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A
bstract. A

n in vivo anim
al m

odel to study skeletal m
uscle injury is described. A

 com
puter· 

controlled custom
-designed rat dynam

om
eter is used to control biom

echanical inputs such as 
range o

f m
otion, velocity, acceleration, and num

ber o
f repetitions to study skeletal m

uscle 
injury in rats. A

nesthetized rats are placed supine in the dynam
om

eter and the left foot placed 
in a load cell w

ith the ankle axis aligned w
ith the axis o

f rotation o
f the m

otor. Platinum
 

electrodes are placed subcutaneously to branch either the peroneal nerve (to activate the dorsi 
flexor m

uscles o
f the hind lim

b) or the tibial nerve (to activate the plantar flexorm
uscles ofthe 

hind lim
b). T

he free ends o
f the w

ire electrodes are connected to a com
puter-controlled nerve 

stim
ulator. 

T
he dynam

om
etcr can be program

m
ed to produce controlled angular m

ovem
ent 

about the ankle axis to generate isom
etric, concentric, and reciprocal concentric/eccentric 

m
uscle actions o

f either the plantar flexor or dorsi flexor m
uscles. 

T
his m

odel has distinct 
advantages as com

pared to invasive in vitro or in situ preparations o
f isolated m

uscles or 
m

uscle fibers. 
M

uscle response and injury can be studied in a m
ore physiologically 

representative fashion w
ith the neural and vascular supplies and m

uscle-tendon com
plexes 

intact. T
he non-invasive features o

f this m
odel are w

ell suited for the study o
f chronic m

uscle 
injury. W

hen the biom
echanical data from

 the dynam
om

eter are com
bined w

ith histological 
and biochem

ical analyses o
f m

uscle tissue, this m
odel can provide com

prehensive data for 
studying a9ute and chronic skeletal m

uscle pathom
echanics. 

1. Introduction 

T
he significance o

f m
uscle injuries or strains is readily apparent for those treating sports or 

w
ork-related injuries. T

he econom
ic im

pact o
f w

ork related injuries is detrim
ental to industry 

as w
ell as the em

ployee involved [ l J. A
ttention is now

 directed tow
ard the ergonom

ic desil!" 
ofthe w

orkplace in an attem
pt to alleviate or reduce job-related injury. T

here has been a rapid 
grow

th o
f scientific understanding o

f injury and recovery o
f bone, ligam

ent and cartilage, yet 
little is know

n o
f the factors that predispose m

uscle to injury or the m
echanism

 that produces 
sym

ptom
s. T

here is an obvious need to better quantify dynam
ic m

uscle perform
ance and lhe 

m
echanism

 ofinjury responsible for reduced m
uscle perform

ance. if the dynam
ic param

eters 
that w

ill produce injury such as velocity and acceleration, coupled w
ith force, num

ber 0f 
repetitions, and range o

f m
otion are quantified, the w

orkplace or sports m
edicine ~

n
n

e
 

could design w
ork practices under the injury threshold. 

B
iom

echanical studies m
dicale 

m
uscle injury occurs at forces greater than the m

axim
al isom

etric force, and m
uscle stretch . 1s 

necessary to produce injury [2, 3, 4]. If m
uscle is injured by excessive force develop~

ent ~ 
the m

uscle-tendon unit, higher forces are possible w
ith eccentric (lengthening) conirai:uons ~

 
5). N

ew
 investigative m

ethods m
ust be developed to elucidate the functional and physiologi 

events associated w
ith m

uscle injury. 

T
he use o

f a dynam
om

eter has aided this field o
f study since strain, strain rate, nw

nt,etof 

R
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repetitions, and force can be accurately quantified to determ
ine the dynam

ic pi 
responsible for injury. 

T
he K

in C
om

 and other dynam
om

eters have recently been 
hum

an studies to yield quantitative inform
ation oftorque, pow

er, and velocity in isokJ 
isotonic m

odes [6]. 
H

um
an studies have indicated that despite the low

 m
etaboli 

eccentric 
contractions, they cause profound changes 

in m
uscle structure and 

R
ecovery from

 eccentric contraction-
induced injury is a prolonged process [7). 

