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Welcome!

On behalf of the Local Organizing Committee, we extend to you our warmest welcome to
the 23rd Annual Meeting of the American Society of Biomechanics! We have put our hearts
(and elbow grease!) into the preparations for hosting this meeting, and we sincerely hope
that you will find everything to your satisfaction. If there is anything we can do to make
your participation in this meeting more rewarding or to make your stay in Pittsburgh more
enjoyable, please let us know, and we will do our best to help you. In the meantime, we
look forward to meeting new friends at this meeting and to being reunited with our many
friends from meetings past.

Welcome to Pittsburgh--Let's have some fun!

% L—-/m: s

Savio L-Y. Woo, Ph.D., D.Sc. Lars G. Gilbertson, Ph.D.
Meeting Co-Chair Meeting Co-Chair
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THE FUNCTIONAL BIOMECHANICS OF THE ANTERIOR CRUCIATE
DEFICIENT KNEE

Thomas P. Andriacchi', Eugene J. Alexander!, and Debra Hurwitz?
Division of Biomechanics, Stanford University, Stanford, CA 94305-3030
*Department of Orthopaedic Surgery, Rush-Presbyterian-St. Luke's Medical Center,
1653 West Congress Parkway, Chicago, IL 60612

INTRODUCTION

The anterior crudiate ligament is one of the four
major ligaments of the knee. It provides
primary restraint to anterior displacement of
the knee, as well as rotational stability (3). It
is also the most frequently injured major
ligament of'that joint. Rupture of the anterior
cruciate ligament (ACL) of the knee is a
common sports injury(4).

Treatment of the ruptured anterior cruciate
ligament is often complicated by the difficulty
in predicting from passive phy sical
examination of the knee which patients will be
functionally impaired by the loss of this
ligament and which patients will have minimal
sy mptoms. The neuromuscular sy stem can
play an important role in providing dy namic
stability through altering patterns of muscle
firing during locomotion (2). Thus, a functional
test that provides a measure of dy namic
stability duringwalkingor other activities
would be important in assessing function in the
ACL deficient knee. The purpose of this
study was to develop and apply a dynamic
measurement method for evaluation of
dynamic anterior — posterior (AP) stability
during walking. The method was applied to
the study of normal subjects and patients
with anterior cruciate deficient knees.

MATERIALS AND METHODS

The AP motion of the knee was measured
using a point cluster method to determine the
six degree of freedom motion of the femur
with respect to the tibia (1). The position of
the origin of the femoral coordinate system
described above was used to quantify AP

translation of the femur with respect to the
tibial coordinate system (1). The AP
displacement of the femur on the tibia during
the gait cycle was quantified by the
displacement of point Fp (midpoint of

transepicondylar axis) (Figure 1.)
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Figure 1. The location of the femoral and tibial
origins used to quantify AP motion of the
femur relative to the tibia,

Seven ACL-deficient knees and seven normal
knees were tested in the gait laboratory. No
patient had radiographic evidence of
degenerative joint disease in either knee. None
of the patients had developed the
neuromuscular adaptations associated with a
reduced the quadriceps moment during
walking,
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Knee kinematics (6 degrees of freedom) were
measured using the previously described
point-cluster method as subjects walked at
self-selected speeds of slow, normal, and fast.

RESULTS

The pattern of AP movement of the femoral
origin relative to the tibia had several
characteristics common to all subjects. At
heel strike 4 Pysthe femur is located posterior
on the tibia. At mid-stance the femur moves
anterior as the knee flexes and continues to
move anterior as the knee extends to terminal
extension (#3). The maximum anterior position
(AP,ax ) typically occurs during swing
phase. The maximum AP displacement during
the gait cycle was significantly greater
(p<.002) for the injured group (2.2 %
0.5cm) than for the control group (1.3 +
0.4cm). The heel strike stance phase
displacement (4Py) was also significantly
greater (p<0.04) for the injured group (1.4

0.4) than for the control group(1.0 £ 0.3).
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Figure 2. The curve depicts the typical
characteristics of the AP motion of the femur
with respect to the tibia.

DISCUSSION

The physical interpretation of the anterior-
posterior position of femur with respect to
the tibia provides some interesting insights
into the relative tibiofemoral contact

movement over the gait cycle. At heel strike
the results of this study demonstrate that the
femur is posterior displaced with respect to
the tibia. This finding is reasonable in the
context of the loads that occur at heel strike.
Typically, as the foot strikes the ground there
is an anteriorly directed force on the tibia at
the heel. Simultaneously prior to heel strike,
the quadriceps muscles are firing which will
also produce an anterior force on the tibia
with the knee at full extension. The swing
displacement is important since it is primarily
caused or controlled by muscle contraction.

