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ABSTRACT
Quantifying muscle adaptation and remodeling in runners is important to design proper
training strategies and avoid injury. The goal of this study is to understand how the mechanical
properties of skeletal muscles adapt to running competitions of various distances. Our objective
is to use shear wave elastography (SWE) to monitor skeletal muscle stiffness changes of 22
subjects after a short distance (3-5 miles), medium distance (10-14 miles) or long distance (26+
miles) race. Quantitative shear wave velocity and shear modulus measurements were taken of the
rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), soleus, lateral gastrocnemius
(LG), medial gastrocnemius (MG), biceps femoris (BF), and semitendinosus (ST) muscles at
three time points: 24 hours before competition, 24 hours after competition, and one week after
competition. Time was found to have a significant effect on the soleus (p = 0.0242), RF (p =
0.0490) and ST (p = 0.0444) muscles and distance was found to have a significant effect on the
BF (p = 0.0178), RF (p = 0.0463) and ST (p = 0.0124) muscles.
Sixty-seven percent of muscles exhibited a decreasing stiffness trend from before
competition to immediately after competition, proving that recovery time does in fact have a
significant effect on the mechanical properties of muscles. The results also suggest that running
distance has an effect on muscle mechanical properties. The specific effect of time and distance,
however, seems to vary between individual muscles or subjects. This discrepancy is most likely
due to the many factors that affect the forces applied to individual muscles such as running form,
topography of training courses and intensity of training.
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Chapter 1
Introduction

Delayed Onset Muscle Soreness
There is limited existing research on the adaptation of mechanical properties of skeletal
muscles to prolonged physical activity. There is, however, extensive research analyzing the
biological behavior of skeletal muscles and their response to physical stimulation. This
biological behavior follows a general trend during exercise and afterwards, and could be used to
hypothesize how the mechanical properties of muscles may behave. Generally, muscles break
down during physical stimulation then heal and regenerate over the following days. Figure 1
shows the typical fatigue/compensation cycle of skeletal muscles following stimulation, and that
stimulation’s effect on performance.

Figure 1. Performance cycle after muscle stimulation. Performance
decreases immediately after physical stimulation and slowly increases
back to baseline over the following days.
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Delayed onset muscle soreness (DOMS) is a phenomenon typically observed after
intense physical activity. DOMS is characterized by delayed muscle tenderness, stiffness or
reduced performance and can range greatly in severity, depending on the frequency, duration, or
intensity of activity [1]. Previous studies have been unsuccessful at determining the specific
cause of the delayed soreness, but several theories have been developed. DOMS has been
hypothesized to be caused by lactic acid buildup, muscle spasms, inflammation, or most
commonly: muscle or connective tissue damage [2]. The true cause is most likely a combination
of two or more of these theories. The intensity of DOMS typically peaks between 24 and 72
hours after exercise and subsides within 5 to 7 days [3]. On figure 1, DOMS occurs at the low
peak between “Fatigue” and “Compensation” and subsides before “Involution”. If, however, the
muscle damage is more extreme, the subject may have a muscle injury resulting in an extended
recovery period.

Muscle Mechanical Properties
Skeletal muscle is a complex active and passive tissue, making the mechanical properties
sometimes difficult to assess. Skeletal muscle is made of parallel muscle fibers called myocytes
which shorten and harden when stimulated [4]. Mechanical properties are those that indicate
elastic behavior. The specific property with which this study is concerned is stiffness. Stiffness
is, by definition, a measure of the resistance of an elastic body to deformation. It is commonly
defined by the following equation:
K=F/∂