M
ost attem

pts to study the m
echanism

s o
f m

uscle injury have used bioI01 
m

echanical m
arkers o

f m
uscle injury m

easured before and/or after injury occurred i1 
hypothesize how

 injury actually occurs. Studying the m
echanism

s o
f m

uscle injury a: 
is difficult because o

f the dynam
ic contractile properties o

f skeletal m
uscle. 

I 
advancem

ents 
in 

dynam
om

etry have allow
ed for precise control and 

quantifi, 
m

echanical param
eters associated w

ith m
uscle injury as it occurs in real-tim

e. Q
uan 

o
f the m

echanical param
eters associated w

ith m
uscle injury like strain, strain rate, 

should 
elucidate the m

echanism
s o

f m
uscle injury. 

A
 non-invasive m

ethod , 
advantageous to characterize the dynam

ic response o
f skeletal m

uscle and quantify th< 
param

eters necessary to produce injury. 

T
he scientific literature indicates that anim

al m
odels are appropriate for the invi 

of skeletal m
uscle injury (8]. T

he use o
f anesthetized rats allow

s for controlled stim
 

the m
uscle group o

f interest and rigorous histological and biochem
ical analysis o

ftl 
tissue. 

T
w

o isokinetic rodent dynam
om

eters have been designed and fabricati 
laboratory to facilitate in vivo m

uscle testing o
f rodents. T

he rats w
ill be selected fro1 

outbred stock and age-m
atched. 

T
he use o

f rats in this study w
ill provide the c 

environm
ent necessary to conduct a param

etric investigation o
f the factors that affect 

chronic strain overload injury. T
he m

icro-architecture ofrodent and hum
an skeletal 

quite sim
ilar. 

T
he disadvantage o

f hum
an in vivo testing is the inability to contr, 

activation, inability to rem
ove and dissect the involved m

uscle-tendon groups for s1 
analysis, and determ

ination o
f the histopathological process and the site(s) o

f 
previous studies, the hum

an and rodent response to acute injury resulted in sim
ilar pe1 

decrem
ents, and biochem

ical expression [6]. 

T
his research w

ill focus on the etiology o
f acute and chronic strain overload i 

repetitive strain injury). T
o date, system

atic, quantitative studies o
f acute injury 1 

conducted on both hum
ans and anim

als (rats, rpice, and rabbits) using constan 
m

ovem
ents [7, 9, 2). H

ow
ever, no study to date has investigated the pathophysiolog 

injury due to O
icillatory loading or the resultant c ytokine expression. A

lso, changes 
perform

ance, m
uscle tissue structure, and biochem

ical exp·ression o
f proteins ar 

~
~

ym
es in the serum

 and urine have not been investigated during chronic contractio 
lnJury. 

B
y investigating these phenom

ena, this research program
 should eluc 

pathom
echanics o

f acute and chronic contraction-induced m
uscle injury. 

i. Jn V
ivo R

od
en

t D
yoam

om
etry 

In vivo dynam
om

etry is w
ell suited for the study o

f m
uscle m

echanics in rodent 
.1Y

fl~
om

etry is designed to test the perform
ance o

f a m
uscle group in a relatively no1 

ashion w
here the neural and vascular supply and m

uscle tendon com
plexes are inti 

;u
scte perfonnance is assessed by m

easuring torque about the target joint axis 
~veloped by a specific m

uscle group about the joint axis. T
here are distinct advanl 

~~o ~ynam
om

etry over in situ and iii 
vitro m

odels o
f m

uscle perform
ance a 

b assically, in vitro m
odels (w

here the target m
uscle is excised and placed in a ph) 

ath) w
ere used to test contractile function o

f m
uscle [ I OJ and then later used to i 
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m
uscle injury [ 11 ]. 

W
hile this m

odel provides accurate infonnation about the contractile 
function 

o
f isolated 

m
uscle 

during 
a 

single exposure, 
the 

m
uscle 

is 
physiologically 

com
prom

ised since the neural and vascular supplies have been rem
oved. In addition, the effect 

o
f adjacent agonist 

m
uscles, the effect 

o
f tendon 

m
echanics, 

an
d

 the biom
echanical 

perfonnance about the joint axis cannot be investigated. T
his m

odel is also not suited to
 study 

chronic skeletal m
uscle injury. Ill situ m

odels have been w
idely used to study skeletal m

uscle 
function and injury. In situ m

odels (w
here the distal tendon has been ligated and contractile 

function is assessed at the tendon) w
ere developed such that a target m

uscle could be tested 
w

ith the neural and vascular supplies intact. T
hese studies have provided in-depth inform

ation 
about acute injury m

echanism
s and the im

pact o
n

 m
uscle function (9, 12]. 