These findings provide a basis for the
dynamic evaluation of anterior-posterior
stability of the knee joint. In addition, it
points out the importance of relating knee
kinematics to the particular dynamic function
when attempting to describe tibiofemoral
kinematics.
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INVIVO MEASUREMENT OF ACL STRAIN BIOMECHANICS

Braden C. Fleming, Bruce D. Beynnon
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McClure Musculoskeletal Research Center
University of Vermont, Burlington VT 05405
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Many factors have been associated with
destruction of articular cartilage of the knee
joint; however, only trauma such as that
associated with disruption of the anterior
cruciate ligament (ACL) has been shown to
initiate osteoarthritis. At this time, the
diagnosis, treatment, and rehabilitation of an
ACL injury remain an enigma. Thus, it is
important to study the function of the ACL
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in an effort to optimize its freatment, Over
the last ten years, we have developed a
technique to measure ACL strain in human
subjects to resolve some of the controversies
about ACL function and rehabilitation. The
focus of this presentation is to review the
studies where the ACL strain response has
been evaluated during passive loadings (no
muscle activation), under weightbearing
conditions, and under a variety of muscle
controlled activities commonly prescribed
following ACL injury or reconstruction.

Participants in these studies have been
volunteers with normal ACLs who were
undergoing diagnostic arthroscopy under
local anesthesia. This permitted subjects full
control of their musculature. All subjects
had normal knees with no history of knee
ligament trauma. After the surgical
procedure was complete, a Differential
Variable Reluctance Transducer (DVRT)
was implanted on the anteromedial band of
the ACL to measure it’s displacement
pattern and calculate strain behavior .

ACL strain was determined during various

Web: www.vtmednet.org/~g136911/

passive loading conditions: passive flexion-
extension motion of the knee (PFE)?, and
under anterior-posterior directed shear loads
3 internal-external torques *'°, and varus-
valgus moments '* applied externally to the
tibia relative to the femur. It has been argued
that the ACL is a restraint to all of these
loading conditions. Our findings suggest that
the ACL remains unstrained during PFE as
the knee is extended from 90° to 10° with
the thigh horizontal. This result was
expected since the gravity vector contains a
posteriorly directed component throughout
most of this range of knee motion. PFE from
10° to full extension increased ACL strain.
Anterior directed shear loading produced
strain values that were greater when the
knee was at 30° when compared to 90°>°,
These data verify that the ACL is a primary
restraint to anterior tibial translation and
explain the increased sensitivity of the
Lachman test compared to the drawer test in
detecting ACL injuries. We determined that
significant ACL strains were produced with
the application of internal torques but not
external torques while neither varus nor
valgus moments strained the ACL with the
knee at 20° of flexion '°. These data question
the percieved role of the ACL in resisting
these latter loads.

Knee joint stability is maintained by a force
balance between the ligaments, muscles,
articular contact, and body weight: therefore
it is also important to study the ACL during
. . .- 6,10 . .
weightbearing conditions ™. Application of
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bodyweight requires the activation of the leg
musculature to maintain equilibrium in a
flexed knee. Previous investigations have
reported that weightbearing provides a
protective mechanism to the ACL or ACL
graft since the articulating condyles are
forced together and muscle co-contraction is
utilized. We found a significant increase in
ACL strain with the application of the
compressive load produced by bodyweight
as compared to the unweighted condition
with the knee at 30° and 20° of flexion.
These findings suggest that the quadriceps
muscles are dominant in maintaining
equilibrium and have important clinical
ramifications in the use and development of
rehabilitation protocols following ACL
injury or ACL reconstruction.

We have also evaluated the effects of
muscle activation during commonly
prescribed rehabilitation activities on ACL
strain >"*°, These exercises included
quadriceps dominated activities, hamstrings
dominated activities, and exercises that
involved co-contraction of the quadriceps
and hamstrings with and without weight
bearing. Exercises that produced low strain
values were dominated by the hamstrings
muscle group, incorporated contraction of
the quadriceps muscles with the knee flexed
at 60° or more, or involved simultaneous
quadriceps and hamstrings contraction.
Quadriceps dominated activities with the
knee between 50° and full extension
produced higher strains. We recently
determined that the maximum ACL strain
values produced during squatting; a closed-
kinetic-chain exercise, were similar to those
produced during active extension of the
knee; an open-Kinetic-chain exercise 7. The
similarity of ACL strain response during
these two common rehabilitation exercises
calls into question whether or not we should
consider exercises to be either safe or unsafe
for an ACL graft based on the commonly

used closed- and open-kinetic-chain
terminology. In addition, we determined that
the ACL strains produced by squatting were
unaltered with the application of elastic
resistance (the Sport Cord) designed to
increase the muscle activity about the knee.
This finding demonstrates that increasing
resistance in an effort to strengthen the leg
muscles during the squat exercise does not
produce a significant increase in ACL strain
values. This is in contrast to our earlier
investigations that revealed increasing
resistance during open-kinetic-chain, active
flexion-extension of the leg created a
significant increase in ACL strain values ’,

