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Abstract

Background. Prior work has shown that changes in mechanical parameters and magnetic resonance imaging parameters occur follow-
ing submaximal eccentric activity but it is unclear whether similar changes occur following submaximal concentric activity. This study
compared mechanical response parameters and MRI relaxation parameters following submaximal concentric or eccentric exertions.

Methods. This single site, randomized study investigated in vivo changes in human upper limb dynamic mechanical properties follow-
ing exposure to short term repetitive submaximal eccentric or concentric exertions. Eighteen subjects were assigned to either an eccentric
or concentric group and exercised for 30 min at 50% of isometric forearm maximum voluntary contraction. Changes in strength, symp-
tom intensity, magnetic resonance imaging T, relaxation measurements, which are indicative of edema, and dynamic mechanical param-
eters (stiffness, effective mass, and damping) were ascertained prior to exercise, 1 h after, and 24 h later.

Findings. Strength decreased following exercise (P < 0.01), however only the eccentric exercise group exhibited a reduction in mechan-
ical stiffness (55%, P <0.01) and damping (31%, P < 0.05), and an increase (17%, P < 0.05) in magnetic resonance imaging T» relaxation
time.

Interpretation. The changes in mechanical parameters and magnetic resonance imaging findings following repetitive submaximal
eccentric activity could negatively impact the ability of the arm to react to rapid forceful loading during repetitive industrial work activ-

ities and may result in increased strain on the upper limb. Similar changes were not observed following concentric exercise.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Workplace exertions can result in muscle contractions
that shorten muscles (concentric), lengthen muscles (eccen-
tric), or involve no change in muscle length (isometric). The
use of torque-producing power hand tools, such as screw-
drivers and nutrunners, may generate eccentric contrac-
tions when rapidly rising forces exceed the tool operator’s
capacity to react (Armstrong et al., 1999; Oh et al., 1997;
Oh and Radwin, 1998). Lin et al. (2001) found that subjects
exerted 56.6% of their static maximum voluntary contrac-
tion during power tool use.
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Mechanical factors corresponding to eccentric contrac-
tions, such as high levels of force and velocity, have been
attributed to the initiation and ecarly stages of contrac-
tion-induced microinjury in muscles during repetitive load-
ing (Armstrong et al., 1995). If the external forces from
these types of power hand tools exceed the tolerance of
the muscle’s passive and active contractile structures, dam-
age could result, particularly to forearm muscles.

Intense eccentric exercise is often associated with muscle
weakness and soreness 24-48 h following activity (Clarkson
et al., 1992; Cleak and Eston, 1992; Friden et al., 1983).
Unaccustomed eccentric contractions cause more severe
skeletal muscle injuries than unaccustomed isometric or
concentric contractions, often resulting in disruptions of
the muscle myofibrillar structure (Faulkner et al., 1993;
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Lieber et al., 1991). This disruption may negatively affect
the muscle’s mechanical response parameters (e.g., stiffness,
effective mass and damping). For example, Leger and Mil-
ner (2000) reported a significant decrease in stiffness in male
subjects following maximal eccentric exercise.

The mechanical response properties of muscles and ten-
dons are functionally important because they counteract
the effects of applied loads. Changes in these mechanical
properties affect the muscle’s ability to react to rapid force-
ful loading and result in increased muscle strain. Both
mechanical and magnetic resonance imaging (MRI)
changes have been documented in skeletal muscles follow-
ing eccentric activity at intensities similar to those found in
the workplace (Nosaka and Newton, 2002; Sesto et al.,
2004, 2005a). Sesto et al. (2005a) reported a 41% decrease
in mechanical stiffness after 24 h and a 28% increase in
the MRI T, parameter 72 h after short duration submaxi-
mal eccentric activity. Participants were exercised at 50%
of their maximum voluntary contraction (MVC) which is
similar to the level of exertion during power screwdriver
use (Lin et al., 2001). Shellock et al. (1991) reported a sta-
tistically significant increase in T, relaxation time 24 h after
eccentric, but not concentric, exercises. Common work-
place exertions such as reaches and lifts involve concentric
muscle contractions, however it is unknown if similar
changes in mechanical response parameters and MRI find-
ings occur following these activities. The current study was
designed to compare mechanical response parameters and
MRI changes following submaximal concentric or eccen-
tric exertions. We hypothesized greater changes in mechan-
ical response parameters and the MRI T, relaxation
parameter following eccentric exertions.