H
ow

ever, this 
procedure is invasive and does not assess the biom

echanical perfonnance about the jo
in

t axis 
o

r incorporate the effect o
f agonist m

uscle action. 
T

his m
odel has only been used for acute 

studies due to the invasiveness o
f the preparation. In contrast, in vivo m

odels are w
ell suited 

for the study o
f acute and chronic m

uscle perfonnance and injury due to the intrinsic non­
invasive nature o

f the procedure. 
T

his m
odel is physiologically representative since it allow

s 
for the study o

f m
uscle function via the biom

echanical perfonnance about the joint axis, and 
incorporates agonist m

uscle function and tendon m
echanics. 

T
o

 date, rodent dynam
om

eters have been designed to test either the dorsi llexororplantar 
llexor m

uscles in the low
er lim

b [ 13, 14]. 
M

uscle perfonnance can b
e assessed under both 

static (isom
etric) and dynam

ic (concentric and eccentric) conditions in anesthetized rodents. 
A

lso, the effect o
f dynam

ic param
eters o

n
 skeletal m

uscle injury (velocity, force, range o
f 

m
otion, num

ber o
f repetitions) can be investigated. 

3. A
p

p
aratu

s 

T
w

o rodent dynam
om

eters designed and fabricated at N
IO

S
H

 w
ere specifically designed to 

quantify the static and dynam
ic m

uscle response o
f anesthetized rats in vivo (F

igure I). T
he 

dynam
om

eters w
ere designed to operate in isom

etric (static m
uscle length), isokinetic (m

uscle 
changing length at constant velocity), and controlled non-isokinetic (m

uscle changing length 
during constant o

r changing acceleration) m
odes w

here range o
f m

otion, angular m
otion o

f the 
low

er lim
b, and electrical stim

ulation o
f either the plantar llexor o

r dorsi llexor m
uscles are 

controlled [ 14]. T
he dynam

om
eters have the capability o

f providing isom
etric, shortening, and 

lengthening actions o
f the plantar llexor and dorsi llexor m

uscle groups. T
he platform

 o
f the 

dynam
om

eter is an alum
inum

 table that holds all the testing com
ponents, such as the A

erotech 
D

C
 servom

otor and tachom
eter, a m

icrom
eter-driven anim

al positioning platform
 (positioning 

w
ithin 0.025 

m
m

 w
ith a positional repeatability o

f 0.002 m
m

), 
load cell fixture, and 

potentiom
eter. T

h
e dynam

om
eters w

ere designed for rats to be placed supine o
n

 a heated 
positioning platfonn (to m

aintain each anim
al's body tem

perature) w
ith the foot being placed 

onto a load cell fixture. T
h

e knee is secured in a 1.57 rad (90 degrees , tibial-fem
oral angle) 

orientation by a custom
 designed knee holder. A

 D
C

 servom
otor w

ill provide either isom
etric, 

o
r controlled dynam

ic m
ovem

ents w
ithin the preprogram

m
ed range o

f m
otion w

hile the m
uscle 

group o
f interest is either stim

ulated o
r non-stim

ulated. T
he load cell provides m

uscle output 
forces during the isom

etric and controlled dynam
ic m

ovem
ents in real tim

e. 
C

om
puter 

program
s w

ere developed using L
abview

 softw
are to interface w

ith the operator, com
m

unicate 
w

ith the m
otion controller for control o

f the D
C

 servom
otor, collect data, activate the electrical 

stim
ulator, and display procedural data o

n
 the screen in real tim

e. 

r I I I I I 

R
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F
igure I. 

In V
ivo R

odent D
ynam

om
cter com

plete w
ith anesthesia system

, D
C

 servom
otor, p 

m
icrom

cter,driven anim
al positioning table, load cell fixture and knee holder. 