(1)
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where K is stiffness, F is force applied to the body, and ∂ is displacement produced by the
applied force. Many studies have calculated stiffness using this property [5], along with
assumptions to approximate values for force and displacement. Although, stiffness can also be
approximated by the shear elastic modulus. The shear modulus is calculated from density and
shear wave velocity and is explained further page 7 of the text.
Many studies have attempted to quantify DOMS using a variety of methods. One study
quantified Electromyography (EMG), volume and skin temperature. In this study, 11 subjects
were evaluated in one leg, using the other as a control. A rise in volume of the experimental leg
was found 24, 48 and 72 hours post exercise. This swelling was attributed to edema formation
within the muscle [6]. Muscle swelling has been linked indirectly to increased muscle stiffness
post exercise [7]. Muscle swelling does not account for the sudden increase in post exercise
stiffness, but may play a role in the subsequent time course of stiffness [8]. Another study
quantified edema, apparent diffusion coefficient (ADC), fractional anisotropy (FA), and shear
wave velocity through the brachialis muscle of 5 men and 5 women. Muscle edema was found to
be highest 3 days after exercise for men, and 1-3 days after exercise for women. Shear wave
velocity was also found to increase after exercise (peaking 15 minutes after exercise for men and
1 day after exercise for women) [9]. The onset of stiffness may not directly correlate with the
timing of clinical symptoms, but it is evident that muscle mechanical properties change after
DOMS-inducing exercise.
A later study assessed the change in quadriceps stiffness during an extreme mountain
ultramarathon. This study used ultrasound shear wave elastography to measure quadriceps
stiffness of 50 subjects over 4 time points: before, throughout, and after competition, and found a
decreasing trend during the race, followed by an increase in stiffness 48 hours after the race [10].
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This study proved that mechanical properties of quadriceps muscles change during physical
stimulation, and can be evaluated using shear wave elastography.
With proof that mechanical properties of muscles change during DOMS and also
throughout an ultramarathon, we can conclude that mechanical properties could potentially be
used as biomarkers for muscle health. Along with this, high skeletal muscle stiffness in humans
has been attributed to increased risk of repetitive stress injuries and soft tissue injuries [5]. The
goal of this study is to evaluate the change in stiffness of muscles before and after prolonged
exercise to develop a relationship between muscle exertion and mechanical properties.
Establishing this relationship can help us to better understand muscle injuries and their onset, as
well as to develop modes of prevention and treatment.

Running Mechanics
Many different muscles groups are used during running, although supporting, balancing
and propelling the body are primarily the work of the legs and feet. The anatomy of the leg
muscles is shown in Figure 2. Upper anterior muscles, such as the rectus femoris, iliopsoas, and
sartorius muscles flex the hip and extend the leg at the knee, while upper posterior muscles such
as the gluteus maximus, biceps femoris and semitendinosus provide the opposite motion:
extension of the hip and flexion at the knee. Upper lateral and medial muscles, which also work
to flex and extend the leg, provide stabilization to maintain posture and balance. Lower leg
muscles also provide stability, controlling motion of the ankle and foot. Shin muscles such as the
tibialis anterior and extensor digitorum longus flex the foot and toes. Soleus and gastrocnemius
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muscles contract the calf and point the toes. Each muscle plays a specific role in the cycle to
balance and propel the body forward during running.

Figure 2. Diagram of skeletal leg muscles evaluated in study.
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Running motion can be broken down into two stages: braking and propulsion/support,
and can be seen in Figure 3. Different leg muscles are utilized in each stage. The first stage,
braking, is the backward acceleration of the body’s mass center. The biggest contributors to
braking are the rectus femoris, vastus medialis, vastus intermedius, and vastus lateralis, all
located in the anterior thigh. The second stage, propulsion/support is both the forward and
upward acceleration of the mass center and is driven mainly by the soleus and gastrocnemius
muscles [11]. Understanding the mechanics of running motion can help us to understand how
each muscle is individually affected by running. Certain muscles play a much larger role in
propelling us forward, undergoing a greater amount of strain and therefore experiencing greater
stiffness changes post-race.