2. Methods
2.1. Participants

This randomized, single-blinded trial evaluated changes
in mechanical parameters and MRI T, relaxation following
either concentric or eccentric activity. Twenty-one healthy
volunteers were recruited from a mid-western college uni-
versity campus; of these, 18 subjects met the inclusion cri-
teria and were considered eligible (Fig. 1). All participants
reported that they were free of symptoms and existing inju-
ries in the dominant upper extremity. The dominant arm
was used for all testing. Informed consent was obtained
in accordance with the University of Wisconsin guidelines
for the protection of human subjects.

All subjects completed a self-administered general health
status and symptom questionnaire immediately prior to
testing. The questionnaire queried upper extremity activi-
ties and demographic information such as gender, age,
weight, stature, and hand dominance. Inclusion criteria
included no existing upper extremity symptoms, limita-
tions, or current injury; willingness to refrain from weight
training activities or intensive recreational sports involving
the upper extremities for at least one week prior to the
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Fig. 1. Randomized controlled trial flow diagram.

experiment and for the duration of the study; ability to
undergo a MRI; and ability to complete upper extremity
exercise for 30 min. Subjects who occupationally used
power hand tools were excluded from the study. All sub-
jects also completed a screening questionnaire prior to
magnetic resonance imaging to exclude those with braces
or a history of orbital metal fragments, those who worked
with metal shavings without appropriate eye protection,
and those with embedded metal. Pregnant subjects were
also excluded.

2.2. Experimental design

Subjects were randomly assigned to perform a bout of
either eccentric or concentric exertions; their knowledge
of exercise status was controlled to the extent possible in
that they were not told which exercise type they performed.
The researcher reading the MR images was also blinded to
exercise condition. Stiffness, effective mass, damping, and
self-reported discomfort levels were measured before, 1 h
and 24 h following repetitive submaximal exertion. All par-
ticipants also underwent an MRI before exercise, and 1 h
and 24 h after exercise. Mechanical parameter assessment
was performed after strength testing, following a 5-min rest
period, and prior to the MRI. The testing methods were
completed in the same sequence for each session and for
each subject.

2.3. Strength measurement

Each subject was seated with the shoulder, forearm, and
wrist placed in a neutral position and the elbow flexed to
90°. The upper arm was stabilized against the body with
a strap to prevent substitution by other muscle groups or
unwanted movement. Strength testing was performed using
a Biodex™ (Biodex Medical Systems, Shirley, NY, USA)
measurement system and a custom forearm rotation acces-
sory. Maximum voluntary contraction (MVC) of the fore-
arm supinator muscles was measured isometrically as the
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subject supinated the dominant forearm, applying torque
to the handle. The power-head maintained zero velocity
during the isometric strength test, so force could be devel-
oped without any significant change in muscle length. Prior
to measuring MVC, the strength testing task was demon-
strated to the subjects and they were able to practice the
activity. Subjects were asked to use their maximum effort
during the strength test. Visual feedback of the MVC exer-
tion was not provided.

Two 5-s MVCs, separated by a 1-min rest between exer-
tions, were performed prior to exercise, 1 h after exercise,
and 24 h later. The 2nd—4th seconds were averaged for each
MVC exertion. The average of the two MVC exertions was
used for analyses. MVC data were always collected prior to
mechanical parameter testing on the free vibration appara-
tus. A 5-min rest period was provided following strength
assessment and prior to mechanical parameter testing.
The handle torque was digitized and sampled using a
DAQCard-6024E data acquisition board (National Instru-
ments Corporation, Austin, TX, USA) for a sampling rate
of 50 samples/s.