T
o

 m
easure the m

uscle forces at the plantar surface o
f the foot, an alum

inum
 

fabricated to hold a strain gage load cell (S
ensotec m

odel 13, 25 lb capacity 
non-linearity and hysteresis o

f 0.25%
-0.5%

 full scale) and the anim
al's foot. T

h 
load cell is designed for m

easurem
ent o

f dynam
ic signals w

ith a natural freq uenc: 
and response from

 zero load to full scale (25 lbs rated) in approxim
ately 2

4
 m

illi 

T
o translate the force exerted by the foot into a purely vertical m

ovem
ent re 

load cell transducer, a 4
0

 gram
 rectangular alum

inum
 plate is m

ounted o
n

 four lim
 

(T
H

K
 C

O
, L

T
D

, T
okyo, Japan). 

M
easurem

ent o
f the dorsi llexor forces at the de 

o
f the foot is via a different load cell fixture com

plete w
ith a S

ensotec M
odel 13 le 

tw
o linear bearings (T

H
K

 C
O

, L
T

D
, T

okyo, Japan). E
ach load cell w

as connecte, 
am

plifier/signal conditioner (M
V

D
 2555, H

B
M

 Inc., M
arlboro, M

A
) and 16 bil 

(N
ational Instrum

ents Inc, A
ustin, T

X
) in the host com

puter for sam
pling at 5l 

potentiom
eter, used for angular m

easurem
ent o

f the load cell fixture, has a range
, 

T
h

e potentiom
eter is sam

pled at 500 H
z. 

T
he D

C
 tachom

eter, w
hich is used to record angular velocity o

f the load c, 
connected directly to the D

C
 servom

otor. 
It produces a linear voltage o

f 12 
revolutions per m

inute, w
ith an output ripple o

f 1.5%
 

R
M

S
, a ripple freq1 

cycles/rev, and 0.2%
 linearity. T

he tachom
eter is also sam

pled at 500 H
z. 

E
lectrical stim

ulation o
f the plantar llexor and dorsi llexor m

uscle groups is a, 
G

rass S
D

-9 stim
ulator (G

rass M
edical Instrum

ents, Q
uincy M

A
) and subcutanec 

needle electrodes. 
T

ypical stim
ulation voltages are less than 6 volts w

ith a 0
.2 

pulse duration and 120 H
z stim

ulation frequency. 
S

tim
ulation o

f the m
use! 
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controlled by the com
puter via a single digital line and can be turned on and o

ff as a function o
f 

either tim
e or position o

f the load cell fixture. 

T
he m

otion control o
f the shaft, and consequently the load cell fixture and the rat's foot is 

accom
plished by an D

C
 servo w

ith a 2000 line quadrature output encoder artd U
nidex I 00 

m
otor controller unit (A

erotech Inc., P
ittsburgh, P

A
). 

Isom
etric, isovelocity, and com

plex 
m

otions involving acceleration and jerk are controlled by an A
erotech U

nidex I 00 servo 
m

otion controller. T
he U

nidex I 00 quadruples the quadrature output from
 the encoder on the 

servo for a feedback resolution of8000 counts/revolution to m
onitor shaft position, and contain 

internal P
ID

 loops for adjusting servo perform
ance characteristics. A

fter the host com
puter 

com
m

unicates via an R
S

-232 port the desired m
otion o

f the servo
, the operation o

f the m
otor 

controller is independent o
f the host com

puter. A
n entire series o

f tests can be dow
nloaded to 

the m
otor controller including servo m

otion, delays, and repetition num
ber. 

T
he D

C
 servo m

odel 1410 D
C

 produces a peak torque o
fat least 10 tim

es the m
axim

um
 

torque th\11 a rat can produce via the load cell fixture. A
 rat o

f approxim
ately 400 gram

s should 
be able to exert a m

axim
um

 force o
f 30 N

 [ 14] that produces a corresponding torque o
f 

approxim
ately 

0. 75 
N

-m
. 

T
hese values 

w
ere 

verified 
from

 
anim

al 
testing 

on 
the 

rat 
dynam

om
eter. 

A
s the torque generated by the anim

al is negligible com
pared to the torque 

capability o
f the servom

otor, perform
ance testing and optim

ization o
f ihe m

otor control loop 
can be conducted w

ithout an anim
al. 