A method has been developed to investigate
the contribution of the ACL in knee joint
function. Although these measurements
have been performed on subjects with
normal ACLs, these data provide useful
insight into the effect that various forces
have on a properly positioned ACL graft.
Thus, these data have been helpful in
designing prospective randomized clinical
studies evaluating the effects of different
rehabilitation programs on graft healing.
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ROLE OF NEUROMUSCULAR CONTROL IN FEMALE ACL INJURIES
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INTRODUCTION

The incidence of non-contact anterior
cruciate ligament (ACL) injuries in females
has attracted attention to the dynamic
restraint mechanism and its role in
protecting capsuloligamentous structures
from excessive joint loads (Ireland, 1997).
The capacity of the dynamic restraint
mechanism is dictated by several
neuromuscular characteristics including
proprioception, preparatory and reactive
muscle activation, muscle stiffness, muscle
force production and flexibility (Beard,
1993, Branch, 1989, McNair 1992, Wojtys,
E., Huston, 1994). There is also reason to
believe that an interaction between factors
such as joint laxity and fatigue may alter the
neuromuscular system and influence the
dynamic restraint mechanism. However,
little objective data exists to support that any
of the proposed mechanisms definitively
influences ACL injuries in the female. The
purpose of our series of studies was to
develop a neuromuscular profile of these
characteristics in healthy and pathologic
joints of both female and male athletes in an
attempt to identifying aberrations of the
dynamic restraint mechanism that preclude
joint stability. Once the roles of these
neuromuscular characteristics are defined
relative to joint stability, appropriate
intervention programs can be initiated for
the prophylaxis, and reconditioning of a
pathological joint.

PROCEDURES

Four groups were studied and included: 17
healthy female (mean age 18.9 £ .9 years)
and 17 healthy male (mean age 20.4 + 1.7
years) intercollegiate basketball and soccer
players; 12 functionally stable ACL
deficient female athletes (ACLD) (mmean age
=25.2 £ 7.3 years) and 12 control females
(mean age = 22.7 + 4.0 years). The
neuromuscular profile included assessment
of kinesthesia and joint position sense using
a specially designed proprioception testing
devise; anterior knee joint laxity assessed
by KT-1000; electromyographic (EMG)
activity of the hamstrings, gastrochnemious,
and quadriceps during functional landing
and hopping tasks and during gait, as well as
EMGQG recorded latencies in response to
sudden joint perturbation; active hamstring
muscle stiffness by modeling the lower
extremity after single degree of freedom
mass spring system ; isometric and
isokinetic peak torque and time to peak
torque; and hamstring flexibility. The group
of healthy female and male athletes were
subjected to a fatigue protocol that included
three bouts of knee flexion and extension
isokinetic exercise until which time that 3
consecutive repetitions fell below 25% of
the knee extensor peak torque.

RESULTS

Significant (p<0.05) mean differences
between the healthy female and male

athletes were revealed for anterior knee joint
laxity (females 6.05 * 1.46; males 4.80 +
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1.53); proprioception testing during
kinesthesia assessment of knee extension
(female 2.95°+ 1.4, males 2.11° £ .63); peak
lateral hamstring EMG during landing
(female 156.0 + 72.6, male 84.8 = 43.4), and
area of lateral hamstring EMG (female 10.8
+ 8.3, male 2.8 £ 2.6) during landing.
Muscular fatigue resulted in significant
(p<0.05) delays in kinesthesia and onset
time for the medial hamstings and lateral
gastrochnemius in both the male and female
groups. Fatigue also resulted in significant
increases in the area of EMG activity in the
vastus medialis and vastus lateralis of both
groups. There were not significant between
group differences. The ACLD females
exhibited significantly (p<0.05) increased
area of preparatory muscle activity in the
lateral hamstring prior to landing

and lower hamstring muscle stiffness. The
ACLD group also demonstrated greater
flexion peak torque and torque at .2 seconds
for isometric and isokinetic knee flexion
when compared to controls (p<0.05). In
addition, less time was required to attain
peak torque in knee flexion and ACLD
females had significantly less hamstring
flexibility. No significant differences were
identified in the area of reactive muscle
activity during landing or the onset time of
reflexive muscle activity after joint
perturbation.

DISCUSSION

These studies demonstrate that female
athletes participating in high-risk sports for
ACL injuries inherently possess excessive
laxity and diminished proprioceptive

qualities compared to matched male athletes.