Figure 3. Stages of Running Motion. Motion switches between backward and forward
acceleration to propel the body's mass center forward. Image from [11].
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Shear Wave Elastography
SWE was introduced in the mid 1990s but has only recently been used to quantify
mechanical properties of tissues. Before it, muscle stiffness measurements were mainly
qualitative or focused on entire muscle groups rather than individual muscles [12]. SWE works
with an ultrasound machine to induce localized shear waves through a tissue. The waves are
tracked as they propagate to provide an accurate measurement of average velocity throughout a
region [12]. SWE is noninvasive and different than other elastography methods because it does
not depend on tissue displacement or require the knowledge of an applied force. The ability of
SWE to designate a region of interest allows it to concentrate measurements to one specific
muscle. The speed of the shear waves is determined by the shear modulus of the tissue through
which it travels. The relationship is shown by the following formula:
G = ⍴ * v2

(2)

where G is elastic shear modulus, ⍴ is muscle density and v is shear wave speed.
As shear wave speed increases, the shear modulus increases [13]. The shear modulus has
units of N/m2 and is a representation of the stiffness of a material. The shear waves are generated
by high intensity ultrasound pulses that generate a displacement at the focal point (see Figure 4).
When the ultrasound is turned off, the displacement (often called a “push”) propagates the shear
waves laterally through the muscle and away from the focal point. The ultrasound system is then
used to take images at 10,000 frames per second, tracking the propagation of the waves. The
images are processed to produce a contour plot of shear wave speed, shown in Figure 5.
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Figure 5. Push displacement and subsequent wave propagation during SWE. Image adapted from [14]

Figure 4. Contour plot generated by MATLAB. Shows the
shear wave speed through 60,000 individual points within a
region of interest. The red areas correspond to higher
velocities, or areas of higher stiffness.

Muscle tissue is anisotropic, with its properties varying as function of the direction [15].
To minimize the influence of muscle anisotropy, the ultrasound probe should be held so that the
shear waves propagate in a direction longitudinal to the muscle fibers. Other factors to be taken
into consideration while recording measurements include angle of the probe with respect to the
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skin’s surface, pressure applied to the probe, alterations in wave vibrations due to the fat/skin
barrier or signal interference.
Since its introduction in 1990, SWE has grown in popularity. SWE has been used to
evaluate viscoelastic properties of injured and recovering tendons, as well as mechanical
properties of muscles. Previous studies have used SWE to explore properties of resting muscles
and their response to massage [13], applied tensile loads [12] and isokinetic eccentric
contractions [16]. Recently, SWE was used to evaluate elastic changes of muscles during and
after an extreme mountain ultramarathon [10]. SWE is a desirable method of measuring muscle
mechanical properties because it is not physically demanding or painful. Also, SWE
elastography does not rely on manual compression or tissue displacement, making the data more
reliable [10]. While performed under controlled, repeatable conditions, SWE has proven to be an
effective method of measuring mechanical properties of muscle tissue.
Our study uses a Vantage 128 ultrasound system (version 3.07; Verasonics, Kirkland,
Washington) equipped with programmable SWE and coupled with a linear transducer (L11-4V,
bandwidth 4-11 MHz). Vantage runs through MATLAB and offers customizable settings. The
system induces shear waves via the transducer which is held against the subject’s skin in the
lateral direction of the muscle, generating a live image as seen in Figure 6. Verasonics allows the
user to manually readjust the region of interest (represented by the white box in Figure 6) and the
foci (the red dots in Figure 6) for maximum precision. Another advantage of the Verasonics
system is the control panel, shown in Figure 7, which allows the user to adjust the voltage,
frequency, gain, sensor cutoff, and region of interest size. The control panel is also used to turn
on and off the SWE, freeze the image and calculate average shear wave speed. When the image
is frozen and the program is commanded to calculate shear wave speed, Verasonics generates the
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contour plot of shear wave velocity values throughout the region of interest, pictured previously
in Figure 5, along with a pop up presenting the average shear wave speed value.

Figure 6. Real-time image of a rectus femoris muscle
produced by SWE. Bright, white streaks near the
top of the image represent skin and fat.

Figure 7. Verasonics control panel in MATLAB.
This allows the user to customize images and
program settings.
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Chapter 2
Methods

Participants

This study was approved by the IRB of the Pennsylvania State University. For it, 22
subjects (age: 23 ± 5 years) were tested, 15 males and 7 females. Subjects were recruited through
the Penn State Club Cross Country Team and the Nittany Valley Running Club. The subjects
were split into three race categories: short distance (3 – 5 miles), medium distance (10 – 13
miles), and long distance (26+ miles). Demographic data of the subject participants is shown in
Table 1.

