediate nor delayed MLL showed a significant effect on the recovery of AG0

following four days of MLL compared to no-MLL controls. Despite the lack of statistical

significance, we did observe 53% and 41% decreases in AG0 from post-exercise to final day

in the immediate and delayed MLL groups, respectively. In contrast, the no-MLL control

AG0 final values showed no change from post-exercise and remained elevated four days

after EEX. The percent decreases in AG0 in both the immediate and delayed groups indicate

that both massage strategies reduced tissue stiffness compared to natural healing alone. The

clinical importance of these findings remains unknown but worthy of investigation in a

relevant human model.

Interestingly, we observed that both MLL strategies decreased AG0 within the same day

(pre- to post-intervention) for all four days of tissue loading. However, the intra-day percent

decreases in the delayed MLL group were not as great compared with the immediate MLL

group. Additionally, MLL applied closer to EEX resulted in a greater within-day percent

decrease in AG0. Furthermore, we observed a significant decrease in pre- to post-MLL AG0
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in the first three days in the immediate group compared to only the first day in the delayed

group. Based upon this within-day analysis, it appears that MLL has a more pronounced

effect on decreasing muscle stiffness pre-MLL to post-MLL rather than having a sustained

effect over the course of several days. This finding is in agreement with Chleboun et al.

(1995), who investigated the effects of pneumatic compression on reducing tissue stiffness

following exercise. In their study, exercise increased stiffness by 100%, but following five

consecutive days of intermittent pneumatic compression, stiffness remained elevated by

60%. However, there were significant intra-day (pre-compression to post-compression)

decreases two and three days post-exercise.

Exercise also had a pronounced effect on the muscle’s viscous behavior. The fast relaxation

coefficient ( ) increased, while the slow relaxation coefficient ( ) decreased immediately

following exercise. These findings support the Green et al. (2012) study which showed that

the mean shear modulus, which corresponds to the viscous component of the muscle, was

significantly greater one hour after EEX. We propose that the changes in the relaxation

coefficients  and  after EEX are most likely due to the increase in fluid associated with

the muscle’s inflammatory response. An alternative theory is that the increase in the loss

modulus might be due to a localized increase in fluid and blood flow (Green et al., 2012).

We investigated the effects of EEX on the fast (τ1) and slow (τ2) relaxation time constants

and observed that EEX decreased τ1 but had no effect on τ2. According to the QLV model

proposed by Abramowitch and Woo (2004), τ1 corresponds to the initial slope of the

relaxation and τ2 corresponds to the time to reach equilibrium. Lieber et al. (2011) proposed

that many muscle components, including myoplasm, cross-bridges, and cytoskeletal

proteins, contribute to the tissue’s observed viscosity, which the investigators found to be

dependent on time, strain, and strain rate. However, it should be noted that the physical

interpretation of the viscous modeling coefficients remain undetermined. Van Loocke et al.

(2008) hypothesized that the viscoelastic component might be due to fluid movement within

the muscle being constrained by the endomysium and perimysium layers when compressed

in the cross-fiber direction. However, this theory is based on in vitro cuboid sections of

porcine muscle subjected to ramp-and-hold relaxation tests and may not be applicable to in

vivo studies. We hypothesize that the edema, inflammation, and structural damage to the

tissue that accompany muscle injury would have a greater effect on the initial relaxation (τ1)

rather than the slow relaxation (τ2). As fluid associated with inflammation increases within

the tissue and the tissue loses its structural stability following muscle damage, the fluid

would become less constrained by the surrounding connective tissues. At the

commencement of the hold phase, the dissipated fluid would flow more freely, thus

decreasing τ1. However, at longer hold times, the amount of time to reach equilibrium

would be mostly unaffected due to loss of structural stability and thus increased fluid flow.

Testing this hypothesis is outside the scope of the present study and would need to be

investigated in future studies.

It should be noted that we observed large variation in the slow relaxation time constant (τ2).

The great variability of the τ2 values may be attributed to several reasons. First, skeletal

muscle is an anisotropic biomaterial, whose viscoelastic properties highly depend on the
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angle between the loading direction and the longitudinal axis of the muscle fibers (van

Loocke et al. 2008, 2009). Although we tried to position the muscle so that loading was

applied perpendicular to the fiber orientation for the stress-relaxation tests, it was impossible

to ensure the angle was consistent amongst all measurements for all animals in the study.