2.4. Exercise protocol

The Biodex™ apparatus was also used for the exercise
protocol. The dominant forearms of the eccentric exercise
subjects were started in a neutral position and then pronat-
ed to 90°. The dominant forearms of the concentric exercise
subjects were first pronated to 90° and then supinated to the
neutral position. In both groups, the elbow was flexed at 90°
while the upper arm was stabilized against the body with a
strap to prevent substitution or unwanted movement.

The handle rotation velocity on the Biodex apparatus
was set at 30°/s. This velocity allowed subjects to control
the generated torque throughout the set range of motion.
Subjects in both exercise groups exerted 50% MVC for a
total of 30 min with a 1-min rest break after each 5-min
interval. Continuous visual feedback of torque output
was presented so subjects could maintain the desired exer-
tion level. Most subjects were able to maintain the desired
torque, although some had difficulty during the last 1-
2 min of the exercise protocol. Data sampling was 1000
samples/s using a National Instruments DAQCard-6024E
data acquisition card.

Subjects rated their pain intensity immediately before,
1 h later, and 24 h after the bout of exercise using a visual
analog scale ranging from “0=no pain” to “10 = most
pain”.

2.5. Upper limb mechanical response parameters

Subjects were tested on an apparatus designed to mea-
sure upper limb mechanical response parameters, stiffness,
viscous damping, and effective mass during active exertion.
The upper extremity is characterized as a single degree of
freedom dynamic mechanical system (Lin et al., 2001,
2003a,b,c). A harmonic sinusoidal rotation is transmitted

to the forearm though a 4 cm diameter handle. When
grasped by the subject, the handle aligns the forearm axis
of rotation with the axis of rotation of the apparatus.
The upper arm is stabilized against the body with a strap
to prevent substitution or unwanted movement. Subjects
were instructed to grasp the handle as hard as they could
to inhibit oscillatory motion.

The stiffness, effective mass and damping responses were
determined for the combined apparatus as well as the sub-
ject. The variations in these mechanical responses were
defined by calculating the change in oscillation frequency
and the decay in displacement amplitude. The resulting
mechanical parameters (stiffness, effective mass, and damp-
ing) for the hand—arm system were measured from the
change in the system response imposed by the hand-arm.

The equation of motion describing the free vibration
response of this system is

JO+cO+k0 =0 (1)

where J = mass moment of inertia, ¢ = damping constant,
k = stiffness, 0 = angular displacement. When the subject
externally loads the apparatus handle, the sum of the con-
tributions of the apparatus, applied mass and the operator
define the physical characteristics of the combined system.
The relationship between the moment of inertia of the
effective mass and the resultant frequency is described in
Eq. (2). The relationship between the moment of inertia
of the effective mass and damping ratio is represented in
Eq. (3) (Lin et al., 2001):

1
Jmass = kw - (JO + Jsubjecl) (2)

1
mass — a5 3
J ¢ < Yo C) + constant (3)

The torsional stiffness (k), is the resulting slope of the line
of frequency as a function of apparatus mass in the form of
Eq. (2). The moment of inertia was calculated in prior stud-
ies, using an earlier version of the apparatus and the inter-
cept from Eq. (2). (Lin et al., 2001, 2003a,b,c; Sesto et al.,
2004, 2005a,b, 2006). The moment of inertia of the effective
mass is now calculated using the conservation of momen-
tum principle. The angular velocities before and after the
zero position is crossed during the first cycle of oscillation
of the handle are measured over a period of 10 ms. The mo-
ment of inertia of the device and the applied mass is known
and the moment of inertia of the effective mass for the hu-
man subject is calculated using the following equation:

Jdevice+massw1 - (Jdevice+mass + Jsubject)wZ (4)
The damping constant (¢) is calculated by
¢ =2¢VkJ (5)

where { = damping factor, measured from the oscillations
of the apparatus.