Additionally, these results suggest that the
females possess dynamic characteristics that
are different than males in an attempt to
stabilize the knee during functional
activities. Following injury these
adaptations appear to be heightened in the

absence of mechanical stability. The
significant increase in preparatory activity of
the lateral hamstring suggests that ACLD
females use feed-forward processing to
preprogram muscle activation strategies.
Isometric and isokinetic strength results
suggest that ACLD subjects possess
adaptations to the hamstring muscle group
that permit them to produce greater force, in
a shorter period of time, therefore increasing
dynamic restraint. While we continue to
hypothesize that there may be a gender by
fatigue interaction related to the incidence of
ACL injury these studies did not
demonstrate that fatigue had a selective
effect by gender. However, since the female
athletes appear to be more reliant on
dynamic mechanisms for stability during
functional activities the effects of fatigue
may be more pronounced than in the males.
The role of fatigue related to neuromuscular
mechanisms of joint stability warrants
further investigation.
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ON THE PATELLOFEMORAL JOINT BIOMECHANICS
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INTRODUCTION

The etiology of patellofemoral disorders, a
common knee problem, has been attributed
to excessive stresses associated with
abnormal patellofemoral joint mechanics
and patellofemoral contact pressures.
Selective strengthening of the Vastus
Medialis (VM) muscle is a form of
conservative treatment utilized to address
some of these problems. The objective of
this study was to examine the effects of
varying VM strength on patellofemoral joint
kinematics, contact pressures and areas at
different knee flexion angles.

METHODS

Five fresh-frozen cadaveric knees were
used, dissected free of all soft tissue except
the joint capsule and quadriceps mechanism.
All knees were mounted and tested on a
custom knee jig which allows variation of
the knee flexion angle tibial rotation with 5
degrees of freedom (3 translational and 2
rotational). Anatomically based loading of
the quadriceps was utilized (1). In the 100%
VM condition the muscles were loaded as
follows: Vastus Medialis 67N, Vastus
Lateralis (VL)) 98N, Rectus Femoris/Vastus
Intermedius (RF/VI) 111N, Iliotibial Band
(ITB) 27N. Subsequent VM conditions were
taken as a percentage of the force used on
VM at the 100% VM condition (0%, 50%,
75%, 125%, and 150%) while keeping the
forces on the VL, RF/VI, and I'TB constant.

Contact area and pressure were measured
using pre-scale pressure sensitive Fuji film
(super-low). Patellofemoral kinematics were
measured using a Flock of Birds system,
which provided three-dimensional motion
tracking of the patella relative to the femoral
epicondylar axis (2). Data was collected at
0, 30, 60, and 90° of knee flexion. All

results were compared to the 100% VM

condition using multivariate ANOVA.,
RESULTS

For patellofemoral contact pressures, an
increase of 50% or a decrease of 100% in
VM strength resulted in a statistically
significant (p<0.05) increase in pressure
when all knee flexion angles were grouped
together (Figure 1). When looking at the 5%
peak pressure significance was shown only
when the VM strength was decreased by
100% and the knee flexions were grouped
together. There was no statistical significant
differences shown in the patellofemoral
contact areas (p>0.8). The patellar medial to
lateral translation showed significance at 0%
VM for 0°, 30°, 60°, and 90° of knee flexion
and when all knee flexions were grouped
together (overall), at 50% VM for 0° and
overall, at 150% VM for 30° and 60° of
knee flexion (Figure 2). The anterior
translation showed significance at 0% VM
for 30°, 60°, and overall, at 50% VM and
150% VM for 60° of knee flexion. There
was no significance for anterior translation
at 0° or 90° of knee flexion. The superior
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translation showed significance at 0% VM
for 0°, 60°, and overall, at 50% VM for
overall, at 150% VM for 30° and overall,
and at 75% VM for 30° of knee flexion.
There was no significance in superior
translation at 90° of knee flexion.

DISCUSSION

The findings from this study showed that
statistically significant changes in
patellofemoral contact pressures can only be
achieved by decreasing the force on the VM
by 100% or increasing by 50%. The peak
patellofemoral contact pressures required a
complete removal of the VM force as in VM
paralysis to show a statistical difference
from 100% VM condition. The results also
indicate that an increase or decrease in VM
force of 50% is required to statistically
change patellar kinematics (medial, anterior,
or superior). The kinematic data was
influenced by knee flexion angle, for
example when looking at anterior to
posterior translation no significance was
seen at the 0° or 90°, but there was
significance at 30° and 60° for 0% VM.

Clinically, isolated strengthening of the
Vastus Medialis is prescribed in conjunction
with Iliotibial band stretching and patellar
mobilizations, focusing on stretching the
lateral retincaculum, for the treatment of
anterior knee pain. This study did not show
significant changes in patellofemoral joint
biomechanics with an increase or decrease
of 25% in the VM strength, a minimum of
50% change in the VM strength was
required to significantly alter the
patellofemoral joint contact pressures and
kinematics.
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Figure 1: Histogram showing patellofemoral
contact pressures with respect to % VM
strength.

