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ver the last four dec- 
ades, the interest and 
participation of 
women in sports has 
increased. Concur- 

rently, the incidence of injury 
among female athletes has also in- 
creased. Knee and ankle injuries 
have been reported to  occur with a 
disproportionately greater incidence 
among female athletes than their 
male counterparts (4.3 1). Injuries re- 
lated to  overuse, such as patellar ten- 
dinitis, patellofemoral stress syn- 
drome, and fatigue fractures, a re  be- 
coming more apparent among 
female athletes. In sports such as vol- 
leyball and basketball, the transition 
from running to  jumping o r  to  a 
stance position requires well-con- 
trolled muscular activity by the ath- 
lete (19). During the stance phase of 
sports movements, the lower extrem- 
ity undergoes the largest and most 
repetitious forces (3,16,19,23). Fa- 
tigue may promote altered biody- 
namical characteristics during the 
stance phase to  enhance joint stabil- 
ity and protect inert internal tissues, 
such as ligaments (2,10,30,32). Dur- 
ing the stance phase, shock abso rp  
tion is achieved through muscle stiff- 
ness, bony deformation, joint mo- 
tion, and cartilage compression. 
When the stabilizing influence of 
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muscle is not present, inert internal 
tissues such as cartilage and liga- 
ments become more vulnerable to  
abnormal forces (29.32). These 
stresses and the resulting strains in 
muscle, ligaments, joints, and bones 
may lead to structural and functional 
adaptations o r  even tissue destruc- 
tion (3.19,29). Excessive force mag- 
nitudes and/or repetitious forces 
may surpass the capacity and recov- 
ery limits of these tissues and result 
in disruption, o r  irritation followed 
by secondary disruption ( 1  3,22,29). 

This may partially explain the nu- 
merous reports of lower extremity 
injury among female basketball and 
volleyball players ( 1  1,12,14,15,17, 
25.26). Ferretti et  al reported that 
the knee was the most frequent site 
of injury among volleyball players 
( 1  2). Gerberich reported that j u m p  
ing, landing, and twisting upon 
ground contact accounted for 63% 
of all lower extremity injuries and 
6 1 % of total knee injuries among 
volleyball players (1 4). This study 
also reported a predominance of lig- 

Volume 20 Number 3 September 1994 JOSPT 

Jo
ur

na
l o

f 
O

rt
ho

pa
ed

ic
 &

 S
po

rt
s 

Ph
ys

ic
al

 T
he

ra
py

®
 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.jo

sp
t.o

rg
 a

t U
ni

ve
rs

ity
 o

f 
K

en
tu

ck
y 

on
 A

ug
us

t 1
4,

 2
01

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
 C

op
yr

ig
ht

 ©
 1

99
4 

Jo
ur

na
l o

f 
O

rt
ho

pa
ed

ic
 &

 S
po

rt
s 

Ph
ys

ic
al

 T
he

ra
py

®
. A

ll 
ri

gh
ts

 r
es

er
ve

d.



R E S E A R C H  S T U D Y  

amentous injuries in males and patel- 
lofemoral pain in females. Schafle re- 
ported that the ankle was the most 
frequently injured site, comprising 
17% of the total injuries of 1,520 
participants a t  a national volleyball 
tournament (26). Ray e t  al reported 
that ankle injuries comprised 55% of 
the total injuries sustained by 2,7 16 
female high school basketball players 
during one competitive season (25). 

T o  adequately condition and re- 
habilitate the female athlete, infor- 
mation regarding biodynamical fac- 
tors of athletic performance need to  
be obtained. In addition, the effect 
of fatigue on the motor control strat- 
egies implemented during the per- 
formance of functional tasks needs 
to  be evaluated. 

Purpose 

This study was performed to  de- 
termine: 1 )  normal lower extremity 
kinematics and muscle activity dur- 
ing the landing phase of a run and 
rapid stop, 2) the effect of general 
lower extremity fatigue on lower ex- 
tremity kinematics and muscle activ- 
ity during the landing phase of a run 
and rapid stop, and 3 )  the relation- 
ship of lower extremity joint position 
and velocity to  peak passive vertical 
ground reaction force and peak 
braking (posterior) force during the 
landing phase of a run and rapid 
stop. 