4. P
rocedure 

P
rior to 

being tested on the dynam
om

eter, each anim
al (m

ale S
prague D

aw
ley) is 

anesthetized via a com
m

ercially available rodent anesthetic system
 (S

urgivet A
nesco) that 

provides the proper m
ixture o

f oxygen and isoflurane gas. 
A

nim
als are first placed in an 

enclosed "induction" tank that w
as filled w

ith a m
ixture o

f isoflurane gas and oxygen. 
E

ach 
anim

al is then placed supine on the heated x-y positioning table o
f the rodent dynam

om
eter 

[ 14] w
hile a m

ask is placed over the anim
al's nose and m

outh (F
igure I). T

he knee is secured 
in flexion (at 1.57 rad, 90 degrees) using the knee holder. T

he left foot is secured in the load 
cell fixture w

ith the ankle axis (assum
ed to be betw

een the m
edial and lateral m

alleoli) aligned 
w

ith the axis ofrotation o
f the load cell fixture. E

ach anim
al is m

onitored during the procedure 
for 

proper 
anesthetic 

depth. 
T

he 
platinum

 
stim

ulating 
electrodes 

are 
then 

placed 
subcutaneously so as to span either the peroneal nerve (to stim

ulate the dorsi flex ors) or the 
tibial nerve (to stim

ulate the plantar flexors). 

4. 1 Jsom
etric T

esting 

Isom
etric testing o

f either the plantar flexor or dorsi flexor m
uscles is necessary to 

characterize the static perform
ance o

f the m
uscle group. T

o achieve this, the load cell can be 
secured at any ankle angle (0.52 rad -

2.97 rad, 30 -
170 degrees). 

T
he m

uscle group o
f 

interest can be m
axim

ally activated via the electrical stim
ulator for a duration o

f 1.0 second. 
T

he electrical stim
ulator is then deactivated w

hich allow
s for m

uscle relaxation. T
he duration 

o
f the isom

etric contraction can be progranuned to accom
m

odate a variety o
f testing objectives. 

M
uscle fatigue during long term

 isom
etric contractions can be studied w

ith this device. T
he 

dynam
ic m

uscle forces also are recorded such that contraction tim
e, relaxation tim

e, fatigue, 
and m

axim
um

 isom
etric forces can be analyzed. T

hus, the dynam
om

eter is capable ofm
ulti­

positional isom
etric testing w

here m
axim

al isom
etric forces and the dynam

ics o
f m

uscle 
contraction, fatigue, and relaxation can be analyzed

. In addition, isom
etric tests o

f 1.0 second 
duration are used to determ

ine the change in m
uscle perform

ance at selected tim
e points after 

exposure to either long term
 isom

etric contractions, concentric contractions, or oscillator)' 
contractions. 

R
.G
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w

lip er al. I A
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4.2 C
oncentric T

esting 
C

oncentric testing o
f the plantar flexor or dorsi flexor m

uscles is used to charac 
m

uscle perform
ance during dynam

ic m
ovem

ent conditions. 
C

oncentric testing 
dynam

om
eter is accom

plished by m
axim

ally activating the m
uscle group for 150 m

il 
to allow

 for m
axim

um
 force generation. T

h
e load cell is then m

oved via the servo1 
pre-program

m
ed angular velocity (0.52 rad/s -

17.5 rad/s, 30 deg/s -
I 000 deg/s} th 

range o
f m

otion selected (0.17 rad -
2.44 rad, 

10 deg -
140 deg} to allow

 f( 
shortening. 

M
otion is then term

inated and the electrical stim
ulator is deacti, 

m
illiseconds later w

hich allow
s for m

uscle relaxation. 
T

he dynam
om

eter ca 
program

m
ed to 

provide m
ultiple concentric m

uscle actions at varying tim
e in 

determ
ine the effect o

f sequential concentric m
uscle actions and w

ork-rest cycles , 

response. 

4.3 E
ccentric T

esting 
E

ccentric testing o
f the plantar flexor or dorsi flexor m

uscles is beneficial in e 
the response o

f m
uscle actions that have been show

n to be injurious in previous ~ 
hum

an studies. E
cceniric testing is accom

plished via m
axim

ally activating the m
u 

for 150 m
illiseconds. T

h
e load cell is m

oved via the servom
otor at a pre-program

m
 

velocity (0.52 rad/s -
17.5 rad/s, 30 d

eg
/s-

1000 deg/s} through the range o
fm

o
ti( 

(0.17 ra
d

-
2.44 rad, IO

 d
e
g

-
140 deg) to produce active m

uscle lengthening. M
o

l 
term

inated and the electrical stim
ulator is deactivated 150 m

illiseconds later w
hich 

m
uscle relaxation. 