Table 1: Demographic and Training Profile Data
Distance Group
Avg. run dist. (miles)
Days/week
Miles/week
Dist. week of (miles)
Age (years)
Gender
Height (inches)
Weight (pounds)
Body Mass Index
Running exp. (years)

Short
6.2 ± 0.7
5.6 ± 0.9
35 ± 7
33 ± 7
20 ± 2
7M, 2F
68 ± 2
120 ± 29
19.4 ± 4.5
8±3

Medium
7±2
6±1
40 ± 15
38 ± 15
25 ± 6
6M, 4F
67 ± 4
143 ± 17
23.0 ± 1.8
9±7

Long
10 ± 0
6±0
60 ± 0
15 ± 1
23 ± 3
2M, 1F
68 ± 1
148 ± 8
23.6 ± 0.9
10 ± 7
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Protocol
For each subject, SWE measurements were taken in both legs and included the rectus
femoris (RF), vastus lateralis (VL), vastus medialis (VM), soleus, lateral gastrocnemius (LG),
medial gastrocnemius (MG), biceps femoris (BF), and semitendinosus (ST) muscles, shown
previously in Figure 2. The shear wave speed for each muscle of each subject was measured 5
times to calculate a robust average. Of the five measurements, the median value was used for
data analysis. For the medium and long distance races, measurements were taken at three time
points: 24 hours before the race, 24 hours after the race, and one a week after the race. For the
short distance races, only two measurements were taken (24 hours before the race and 24 hours
after the race) because of the inability to ensure that results seen one week after the race were not
affected by training of equal or greater distance during the post-race week.
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Chapter 3
Results
The analysis was performed in three parts: one considering the relationship between right
and left leg muscles, one assessing the effect of time and distance on the entire subject
population, and the last evaluating the trends of individual muscles for each distance group.
GraphPad’s Prism version 7.0 was used to perform the analyses in all cases. For the first part, a
regression analysis was run between all corresponding right leg/left leg measurements. For the
second part looking at the entire population, a one-way ANOVA was performed to assess the
effect of two factors: time and distance. For the last part, t-tests were performed for each muscle
of each distance group.

Correlation Between Right and Left Legs
A significant correlation, but with a very low r2, was obtained from the correlation of
wave speed between right and left leg muscles (Figure 8). The low r2 value suggests that the
stiffnesses of bilateral muscles are weakly related, but other factors may have a stronger effect on
these measurements.
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Figure 8. Percent change in shear wave speed through different
muscles before and after competition. Shows the relationship
between the right and left leg.

Two-way ANOVA
From the two-way ANOVA analysis, time was found to have a significant effect on the
soleus muscle (p = 0.0242). Figure 9 shows the change in shear wave speed broken down by
individual subject, demonstrating the inconsistent behavior of this muscle for different subjects,
or even the same subject in different legs. Table 2 shows all soleus measurements taken 24 hours
before and 24 hours after competition. Different subjects are denoted by different numbers, and
“R” and “L” correspond to the right and left leg of each subject. The percent change is shown in
the rightmost column, with negative values highlighted in red. 66 percent of subjects showed a
decrease in soleus stiffness after competition. Figure 10 shows the average change in shear wave
speed before and after competition, separated by distance group. For each distance group, the
average value decreases.
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Table 2. Measurements for the soleus muscle

Figure 9. Shear wave speeds through the soleus muscle
for all distance groups. Different subjects exhibit
significantly different trends.

Figure 10. Shear wave speeds through the soleus muscle
before and after competition for each distance group. This
muscle shows time to have a significant effect on the
average shear wave velocity values.
= negative percent change values
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Distance was found to have a significant effect on the BF muscle (p = 0.0178) and the
effect can be seen in Figures 11 and 12. Figure 11 shows the change in shear wave speed through
the biceps femoris muscle of individual subjects, once again demonstrating inconsistent
behavior. Table 3 shows all biceps femoris measurements taken 24 hours before and 24 hours
after competition. For the biceps femoris muscle, 52 percent of subjects showed a decrease in
muscle stiffness following competition. Figure 12 shows the average change in shear wave speed
for each distance group. For the short distance group, the average shear wave speed value
appears almost constant, while the medium distance group shows an increasing trend, and the
long distance group show a decreasing trend.
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Table 3. Measurements for the BF muscle

Figure 11. Shear wave speeds through the BF muscle
for all distance groups. Different subjects exhibit
significantly different trends.