Handle displacement was measured using an Allen
Bradley angle encoder (Rockwell Automation, Milwaukee,
WI, USA) sampled at 1000 samples/s. The inertial mass of
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the system can be varied by changing the location of two
masses with respect to the centre of rotation. The free
vibration oscillation frequency of the apparatus ranged
from 3.64 to 4.12 Hz and the period of oscillation ranged
from 4 s to 17 s depending upon the inertia of the appara-
tus and the human operator.

2.6. Magnetic resonance imaging

The MRI examination was conducted on an Artoscan
0.17 T extremity scanner (GE Healthcare, Milwaukee,
WI, USA). The T,-weighted images of both exercised and
non-exercised muscles were examined visually and numeri-
cally. Scan parameters for this experiment were set at
2050 ms TR, echo times of 18 ms, 80 ms and 120 ms,
16 cm FOV and 196 x 196 resolution.

Central regions were selected in the corresponding active
and inactive muscles for slices where visual differences were
noted. Special care was taken to avoid inclusion of subcu-
taneous fat, fascia, blood vessels, or bone structures. Eleva-
tion of T, relaxation time occurs with edema and displays a
higher intensity in T,-weighted images. T, relaxation times
were determined by fitting the region of interest (ROI) data
from each echo to an exponential curve with MR Vision
software (Mr Vision, Inc., Boston, MA, USA).

2.7. Data analysis

Data were analyzed for differences between exercise
groups and for differences prior to exercise, 1 h later, and
24 h after exercise. A repeated measures analysis of vari-
ance (ANOVA) was used to evaluate the statistical signifi-
cance of the main effect of exercise type (eccentric versus
concentric) on the mechanical and MRI variables over
time. All confidence intervals are reported at 95%.

3. Results
3.1. Baseline

Subjects were enrolled between October 2004 and May
2005. A total of 18 subjects were randomized to either
the eccentric or concentric group. All subjects completed
the exercise protocol, although one subject was excluded
because her level of stiffness was not 10% greater than
the apparatus stiffness. This was done to minimize a poten-
tial floor effect. The data were analyzed with and without
this subject and the results were unaffected. The results
reported are for the remaining 17 subjects (nine males
and eight females). Baseline demographic data did not dif-
fer between the two groups (Table 1).

Prior to exercise, no differences were observed between
subjects in the eccentric and concentric groups for forearm
supination static strength, mechanical stiffness, effective
mass, viscous damping, symptom intensity, or MRI T,
relaxation times (Table 2). No adverse events or side effects
occurred.

Table 1
Demographic information
Concentric Eccentric P-Value
(n=23) (n=9)
Age — mean (SD), years 27 (5) 29 (7) .52
Gender
Men 4 5 .82
Women 4 4
Race
White 6 4 31
African—-American 2 1
Hispanic 0 2
Asian 1 2
BMI - mean (SD) 24 (2.5) 23 (1.1) .59
Hand dominance
Right 7 9 27
Left 1 0
Participation in recreational sports
Yes 6 5 40
No 2 4
Participation in weight lifting
Yes 5 3 23
No 3 6

Table 2
Baseline strength, mechanical parameters, symptom intensity and MRI T,
relaxation time

Concentric Eccentric P-Value
(n=23) (n=9)
Strength (MVC) 8.56 (4.78) 8.18 (3.93) .86
Mechanical parameters — mean (SD)
Stiffness (N m/rad) 9.9 (5.2) 14.3 (6.9) .16
Effective mass .0043 (.0005) .0044 (.0013) 74
Damping .031 (.014) .035 (.017) .62
Symptom intensity (VAS) 0 0

MRI (T, relaxation time) — mean (SD)
Supinator 51.38 (3.43)
Flexor 49.76 (4.82)

50.20 (2.16) 40
48.38 (3.55) 51

3.2. Strength

The average static forearm supination strength was
reduced following exercise (P < 0.01). After 1 h, the eccen-
tric exercise group decreased 16% (mean =6.83 N m;
CI = -27.9%, —3.9%) while the concentric exercise group
decreased 10% (mean =7.73 Nm; CI = —27.6%, 30.7%).
After 24 h, subjects in both groups recovered within 2%
of their baseline strength level (eccentric group:
mean = 8.25; CI = —-10.2%, 8.1% and concentric group:
mean = 8.68; CI = —60.6%, 138.1%).