METHODS 

Subject Groups and Fatigue Method 

Nineteen University of Kentucky 
women's volleyball o r  basketball 
players (R age 20.8 k 1.8 years, 
weight 7 1.7 + 6.9 kg, 2 height 174 
+ 5 cm) participated in the study. All 
subjects provided informed consent 
according to  federal and university 
guidelines. None of the athletes ex- 
hibited lower extremity problems a t  
the time of the study. T h e  dominant 
lower extremity of each subject, as 
determined by jump preference, was 

tested. Following warm-up, each sub- 
ject was asked to perform three trials 
of a run and rapid stop. A general 
lower extremity fatigue was induced 
via an uphill treadmill walking proto- 
col. Each subject walked at 1.35 m/ 
sec on a 10% grade for 3 minutes. 
Every minute thereafter, the grade 
was raised 2%. T h e  cessation of the 
fatigue protocol occurred when the 
subject stated that they could not 
continue. Following this protocol, 
three trials of a run and rapid stop 
were repeated. Figure 1 depicts run 
and rapid stop performance and 
stance lower extremity instrumenta- 
tion. 

The effect of fatigue 
on the motor control 

sfra tegies 
implemented during 
the performance of 

funcfional tasks needs 
to be evaluated. 

Kinematic and Kinetic Analysis 
Instrumentation 

Performance of each run and 
rapid stop maneuver was videotaped 
with three 200-Hz cameras (Model 
HVRB-2000, NAC, Inc. Tokyo, Ja- 
pan). Retroreflective markers a p  
proximated the position of the shoul- 
ders (acromion process), hips 
(greater trochanter), knees (mid- 
lateral joint line), ankles (anterior 
joint line), and feet (dorsal third 
ray). T h e  video data were collected 
using the Expert Vision software 
package (Motion Analysis Corpora- 
tion, Santa Rosa, CA) on a micro- 
computer (Model 31260, Sun Micro- 
systems, Inc., Mountain View, CA). 
Two  cameras were located anterior 
to  the subject on each side of the 
runway, and a third camera was posi- 
tioned to  provide a sagittal view of 

the subject. Each camera was strate- 
gically placed so all retroreflective 
markers could be viewed by a t  least 
two cameras throughout each run 
and rapid stop trial, enabling three- 
dimensional kinematic analysis. T h e  
representation of each marker in at 
least two cameras is a requirement of 
the Direct Linear Transformation 
procedure (1.27). Calibration of the 
three-dimensional space and place- 
ment of the anatomical reference 
markers were performed according 
to the Direct Linear Transformation 
procedure ( I  ,27). Dominant lower 
extremity landing impact forces were 
collected from a force platform 
(Model 926 1 A, Kistler Instrumenta- 
tion Corp., Winterthur, Switzerland) 
a t  a sampling rate of 2,000 Hz, with 
amplified analog signals input to an 
analog-to-digital board (Model DT- 
282 1-F-16SE, Data Translation, 
Marlboro, MA) and stored on a PC- 
A T  type computer (Northgate Com- 
puter Systems, Inc.. Plymouth, MN). 
Figure 2 depicts representative peak 
passive vertical ground reaction 
force and peak braking force follow- 
ing landing heelstrike of the run and 
rapid stop. 

Electromyographic Analysis 
Instrumentation 

Following alcohol-swab skin 
preparation, each subject had silver- 
silver chloride surface electrodes 
with on-site preamplifiers (Model D- 
100, Therapeutics Unlimited, Iowa 
City, IA) placed over the central 
muscle belly of the following muscles 
of the dominant lower extremity: 1 )  
rectus femoris. 2) vastus lateralis, 3 )  
biceps femoris, 4) medial hamstrings, 
and 5) medial gastrocnemius. Prior 
to  run and rapid stop performance, a 
manual muscle test was performed 
for each muscle to  record electro- 
myographic (EMG) activity during a 
maximal voluntary contraction (5). 
An EMG "quiet file" was also re- 
corded for each muscle to  determine 
baseline EMG activity. All EMG data 
were collected synchronously with 
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R E S E A R C H  S T U D Y  

FIGURE 1. Subject landing on force platform during the run and rapid stop maneuver with reflective markers in 
place and electrode leads secured. 

reaction force (dotted line). 
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force and video data. The  EMG data 
were sampled at 2,000 Hz, with an 
eight-channel EMG amplifier (Model 
EMG-67EMG Amplifier Processor, 
Therapeutics Unlimited, Iowa City, 
IA) input to the same analog-to-digi- 
tal board described earlier and 
stored on a PC-AT type computer. 