Figure 12. Shear wave speeds through the BF muscle by
distance for each time period. This muscle shows distance to
have a significant effect on the average shear wave velocity
values.
= negative percent change values

18

For the RF and ST muscles, both time and distance were found to have a significant
effect. (RF: p (time) = 0.0490 and p (distance) = 0.0463; ST: p (time) = 0.0444 and p (distance) =
0.0124). Figures 13 and 14 show the change in shear wave speed through the ST and RF muscles
grouped by both time and distance. The ST muscle shows a consistent decreasing trend with
time, while the RF muscle exhibits and interaction between time and distance factors.
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Figure 14. Change in shear wave speeds through the ST muscle grouped by distance and by time. This muscle shows a
consistent decreasing trend with both distance and time.

Figure 13. Change in shear wave speeds through the RF muscle grouped by distance and by time. This muscle
demonstrates an interaction between time and distance. As distance increases from short to medium to long, the time
trend changes from decreasing to unchanging to increasing.
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T-tests
From t-tests of the individual muscles, separated by distance, there were 3 instances that
showed a significant difference in the means of the before and after measurements. One instance
was the soleus muscle in the short distance group (Figure 15). The test returned a p value of
0.0136 and the graph shows a decrease in velocity from a mean value of 3.573 m/s before the
race, to a mean value of 2.814 m/s one day after the race. Another instance was the RF muscle,
also in the short distance group (Figure 16). The test returned a p value of < 0.0001 and the graph
shows a decrease in velocity from a mean value of 3.716 m/s before the race, to a mean value of
2.896 m/s one day after the race. The last instance was the BF muscle in the long distance group
(Figure 17). The test returned a p value of 0.0431 and the graph shows an increase in velocity
from a mean value of 1.861 m/s before the race, to a mean value of 1.935 m/s one day after the
race, to a mean value of 2.140 m/s a week after the race.

*

Figure 16. Change in shear wave speed through
the soleus muscle before and after competition for
the short distance group. This muscle shows a
decreasing trend with a relatively weak (*)
significance.

****
****

Figure 15. Change in shear wave speed
through the RF muscle before and after
competition for the short distance group.
This muscle shows a decreasing trend with a
very strong (****) significance.
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*

Figure 17. Change in shear wave speed through the BF
muscle before and after competition for the long
distance group. This muscle shows an increasing trend
with a relatively weak (*) significance between the
before and after 2 measurements.

Overall, a small majority of muscles exhibited a decreasing stiffness trend from before
competition to immediately after competition, but not enough to make any assumptions based on
this observation. Table 4 shows the average percent change in shear wave velocity values before
and after competition for each race distance. The cells in red represent the negative percent
change values and the cells in green represent the positive. The brighter the color, the more
severe the change. For almost every muscle, the trend is inconsistent between different distance
groups.
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Table 4. Percent change in shear wave velocity 24 hours before and 24 hours after competition. *

* Darker red values correspond to more negative percent change values while darker green values correspond to
more positive percent change values.