T
he dynam

om
eter can be program

m
ed in a sim

ilar m
anner as for the concentri 

adm
inister m

ultiple eccentric m
uscle actions at varying tim

e intervals to determ
ine I 

sequential high force eccentric m
uscle actions and w

ork-rest cycles on m
uscle inj 

4.4 
O

scillatory T
estillg 

S
ince m

ost occupational tasks require both eccentric and concentric m
uscle 

dynam
om

eter 
w

as 
designed 

to 
also 

accom
m

odate 
oscillatory 

testing 
eccentric/concentric m

uscle actions). O
scillatory testing is accom

plished on the d
) 

by m
axim

ally activating the m
uscle group 150 m

illiseconds before m
ovem

ent is in 
load cell is m

oved via the servom
otor at a preprogram

m
ed angular velocity (0.52 

rad/s, 30 d
eg

/s-
1000 deg/s) and range o

f m
otion (0.17 ra

d
-2

.44 rad, 30 d
e
g

-
I 

reciprocal fashion ( clockw
ise and counterclockw

ise m
otions) w

hile the m
uscle is a 

term
ination o

f the m
otion, the electrical stim

ulator is deactivated w
hich result 

relaxation
. 

D
uring norm

al operations, the dynam
om

eter is program
m

ed to 
successive repetitions. T

he dynam
om

eter is norm
ally program

m
ed to deliver succi 

IO
 repetitions at varying tim

e intervals. 
T

he dynam
ic m

uscle forces during th, 
m

ovem
ents can b

e decom
posed to analyze the isom

etric and eccentric force com
 

their respective decay during the set. 
P

hase shifts in the m
uscle response 

quantified
. 

T
he user can program

 the dynam
om

eter to deliver m
ultiple sets o 

contractions. 
T

he oscillatory procedure has been used reliably in our laborator 
m

uscle injury o
f the dorsi flexor m

uscles. E
vidence offiber necrosis and inflam

m
 

the endom
ysial and pcrim

ysial spaces, indicative o
f m

uscle injury, has resulted a
l 

to oscillatory contractions (F
igure 2). 
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utlip ti al. I A
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nim
al M
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4.5 M
uscle dissection a

n
d

 p
reparation 

U
se o

f a rat m
odel em

ploying the tibialis anterior m
uscle (T

A
) results in a tissue sam

ple 
o

f approxim
ately 800 m

g. supplying adequate sam
ple size to investigate outcom

es w
ith a 

variety o
f techniques such as histology, enzym

e assays and gene expression .. 

Figure 2. U
ninjured T

A
 m

uscle 72 hours after repeated isom
etric contractions (left). Injured T

A
 m

uscle 7
2

 how
> 

after repeated oscillatory contractions (right). H
&

E
 stain w

ith 40x objective. 

S. C
oucluslous 

T
he application o

f in vivo dynam
om

etry to the study o
f the pathom

echanics o
f acute and 

chronic m
uscle injury w

ill provide an accurate and reliable m
eans o

f investigating the causal 
factors and outcom

es o
f m

uscle injury. 
/11 vivo dynam

om
etry provides for control o

f the 
biom

echanical load (force, range o
f m

otion, velocity, num
ber o

f repetitions) and accurate 
assessm

ent o
f the recovery kinetics. T

he relative non-invasiveness o
f the procedure provides 

for longitudinal studies ofskelelal m
uscle injury. T

he application o
f this m

odel to the study o
f 

skeletal m
uscle injury w

ill potentially help in elucidating the causal factors o
f acute and 

chronic skeletal 
m

uscle injury, 
the 

pathogenesis o
f these injuries, 

and 
the 

functional 
ram

ifications. 
F

indings from
 

these studies w
ill hopefully aid in the design o

f better 
preventative strategies to m

inim
ize the occurrence o

f m
usculo-skeletal disorders in the 

w
orkplace. 
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