The  onset of muscle activity for 
each trial was determined using 
Asyst v.2.1 software (Macmillan Soft- 
ware Co., New York, NY) and the 

1 

1 
1 I I I I I I I 

following protocol (1 8): First, a 
threshold voltage for each muscle 
onset was calculated from the "quiet 
EMG file." The mean and standard 
deviation of the rectified signal were 
determined. The  threshold voltage 
(V,) required for muscle onset was 
then calculated from the equation: 

0.00 0.09 0.19 0.28 0.38 0.47 0.57 0.66 0.76 0.85 0.95 1.04 

Time (seconds) 
FIGURE 2. Representative peak passive vertical ground reaction force (solid line) and peak braking ground 

The onset of muscle activity was 
evaluated by comparing discrete data 

point values (Vi) in a point-by-point 
fashion to the threshold voltage. 
When a discrete data point value was 
found such that Vi > V,, a 25-msec 
(50-point) window of data immedi- 
ately adjacent to the point was evalu- 
ated. When the mean voltage within 
the window exceeded V,, the initial 
data point value was considered to 
represent the onset of muscle activ- 
ity. When the mean voltage within 
the window was less than V,, the 
data point value was considered to 
be a random spike or artifact and the 
next data value was evaluated. After 
all of the muscle activity onset values 
were determined, the window of ac- 
tive EMG that corresponded most 
temporally with landing heelstrike 
was determined. This procedure was 
repeated for each muscle in each 
trial. 

Statistical Methods 

Descriptive statistics, including 
means and standard deviations, were 
obtained for all variables. A repeated 
measures analysis of variance 
(ANOVA) design was used to evalu- 
ate the effect of fatigue on kinetic/ 
kinematic variables. Paired, two- 
tailed t tests were performed to eval- 
uate the unfatigued vs. fatigued ef- 
fects on individual muscle activity 
onset prior to heelstrike. 

Stepwise maximum R 2  multiple 
regression was performed with domi- 
nant hip, knee, and ankle positions 
and velocities [at peak passive verti- 
cal ground reaction force and peak 
braking (posterior) force] as inde- 
pendent variables and peak passive 
vertical ground reaction force and 
peak braking (posterior) force as de- 
pendent variables. Dynamic maneu- 
vers, such as a run and rapid stop, 
reportedly demonstrate a significant 
causal relationship between kine- 
matic variables at the hip, knee, and 
ankle joints and peak ground reac- 
tion forces (7.8). A nontraditional 
probability level of P < .1 was chosen 
for all statistical procedures to dem- 
onstrate general tendencies or trends 
toward statistical significance (2 1). 
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R E S E A R C H  S T U D Y  

RESULTS 
Mean time until volitional cessa- 

tion of the fatigue protocol was 
14.59 + 3.6 minutes (range 1 1.3-23 
minutes). Table 1 shows dominant 
lower extremity peak passive vertical 
ground reaction force; peak braking 
force; joint position and angular ve- 
locity of the hip, knee, and ankle a t  
time of peak passive vertical ground 
reaction force; approach velocities; 
and time from landing heelstrike to  
maximum knee flexion for the un- 
fatigued and fatigued conditions. 
T h e  probability value (p )  for each 
parameter is also presented. 

Stepwise maximum R 2  multiple 
regression of all dominant lower ex- 
tremity kinematic variables found 
unfatiguedlfatigued regression coef- 
ficients for ankle angle (-776.41 
5,254.1), knee angle (146.71 
-1,781), and knee velocity (50.41 
123) a t  landing to be the best predic- 
tors of peak passive vertical ground 
reaction force [(R' = .388, C(P) = 
2.2, F = 3.4, p I .04)/(R2 = .764, 
C(P) = 2.1, F = 17.8, p 5 .000 I)]. 
Mallow's C(P) statistic is a criterion 
for discriminating between regres- 
sion models. This statistic considers 
both variance and bias in helping to  
select a regression model (lowest 
value) that best controls for overfit- 
ting o r  underfitting (2 1). T h e  multi- 
ple regression models of maximum 
R2 and minimal C(P) were: 

Unfatigued peak passive vertical 
ground reaction force = 1,842 
+ -776.4 (ankle angle) + 146.7 
(knee angle) + 50.4 (knee velocity) 

Fatigued peak passive vertical 
ground reaction force = -2,703 
+ 5,254.1 (ankle angle) + - 1,78 1 
(knee angle) + 123 (knee velocity) 

Multiple regression did not find un- 
fatiguedlfatigued regression models 
that were predictive of peak braking 
force. 