Medial Patellar Translation

- ()°

-o- 30°
Ero =+ 60°
- 90°

-40 T T T T T T
0% VM 50% VM 75% VM 100% VM 125% VM 150% VM

Loading Condition
* statistically significant difference compared to 100% VM

Figure 2: Graph showing medial patellar
translation with respect to % VM strength.
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INTRODUCTION

It has been documented that female athletes
are at a higher risk of anterior cruciate
ligament (ACL) injury than their male
counterparts (Arendt & Dick, 1995). The
mechanisms for these injuries are typically
non-contact and often associated with rapid
decelerations, as observed in landing from a
Jump or changes in directions associated
with cutting maneuvers. A number of

e
factors have been hypothesized as being

linked to this increased risk including
mechanical factors related to performance
(Arendt & Dick, 1995). Given the high
injury rate in the female athlete, it is
important to evaluate potential factors that
may suggest why this difference occurs. In a
recently reported investigation, no kinematic
differences between genders during straight
line running and sidestep cutting were
observed (McClean et al., 1999). However,
it would appear that leg loading patterns and
muscle function during the plant phase of
the cut or during landing would also be of
interest. Therefore, the purpose of these
studies was to compare biomechanical
parameters from male and female athletes
executing cutting and landing maneuvers in
an effort to see if any potential observed
differences could be linked to ACL injury
occurrence.

PROCEDURES
This presentation will review preliminary

results from three studies in our laboratory.
Consent was obtained from all subjects.

1) 18 female and 16 male collegiate
basketball and soccer athletes executed
45° and 90° sidestep cuts (Shapiro et al.,
1999; Chandler et al., 1999). Ground
reaction forces (grf) and EMG output
from the gastrocnemius, rectus femoris,
semimembranosus, and gluteus medius
muscles were measured. Comparisons
of peak forces, loading rate, duration of
force application, muscle onset, muscle
offset and duration of muscle activity
were made between groups. Approach
velocity was not controlled.

2) 10 female and 9 male collegiate soccer
athletes were taught a 180° degree
cutting maneuver (Ford, 1997). The
kinematics of the plant leg were
determined from 3-d video. Vertical grf
was measured for the plant leg. Muscle
activity was monitored in the plant leg
from the following muscles: vastus
medialis, rectus femoris, vastus lateralis,
biceps femoris, semimembranosus,
gastrocnemius, tibialis anterior and
gluteus medius. In addition, hip range
of motion, playing experience and
training were evaluated. Approach
velocity was not controlled.

3) 10 female and 10 male high school
basketball athletes executed landings
from two different heights. One leg and
two leg landings were evaluated. Lower
leg kinematics and kinetics were
evaluated utilizing 3-d videography. Grf
and muscle activity from the external
oblique (on the non-dominant side),
rectus femoris, vastus lateralis, vastus
medialis, medial hamstring, lateral
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hamstring, medial gastrocnemius, lateral
gastrocnemius, and tibialis anterior
muscles were also measured. Ankle,
knee and hip kinematics, and kinetics
were compared by landing height and
gender. Muscle onset and duration times
were also compared.

RESULTS AND DISCUSSION

Several significant differences were
observed when subjects executed the 90°
cut. Males consistently produced a lower
peak vertical grf and a lower loading rate.
The females generated greater breaking and
propulsive forces and higher loading rates
than the males. There were no observed
differences in the 45° cut in relation to grf.
With respect to muscle activity, no
differences were observed at either angle for
onset times. However, at both 45° and 90°
males demonstrated longer activity in the
gluteus medius. At 90° they also
demonstrated longer gastrocnemius activity.
The combination of longer muscle activation
times which may contribute to stability and
the lower forces combined with lower
loading rates may contribute to the lower
rate of injury seen in male athletes.

In the 180° cut, no gender differences were
observed in plant leg kinematics or muscle
recruitment patterns as determined from
onset times. This agrees with the results
recently reported by McClean et al. (1999).
Vertical ground reaction forces were
significantly greater for the males with time
to peak force being shorter for them as well.
Significant differences were noted when the
subjects were divided into two groups based
on hip range of motion. The group with
greater ROM landed in a more extended
position at the knee and did not demonstrate
as much knee flexion during the plant phase.
These subjects all had comparable training
and experience.

In examining the landings, no significant
difference was observed in knee flexion at
impact. All subjects tended to strike the
ground at or near full leg extension at the
knee. Females did tend to land in greater
hip flexion and had a greater range of
motion at the hip. Small differences were
also observed in ankle kinematics. No
significant muscle activity differences were
observed. Males did generate greater peak
vgrf, however, this may be a function of the
height they landed from. These heights
were adjusted for leg length.

SUMMARY

Results of these investigations do not
provide support for the hypothesis that there
are significant differences in deceleration
mechanics between males and females.
While some differences do exist they are not
currently sufficient to explain the rate of
injury. It appears that other factors such as
experience or training may still provide the
key to determining the observed difference
in injury rates.
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WHAT DOES THE NERVOUS SYSTEM KNOW ABOUT MECHANICS?