Secondly, skeletal muscle has a highly complex structure and composition. Previous reports

(van Loocke et al., 2009) showed that multiple time constants ranging from 0.6–300s are

needed to fit the viscoelastic behavior of the tissue, which indicates that there are multiple

viscous elements in the muscle contributing to the time-dependent behavior (Lieber et al.,

2011). Different numbers of these viscous elements may have contributed to the inter-animal

variation. Finally, the variability of the viscoelastic properties may also be due to the

presence of non-muscular tissues, such as skin, subcutaneous tissues, and tendons. When

these viscous elements are incorporated into the subject loading area, great inter-group

variation is expected amongst different animals due to differing soft tissue compositions and

interactions. Despite the effects of EEX on the relaxation coefficients, neither immediate nor

delayed MLL had a significant effect on the RI of the relaxation parameters over the four

days of MLL ( , τ1, and τ2). In addition, we observed no consistent within-day trends

due to daily MLL for any of these parameters. There we also no statistical differences due to

daily MLL, suggesting that MLL had little effect in altering the relaxation behavior of the

muscle-tendon complex. This finding is somewhat surprising, but we propose two different

hypotheses to explain why we did not observe any differences in the relaxation parameters.

First, we hypothesize that there may be some interaction between the skin, connective

tissues, fat, and underlying muscle. According to previous reports by other groups, the fast

and slow relaxation time constants for skin and subcutaneous tissue range from 0.09–1.38

sec and 5.286–31.559 sec, respectively (Wu et al., 2006). Although our experimental design

and viscoelastic model do not allow us to take into account these various tissue properties,

the in vivo testing allows for repeated measures of mechanical properties on the same tissue

following EEX and after each bout of massage. Secondly, the viscoelastic properties are

determined by the structure and subcellular components of the tissue. Although our previous

work demonstrated that functional recovery (active muscle properties) could be improved in

5–7 days (Haas et al., 2012a), the same time course may not be sufficient enough to repair

the various structural components that contribute to the viscous response (Lieber et al.,

2011) in order to detect differences in the recovery of the relaxation response.

Our findings should be noted in the context of technical limitations of this study. The

animals were anesthetized during all procedures and the effects of anesthesia on the

measurement of passive mechanical properties and their relevance to the in vivo human

condition is difficult to ascertain. We also did not directly measure the properties of the

muscle tissue itself but instead measured non-invasively through the skin. Although our

mechanical testing was carried out on the muscle’s mid-belly, we cannot eliminate the

effects of the tendon and other connective tissues on the passive mechanical responses. In

order to minimize variability, we performed the stress-relaxation testing in approximately

the same spot on each animal, thus allowing us to compare differences in viscoelastic

response due to exercise and massage-like intervention.
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Conclusions

When analyzed over a four day period, neither immediate nor delayed MLL produced a

significant effect of recovery of AG0 (instantaneous elastic response) compared to the

exercised no-MLL control group. However, both MLL strategies did produce up to a 50%

decrease in AG0, while the control group AG0 remained unchanged — indicating MLL had

some beneficial effect in reducing stiffness compared to natural recovery. Furthermore,

reduction in daily AG0 values (pre- to post-massage) was observed in both immediate and

delayed MLL groups over all four days of massage. The significance of these within-day

changes would need to be confirmed in humans and whether or not this leads to clinical

improvement such as pain reduction or improvement in function. In contrast, the relaxation

parameters showed no difference in recovery over four days of MLL application, and the

daily effects of MLL on these parameters were inconclusive. Taken together, these data

suggest that MLL appears to affect muscle instantaneous elastic response (stiffness) more

than the viscous response, and these effects may be more pronounced within-day rather than

having a sustained effect over multiple days.
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Figure 1.
Exercise protocol setup. Animal was under anesthesia and placed supine in sling. The

stimulator box controlled the pulse for stimulation of the tibialis anterior. The animal

underwent 7 sets of 10 eccentric contractions with an external stimulation of three times the

α-motoneuron threshold.
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Figure 2.
Cutomized MLL device. A mechanical tip was mounted on the end of the motorized device

connected to force sensors. Data acquisition within Labview controlled compressive

magnitude, frequency, and duration of MLL.
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Figure 3.
Representative normalized instantaneous elastic response coefficient (AG0) effects. Exercise

doubled AG0 compared to pre-exercise. MLL produced a daily decrease in AG0. Final AG0

was approximately 130% of pre-exercise value.
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Figure 4.

Effects of MLL on altering  and . a)  was normalized by pre-exercise values. There

was a significant increase in  after exercise in all three groups (P<0.05). b)  was

normalized by pre-exercise values. There was a significant decrease in  after exercise in

all three groups (P<0.05). Note that there was no significant difference in recovery in either

MLL group compared to controls, indicating that the MLL protocol had little effect on

altering the fast and slow relaxation coefficients.
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Figure 5.
Effects of MLL on altering τ1 and τ2. a) τ1 was normalized by pre-exercise values. Note

there was a significant decrease in τ1 (P<0.05) in all three groups after exercise. b) τ2 was

normalized by pre-exercise values. Exercise had no effect on altering τ2 (P>0.05). There was

no significant difference in recovery in either MLL group compared to controls, indicating

that MLL had little effect on altering the fast and slow relaxation time constants.
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