Table 2 shows the means and 
standard deviations of the onset of 
muscle activation prior to  landing 
heelstrike during the run and rapid 
stop for the unfatigued and fatigued 

Unfatigued Fatigued 

Ti SD x SD 
P 

Approach velocity 
PPVGRF 
PBF 
Hip angle (PWGRF) 
Hip velocity (PWGRF) 
Knee angle (PWGRF) 
Knee velocity (PWGRF) 
Ankle angle (PWGRF) 
Ankle velocity (PPVGRF) 
Landing heelstrike time 

to maximum knee 
flexion 

4.15 mlsec 
2.35 BW 
1.35 BW 
49' 
160 "sec 
36' 
469'/sec 
51" 
160e/sec 
.235 sec 

3.92 mlsec 
2.97 BW 
1.57 BW 
48" 
183*/sec 
35" 
503 "sec 
52" 
74'/sec 
.2 17 sec 

PPVCRF = Peak passrve vertrcal ground reactron force. 
PBF = Peak brakrng (posterior) force. 
BW = Body weight. 

TABLE 1. Means, standard deviations, and p values of selected parameters. 

-- 

Unfatigwd Fatigued 

Rectus femoris -88.8 60 -55.9 34 <.01 
Vastus lateralis -121.3 81.6 -81.4 37.1 <.06 
Biceps femoris -1 14.9 83 -87.1 77.8 C.08 
Medial hamstrings -155.1 77.7 -115.6 77.3 C.08 
Medial gastrocnemius -91.2 60.6 -77.5 54.4 .2 

TABLE 2. Means, standard deviations, and p values of muscle activity onset with respect to landing heelstrike 
(in msec). 

conditions and the probability value 
for each parameter. 

During the fatigued run and 
rapid stop trials, the onset of muscle 
activation of the rectus femoris, vas- 
tus lateralis, biceps femoris, and me- 
dial hamstring muscles tended to oc- 
cur later than during the unfatigued 
run and rapid stop trials ( p  I .OS). 
This occurred in the absence of dif- 
ferences between unfatiguedlfa- 
tigued approach velocities, peak pas- 
sive vertical ground reaction force, 
peak braking force, joint position, o r  
joint velocities a t  time of peak pas- 
sive vertical ground reaction force ( p  
> .I). Concurrently, maximal knee 
flexion angle tended to  occur earlier 
( p  5 .09) during the fatigued run 
and rapid stop trials than during the 
unfatigued run and rapid stop trials. 

DISCUSSION 

T h e  peak passive vertical ground 
reaction force generated a t  landing 

heelstrike is transmitted proximally 
through the lower extremity's mus- 
culoskeletal system. T h e  magnitude 
and repetitiveness of these forces 
may be related to  overuse injuries, 
degenerative changes in joints, and 
low back pain (20,29). Nigg sug- 
gested that peak impact forces dur- 
ing running decrease as knee flexion 
angle at touchdown increases (22). 
Greater knee flexion angles during 
the stance phase of demanding func- 
tional activities, such as cutting ma- 
neuvers, have been reported to in- 
crease the effectiveness of the thigh 
musculature as dynamic stabilizers of 
the knee to prevent excess shear 
forces (2,30). 

Unlike running o r  a run-land- 
vertical jump progression, the run 
and rapid stop is terminated by a 
rapid stoppage of the movement as 
the eccentric action of the quadri- 
ceps femoris, hamstrings, and gas- 
trocnemius-soleus muscles decelerate 
the horizontal velocity of the body 
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R E S E A R C H  S T U D Y  
. - - - 

(6,9,16). Movement patterns that 
terminate with passive vertical/brak- 
ing ground reaction forces and ec- 
centric muscle actions may present 
different biodynamical characteris- 
tics than cyclical, continuous move- 
ment patterns, which present a 
succession of concentric-eccentric- 
concentric lower extremity muscle 
action (9.29). T h e  biodynamical 
characteristics of primary impor- 
tance, as determined by this study, 
may be the onset of muscle activa- 
tion and the timing of maximal knee 
flexion. 

T h e  central nervous system ma- 
nipulates the mechanical properties 
of muscle to enhance the perform- 
ance of differing maneuvers (9). O u r  
previous findings noted that muscle 
activation occurs earlier during the 
performance of running and a run- 
land-vertical jump progression in the 
presence of fatigue (28). Maneuvers 
such as running o r  a run-land-verti- 
cal jump progression are  greatly de- 
pendent upon the spring-like proper- 
ties provided by a relatively stiff 
(positive stiffness) muscle. This 
enhances the absorption, storage, 
and release of elastic energy. Muscle 
stiffness is characterized by resist- 
ance to external loads on a muscle o r  
muscle group as it deforms. Fatigue 
has been reported to  result in an ear- 
lier onset of lower extremity muscle 
activation for each of these maneu- 
vers (9.28). 