What internal mechanical states does the nervous system monitor in structural soft tissues?
Peter Grigg Ph.D.

Dr. Grigg will describe experiments in which mechanoreceptors in non-contractile soft tissues -
like joint capsule and skin - are studied in relation to local tissue stresses and strains.

Does the nervous system know the internal structure of muscle?
Art English Ph.D.

Dr. English will review anatomical and developmental studies of the origins and central neural
representations of muscle compartments, which are naturally occurring divisions of skeletal
muscles.

What use is made by the nervous system of information about limb mechanical states?
Zev Rymer M.D., Ph.D.

Dr. Rymer will review the ways in which muscle sensory input is used by the CNS for the

control of posture and movement, including proprioception, effort calibration, reflex action and
force control.
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The role of CNS internal models of body mechanics in sensorimotor control
Art Kuo Ph.D.

Dr. Kuo will review the roles of internal models in sensorimotor control, including the dynamics
of all elements between the outgoing motor command and the resulting afferent return
information. A great deal of evidence suggests that motor control requires knowledge about the
dynamics of the body and muscles. The central nervous system appears to be aware of kinematic
and task constraints on motion, dynamical constraints imposed by limb masses and inertial
properties, and physiological constraints such as maximal muscle force. Another aspect of
control is the use of sensors to determine the orientation of the limbs. Although mechanical
sensors are often designed so that their internal dynamics are well separated from the dynamics
of overall motion, biological sensors often tend to be much slower. Biological sensors are also
usually subject to noise. The processing of sensory information from many sources must
certainly account for the dynamics of the sensors, and ideally their noise levels as well. We will
show evidence suggesting that the CNS adjusts its weighting of sensors based on both of these
factors.
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MICRO-MECHANICS OF THE BIOPROSTHETIC AORTIC HEART VALVE CUSP:
EFFECTS OF CHEMICAL FIXATION AND FATIGUE

Michael S. Sacks

Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA
email: msacks@engrng.pitt.edu
web: http://www.engrng.pitt.edu/~wwwbiotc/faculty/sacks.html

Billiar and Sacks, for the first time,
generated biaxial mechanical data necessary
for constitutive modelling of the
bioprosthetic heart valve (BHV) cusp (1, 2).
Similar to the natural cusps under biaxial
load, the BHV cusp demonstrated complex,
highly anisotropic behaviour. However,
glutaraldehyde-fixation produced a more
gradual stress-strain response (1). Billiar and
Sacks subsequently developed a structural
constitutive model to separate the effects of
changes in fiber alignment from those due to
changes in the properties of the collagen
fibers themselves. The model predicted that
glutaraldehyde fixation increases the
effective collagen fiber stiffness (2).

Effects of Fatigue

Structural

Studies have examined the
structural/mechanical changes that occur
with fatigue of TSPV valve tissue. Sacks
and Smith used SALS (Small Angle Light
Scattering) to quantitatively assess the
changes in collagen fiber architecture (e.g.
fiber alignment and orientation) following
0-500 million in vitro accelerated test
cycles. They demonstrated that the gross
collagen fiber architecture remains largely
unchanged during long-term cyclic loading
(5). Histological analyses demonstrated that
long-term cyclic loading is associated with
progressive collagen fiber debonding and
layer delamination (4, 5). The fact that
major gross fiber damage is not observed
raises the possibility that fatigue-induced

damage occurs at the molecular level. This
hypothesis was supported by a subsequent
study by Vyavahare et. al. which
demonstrated progressive fatigue-induced
alterations in the molecular structure of type
I collagen as assessed by Fourier transform
IR spectroscopy (FTIR). Specifically, FTIR
results suggested a progressive collagen
denaturation: loss of the native triple helical
structure of the molecule (6).

Mechanical

Sacks et. al. performed biaxial mechanical
tests on valve tissue following 0-200 million
in vitro accelerated test cycles. With
increasing test cycles, they observed a
decreasing radial extensibility (decreased
~15% by 200 million cycles) while
circumferential extensibility was unchanged
(4). When the structural model was applied
to elucidate the cause of this unique
mechanical behaviour, it was predicted that
the effective fiber stiffness was significantly
higher than the non-fatigued specimens. In
addition, both cuspal directions
demonstrated a substantial drop in ultimate
tensile strength (UTS, tension at failure)
following long-term cyclic loading. After
200 million cycles, UTS decreased by ~50%
in the circumferential specimens and by
~33% in the radial specimens, suggesting
that fatigued collagen fibers become more
prone to failure. Overall, these mechanical
results imply that long-term cyclic loading
produces modest stiffening of the collagen,
and that the in-plane tensile properties do
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not drastically change with cyclic fatigue

.