3.3. Mechanical response parameters
Mechanical stiffness, measured before, 1 h after, and 24 h

after exercise is shown in Fig. 2a. There was a significant
interaction effect between average mechanical stiffness and
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Figs. 2a—c. Mechanical stiffness, effective mass and damping (mean/SE): before, 1 h after, and 24 h after exercise.

exercise type (P <0.01). After 1 h, the eccentric exercise
group decreased 55% (CI = —75.5%, —39.5%) while the
concentric exercise group decreased 4% (CI = —34.3%,
24.1%). After 24 h, mechanical stiffness for the eccentric
exercise group remained 37% less than before exercise
(CI = —53.2%, 0.3%) and stiffness in the concentric group
remained 7% decreased (CI = —55.4%, 66.5%).

Fig. 2b illustrates effective mass measured before, 1h
later, and 24 h after exercise. There was a significant interac-
tion effect between average effective mass and exercise type
(P <0.01). After 1 h, the eccentric exercise group increased
13% (CI = —1.7% to 40.6%), while the concentric exercise
group decreased 7% (CI = —17.9%, 4.1%). After 24 h, effec-
tive mass returned to within 2% of baseline (CI = —26.1%,
51.0%) for the eccentric exercise group, and increased 7%
from baseline (CI = —1.7%, 16.3%) for the concentric group.

There was a significant interaction effect between aver-
age viscous damping and exercise type (P < 0.01), as illus-
trated in Fig. 2c. After 1h, the eccentric exercise group
decreased 31% (CI=—47.3%, —12.5%) and remained

15% decreased (CI = —35.2%, 23.6%) at 24 h. The concen-
tric exercise group increased 23% (CI = 3.6%, 51.8%) after
1 h and remained 11% increased (CI= —32.3%, 40.2%)
after 24 h.

3.4. Pain intensity

All subjects reported a pain intensity of 0 at baseline.
Average pain levels increased after exercise for both groups
of subjects (P <0.05). After 1h, the eccentric exercise
group reported an average intensity of 1.9 (CI =0.2, 3.6),
and intensity remained elevated at 1.6 after 24h
(CI =0.1, 3.1). The concentric exercise group reported an
average intensity of 1.4 (CI=0.6, 2.7) 1 h after exercise
and an average of 0.5 (CI = —0.2, 1.2) 24 h after exercise.

3.5. Magnetic resonance imaging

Fig. 3 shows MR T, images for exercised arms. An
increase in the T, relaxation time was noted after exercise
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(P <0.05) (Fig. 4). After 1 h, the eccentric group exhibited
a 6% average increase (CI = —3.3%, 15.1%) and the con-
centric group had a 2% increase (CI = —5.3%, 9.5%). After
24 h, the eccentric group showed an average 17% increase

(CI1 =6.1%, 27.7%) and the concentric group had a 6%
increase (CI = —6.6%, 18.5%) from baseline.

4. Discussion

This study investigated the changes in upper limb
dynamic mechanical response parameters for subjects ran-
domly assigned to either 30 min of repetitive submaximal
eccentric muscle activity or repetitive submaximal concen-
tric activity. Measured parameters included stiffness,
damping, and effective mass for forearm rotation. The
eccentric exercise group decreased 17% in static strength
whereas the concentric exercise group decreased 10% at
1 h post-exercise. Decreases in mechanical stiffness and
damping were only observed in subjects in the eccentric
exercise group. These findings concur with our earlier study
where a reduction in mechanical parameters was observed
after eccentric but not isometric exercise (Sesto et al.,
2004). At the time, it was unclear if the differences between
the eccentric and isometric exercise groups were a result of
the eccentric contractions or the dynamic nature of the
exertion. Because changes in mechanical response parame-
ters were not observed with the concentric exercise group in
this study, we conclude that changes of this type occur only
following eccentric activity.