In contrast, the run and rapid 
stop maneuver is greatly dependent 
upon the shock absorption or damp- 
ing properties of muscle. Damping is 
characterized by resistance to the 
speed of deformation. Lower muscle 
stiffness (negative stiffness) present 
during this type of maneuver is re- 
portedly caused by submaximal al- 
pha motor neuron activation, the 
suppression of motor neuron dis- 
charge frequency, o r  both, resulting 
in a segmented EMG signal (9). 
These findings may partially explain 
the results of our  study. Perhaps the 
delayed onset of muscle activation 
found during fatigue for the rectus 

femoris, vastus lateralis, biceps femo- 
ris, and medial hamstring muscles 
and the earlier achievement of maxi- 
mal knee flexion are  compensations 
to  enhance shock absorption/damp 
ing, thereby protecting the knee. 
Previous studies have identified the 
knee extensors as important dynamic 
restraints against excessive anterior 
shear forces of the femur on the 
tibia (2, 30). These same studies 
found that anterior-cruciate-liga- 
ment-deficient subjects presented in- 
creased knee flexion angles during 
the stance phase of a side-step o r  
cross-over cut maneuver to  enhance 
the dynamic stabilizing capability of 
the knee extensors (2.30). 

Since the run and rapid stop ma- 
neuver occurs primarily in the sagit- 

- - 

Maximal knee flexion 
angle tended to occur 

earlier during the 
fatigued run and rapid 
stop trials than during 

the unfatigued run 
and rapid stop trials. 

tal plane, the need for the biceps 
femoris and medial hamstring mus- 
cles as dynamic medial o r  lateral ro- 
tary stabilizers is reduced. T h e  me- 
dial hamstring muscles and the long 
head of the biceps femoris muscle 
act across both the hip and knee. 
Since each originates from the ischial 
tuberosity of the pelvis, each can ef- 
fectively act as a dynamic trunk sta- 
bilizer by controlling trunk flexion. 

General lower extremity fatigue, 
as produced by our  protocol, may 
also promote changes in ankle and 
knee deceleration strategies (24). 
Step-wise, maximum R' multiple 
regression demonstrated an extreme 
reversal in the sign and magnitude 
of the regression coefficients of an- 

kle and knee angle as predictors of 
peak passive vertical ground reaction 
force during the fatigued condition. 
During the unfatigued condition, as 
ankle angle at peak passive vertical 
ground reaction force increased, an 
attenuation effect (-776.4) on this 
force occurred. During the fatigued 
condition, as ankle angle at peak pas- 
sive vertical ground reaction force 
increased, an intensifying effect 
(5,254.1) on this force occurred. In 
contrast, during the unfatigued con- 
dition, as knee angle at peak passive 
vertical ground reaction force in- 
creased, a lesser intensifying effect 
(146.7) on this force occurred, while 
an attenuation effect (- 1,78 1) on 
this force occurred during the fa- 
tigued condition. This finding sug- 
gests a relative reversal of roles as 
peak passive vertical ground reaction 
force attenuators at the knee and an- 
kle during the fatigued condition, 
with the knee playing the primary 
role as peak passive vertical ground 
reaction force attenuator. This may 
further explain the presence of later 
onset of muscle activation and the 
earlier occurrence of maximal knee 
flexion during fatigue when per- 
forming the run and rapid stop ma- 
neuver. 

SUMMARY 

Movement patterns that termi- 
nate with passive vertical/braking 
ground reaction forces and eccentric 
muscle actions may demonstrate 
biodynamical characteristics that dif- 
fer from more cyclical, continuous 
movement patterns, which present a 
succession of concentric-eccentric- 
concentric lower extremity muscle 
activation. This study found that run 
and rapid stop performance follow- 
ing fatigue showed trends toward 
later rectus femoris, vastus lateralis, 
biceps femoris, and medial ham- 
strings onset of muscle activation 
and earlier occurrence of maximal 
knee flexion. Differences in the on- 
set of muscle activation and the oc- 
currence of maximal knee flexion 
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The run and rapid 
stop maneuver is 
greatly dependent 

upon the shock 
absorption or damping 
properties of muscle. 

may occur to enhance damping/ 
shock absorption and knee stabiliza- 
tion in the presence o f  fatigue. Fur- 
ther studies that include training pe- 
riods for test maneuvers and a fa- 
tigue method that more closely 
approximates specific sports per- 
formance are recommended. JOSPT 
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