Since cuspal flexure is implicated in valve
failure, subsequent studies have investigated
the bending properties of valve tissue using
a custom-built three-point bending apparatus
(3). Circumferential and radial strips of
cuspal tissue were removed and bending
tests were performed with and against the
natural curvature of the cusp to simulate in
vivo cuspal flexure. Since the collagen
fibers are preferentially oriented along the
circumferential direction, the bending
stiffness of the valve is higher than
compared to the radial direction.
Furthermore, differences in bending
properties with and against curvature occur
as a direct result of the tri-layer structure of
the aortic valve cusp. When the specimen is
bent against the cuspal curvature, the fibrosa
is stretched while the ventricularis is
compressed. Conversely, when the specimen
is bent with the natural curvature, it is the
ventricularis that is stretched while the
fibrosa is compressed.

To study the effects of fatigue on bending
behaviour, Gloeckner et al. tested specimens
taken from valves fatigued from 0-200
million in vitro test cycles. They observed a
decrease in bending stiffness in both the
radial and circumferential direction with
increased cyclic loading. The greatest loss in
stiffness was exhibited by circumferential
strips bent against their natural curvature
(bending stiffness index decreased ~80%),
suggesting that the fibrosa experienced the
greatest reduction in bending stiffness (3).
Thus, in addition to representing the natural
in vivo mechanics of the valve cusp,
bending tests are also highly sensitive
indicators of alterations that occur with
long-term cyclic loading.
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BIOMECHANICS OF ABDOMINAL AORTIC ANEURYSM
David A. Vorp, M.L. Raghavan, and David H-J Wang

Departments of Surgery, Bioengineering, and Mechanical Engineering
University of Pittsburgh, Pittsburgh, PA

Email: VorpDA@msx.upme.edu

INTRODUCTION

Abdominal aortic aneurysm (AAA) is a focal,
balloon-like dilation of the distal aorta. If left
untreated, AAA can rupture, an event which is
ranked as the 13"™ most common cause of
death in the US. Associated with surgical
repair of AAA are significant costs and risks
to the patient. In the clinical management of
AAA patients, it is desirable to determine
when the risk of AAA rupture justifies surgical
intervention and its related complications.
Presently, there is no reliable criterion to
predict the risk of AAA rupture. We believe
that principles in mechanics may be used to
predict the propensity of rupture for AAA.
With the development of an aneurysm, the
stress on the aortic wall increases
progressively [1] until it reaches its gradually
decreasing failure strength [2]. Comparison of

locally acting AAA wall stress and local wall

strength could be used as a reliable indicator of
rupture. We present here a summary of our
efforts to develop a method for the
noninvasive estimation of AAA wall stresses,
and to understand one factor that affects local
AAA wall strength.

AAA WALL STRESSES

Our methodology to determine estimates of
the in-vivo wall stresses for actual AAA is
based on obtaining three critical inputs: the
AAA geometry, the constitutive behavior of
the AAA wall, and the boundary conditions.

AAA Geometry

Methods to obtain the in-vivo geometry of an
intact AAA are detailed elsewhere [3]. In
short, spiral CT cross-sectional images were
obtained that span the entire AAA. Images
were individually processed to provide
coordinate values of a discrete number of data
points on the AAA wall. The XYZ data
recorded for each patient forms a point cloud
when plotted in 3D space. A 3D

Web: http://www.pitt.edu/~vorp

reconstruction of each aneurysm, or a “virtual
AAA”, was obtained by first triangulating and
then smoothing each point cloud surface.
Constitutive Relationship for AAA

We have recently developed a finite strain
constitutive model for AAA wall, in which this
material is assumed to be hyperelastic,
homogenous, incompressible, and isotropic
[4]. The appropriate functional form of the
pseudo-strain energy function was determined
from experimental stress-stretch ratio data,
and is given as:

W =a(l, -3)+ B, —3)>

where W is the strain energy density function,
o and B are material parameters, and Iy is the
first invariant the left Cauchy-Green
deformation tensor. We have shown that
utilization of population mean values of o and

R nr’n\/lr‘]r—‘ reasonablv accurate. individual stress
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dlstrlbutlon estimates for AAA [4].
Boundary Conditions

Quasi-static systolic pressure (individually
measured for each patient) was applied as
outward traction on the AAA wall surface.
The two ends of the AAA model were
constrained from displacing in the longitudinal
direction to simulate anatomical tethering.
Finite Element Analysis (FEA)

We meshed each “virtual AAA” with 5000-
6000 thin-walled quadrilateral shell elements
and computed the wall stress distributions using
FEA.