23

Chapter 4
Discussion

Discrepancies
This study found time to have a significant effect on the soleus, RF and ST muscles, and
distance to have a significant effect on the BF, RF and ST muscles. Sixty-seven percent of
muscles exhibited a decreasing stiffness trend from before competition to immediately after
competition, proving that recovery time does in fact have a significant effect on the mechanical
properties of muscles. The results also suggest that running distance has an effect on muscle
mechanical properties. This effect, however, seems to vary between different muscles or
subjects. This discrepancy is most likely due to the many factors that affect the forces applied to
individual muscles. Forces applied to muscles can depend on a variety of things including
running form, topography of training courses and intensity of training.
Running form, according to Olympic coach, Roy Benson, is like an electric current,
“Your body follows the path of least resistance” [17]. That path varies from person to person,
depending on one’s specific height, weight and body type. Different running forms cause
different forces to be applied to muscles. For example, a person that runs with an uneven arm
swing may exert more forces on the anterior side of left leg and the posterior side of the right leg.
This is also the reason that the two legs of one subject may exhibit unrelated behavior (see
Figure 8).
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The same can be said for the topography of training courses and intensity of training. A
person who spends more time running up hills will apply greater forces to their posterior
muscles, while a person who trains on mainly flat courses may have a more even distribution of
forces to each muscle. Intensity of training can also affect the forces applied to muscles. Top
running speeds are accomplished by applying greater forces to the ground [18]. Running speeds
however, depend on the distance of the course. For example, a person running a 3-mile race
would have an average speed higher than a person running a 50-mile race, and therefore greater
forces applied to each muscle.
Another study exploring the effect of exercise induced muscle damage also saw an
inconsistent change of shear modulus values before and after muscle stimulation [19]. This study
was focused on different regions of the elbow flexors, and measurements were taken of only the
biceps brachii and brachialis muscles after controlled muscle contractions. This study left
significantly less room for precision error, but nevertheless observed an inconsistent trend. They
theorized that the inconsistent shear modulus changes were due to the varying number of crossbridges and amount of titin in muscles of different subjects, two things that could have had an
impact on the results of this study as well.

Limitations
Limitations of this study include limited sample size, especially for the long distance
group. Additionally, subject pre-race mileage, recovery time, topography of training courses and
intensity of training were not controlled, which may have had an influence on the variability of
the data. Other things that could’ve had an influence on muscle stiffness changes include diet,
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hydration, stretching and recovery routines. In conclusion, SWE effectively measured the
mechanical properties of skeletal muscles before and after running races of various distances.
Both time and distance were found to have a significant effect on muscle stiffness values,
although the effects varied between muscles and subjects.
While much was learned from this study about the behavior of the mechanical properties
of skeletal muscles, there is still further research that can be done to learn about the specific
factors that affect these properties. In the future, it would be useful to continue this study, but
with a more controlled subject group. Optimally, a future study would have each subject run the
same distance race and undergo the same training regimen. Subjects would run the same number
of miles per week and have the same amount of recovery time post-race. It may also be
beneficial to ensure that subjects do not run during the few hours prior to each SWE
measurement. This will ensure that measurements are not skewed due to any transient stiffness
peaks post-exercise [9]. Another thing to take into consideration would be the amount of
stretching each subject does. Stretches, especially lengthening contractions, have been shown to
increase the propensity of muscle damage [20]. Controlled or limited stretching may benefit the
consistency of the results. Along with this, a larger sample size would help to improve study
accuracy. With a larger and more controlled subject group, a future study would be able to find
out more about the specific factors that affect muscle mechanical property changes.
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Appendix A
Total Subject Data

Table A-1. Total measurements for the short distance group.
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Table A-2. Total measurements for the medium distance group.
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Table A-3. Total shear wave velocity measurements for the
long distance group.
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Appendix B
Individual Muscle Data

Short Distance Group

Figure B- 1. Shear wave velocity changes through the soleus, medial gastrocnemius, lateral gastrocnemius
and semitendinosus muscles for the short distance group.
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Short Distance Group (continued)

Figure B- 2. Shear wave velocity changes through the rectus femoris, biceps femoris, vastus lateralis and
vastus medialis muscles for the short distance group.
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Medium Distance Group

Figure B- 3. Shear wave velocity changes through the soleus, medial gastrocnemius, lateral gastrocnemius
and semitendinosus muscles for the medium distance group.
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Medium Distance Group (continued)

Figure B- 4. Shear wave velocity changes through the rectus femoris, biceps femoris, vastus lateralis and
vastus medialis muscles for the medium distance group.
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Long Distance Group

Figure B- 5. Shear wave velocity changes through the soleus, medial gastrocnemius, lateral gastrocnemius
and semitendinosus muscles for the long distance group.
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Long Distance Group (continued)

Figure B- 6. Shear wave velocity changes through the rectus femoris, biceps femoris, vastus lateralis and
vastus medialis muscles for the long distance group.
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