There was not a statistically significant increase in supi-
nator T, relaxation time one hour after exercise. This result
was not unexpected since increases in T, relaxation time do
not typically occur immediately after activity. After 24 h,
the eccentric exercise group had a 16% increase from base-
line, while the concentric exercise group had a 6% increase.
It is not known if this was the peak T, relaxation time
because subjects were not followed beyond 24 h.

It does not appear that fatigue alone can explain the ini-
tial decrease in mechanical properties. Both exercise groups
experienced some fatigue after exercise, but only the eccen-
tric exercise group showed a decrease in mechanical stiff-
ness and damping 1 h post-exercise. It is interesting that
isometric strength for both exercise groups recovered to
within 2% of baseline by 24 h, but the eccentric group still
exhibited a 37% reduction in mechanical stiffness and a
15% reduction in damping at that point. If the mechanical
changes were solely due to strength loss or fatigue, then
recovery in mechanical response parameters should parallel
strength recovery.

These findings are consistent with observations that tis-
sue disruption and muscle injury occur frequently during
high levels of eccentric activity and are often associated
with muscle weakness and soreness occurring 24-48 h fol-
lowing activity (Clarkson et al., 1992; Ebbeling and Clark-
son, 1990; Friden et al., 1983). It is plausible that the
muscle’s contractile machinery may be damaged, resulting
in a decrease in mechanical response parameters and a sub-
sequent increase in edema, as measured by MRI T,
enhancement. Fatigue occurring in the absence of obvious
structural damage would not be expected to cause an
increase in the T, relaxation time. These findings are
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important because lower level eccentric exertions may be of
sufficient intensity to produce damage that influences
future musculoskeletal disorders.

In contrast, other research suggests that eccentric train-
ing may prevent musculoskeletal injury due to an adapta-
tion effect (LaStayo et al., 2003; Proske and Morgan,
2001). It would be interesting to explore whether eccentric
training could mitigate the changes observed in upper
extremity mechanical parameters and possibly prevent
musculoskeletal injury. Further biomechanical research is
needed to investigate the effect of varying levels of eccentric
exertions on the mechanical response parameters.

This study employed a less fatiguing protocol to repre-
sent the level of exertion found in occupational settings.
Rarely during the course of normal work activities do
employees persistently work at their maximum or until
exhaustion occurs. Our subjects worked at a moderate level
for a relatively short duration, at a level similar to that sus-
tained in the workplace for many more hours. Because we
observed mechanical parameter changes following moder-
ate eccentric exercise for a short duration, it may be possi-
ble to observe similar changes after longer durations, as are
common in the workplace. These observed mechanical
changes may be indicative of mechanical strain.

In previous work (Sesto et al., 2006), we evaluated the
mechanical parameters of industrial assembly workers.
All workers also underwent a physical examination, MRI
scan, and symptom survey. The mechanical response
parameters for workers with reported forearm symptoms
were 46-74% less than parameters for the asymptomatic
group. In another study of industrial power hand tool
operation (Lin et al., 2001), less mechanical stiffness was
associated with greater force and displacement, and conse-
quent external stresses from physical loading of the arm.
Increased stresses on the body can lead to increased risk
of injury (NRC/IOM, 2001); thus these findings further
support the relationship between injury and a reduction
in mechanical parameters.

5. Conclusion

Changes in both mechanical and MRI findings were
observed following short duration submaximal eccentric
activity. The decrease in mechanical properties and a subse-
quent increase in edema suggest that short duration submax-
imal activity has a negative short-term effect on extremities
that are eccentrically exercised. Reductions in strength,
mechanical stiffness and damping of the forearm following
eccentric contractions are associated with an increase in
mechanical strain during loading tasks such as tool operation.
Further studies are needed to characterize the significance of
these changes and their relationship to musculoskeletal disor-
ders frequently observed in the workplace.
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