Results

All analyses reached convergence. Overall, it
was noted that the stresses were complexly
distributed with distinct regions of high and
low stress. The regions of maximum stress
occurred predominantly on the posterior
surface of the AAA in the cases studied. The
peak wall stress for the AAA varied from 29
to 50 N/cm® while that for a nonaneurysmal
aorta was 12 N/cm®.
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Discussion

Our finding that high stress regions occur on
the posterior surface is consistent with
autopsy studies, which found that AAA rupture
occurs predominantly on this surface [5]. In
addition to being completely noninvasive, our
methodology does not require any additional
involvement or expense by the AAA patient
than what is usually required (e.g., CT scanning
is routinely performed to evaluate AAA
patients). Therefore, there are no logistical
constraints to its applicability in a clinical
setting.

AAA WALL STRENGTH

Our laboratory has shown that the strength of
aneurysmal tissue is significantly decreased as
compared with normal tissue [2]. However,
wall strength may also vary spatially within a
single AAA. Using both computational and
experimental techniques, we found that ILT
attenuates diffusion of oxygen to the AAA
wall, possibly causing hypoxia [6]. Therefore,
we hypothesize that the strength of the AAA
wall is regionally dependent on ILT thickness
and decreases as ILT thickness increases.
Methods

Study subjects were six patients undergoing
traditional AAA reconstruction. Upon
resection, a longitudinally oriented strip of
AAA wall spanning the apex to the distal neck
of the aneurysm was cut with ILT intact. One
3x15 mm section of tissue was cut from the
region of the wall where attached ILT was the
thickest, and another was cut from the region
where the attached ILT was thinnest or
absent. The thickness of attached ILT was
measured before cutting. Prepared specimens
were tested to failure on a uniaxial tensile
testing device, and Cauchy stress and strain
were determined as described [2]. The stress-
strain curve was plotted for each of the
specimens tested and the strength was defined
as the maximum stress prior to failure.

Results

The figure shows the strength of each pair of
AAA specimens. The thickness of attached
ILT for each specimen is labeled at the top of
each bar. The strength of the wall specimens
adjacent to thick ILT (light bars) is
significantly less than that for the specimens
adjacent to thin ILT (dark bars): 224 + 40
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N/cm? vs. 125 + 16 N/em?, respectively (p =
0.03, by paired t-test).

Discussion

Our data suggests that local AAA wall strength
is decreased in regions with thicker adjacent
ILT. This may be due to hypoxic conditions
set up in the wall due to ILT [5]. More
experiments are needed before we can
definitively correlate thickness of ILT with
the strength of the AAA wall, however.
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THE MICROMECHANICS OF THE AORTIC VALVE

Ivan Vesely
Department of Biomedical Engineering, Lerner Research Institute
The Cleveland Clinic Foundation, Cleveland, Ohio
Email: vesely@bme.ri.ccf.org Web: http://www.lerner.ccf.org/bme/valve/

INTRODUCTION

It is becoming appreciated that the aortic
valve is an extremely complex, highly
specialized structure. When it fails, there is
no widely accepted means of repairing it; it
needs to be replaced with a prosthesis.

A number of alternatives exist for replacing a
disfunctioning aortic valve (Figure 1).
Mechanical valves, consisting of carbon and
metal components are very durable but
require the patient to be on chronic
anticoagulation therapy.

Figure 1: ]mage mechanical (left)
bioprosthetic vaives used in the aortic
position.

Tissue valves or bioprostheses, typically
consist of glutaraldehyde-treated porcine
aortic valve tissue mounted on a supporting
stent to enable convenient surgical
implantation. Bioprostheses do not require
chronic anticoagulation, but suffer from
gradual degeneration by way of calcification
and material wear. They eventually fail and
need to be replaced. Tissue valves have the
potential to become the ideal prosthesis,
once their durability and functional life span
is extended, so that they can be used for a

wider range of patients, instead of just the
elderly.

The objectives of our ongoing research into
the structure and function of bioprosthetic
valve tissue is to develop an understanding
of what makes these materials naturally
durable, and use this knowledge to improve
the fabrication of alternative valve devices.

METHODS

Microscopic imaging, materials testing and
mathematical modeling have been used to
investigate the structure/function
relationship in the native aortic valve.

Aortic valves have been shown to have an
intricate network of elastin that partitions
and links larger collagenous structures (Scott
& Vesely, 1996). These features have been
revealed by digesting the valve leaflets in 0.1
N NaOH at 75°C for 45 minutes,
lyophilizing and viewing under scanning
electron microcopy.

Materials testing was done typically on 5
mm wide strips of tissue tested along or
across the major collagen fiber bundles, as
well as on leaflets dissected apart to separate
the major structural layers; the fibrosa and
the ventricularis (figure 2).

Mathematical modeling involved applying an
extension of Fung’s Quasilinear Viscoelastic
theory to uniaxial test data of valve tissue
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strips. The extensions to QLV involved
fitting a model of the loading and stress
relaxation history to experimental data, and
obtaining the elastic functions and relaxation
spectrum from this model (Carew et al.,
1999).

RESULTS

Morphologically, the aortic valve cusps are
composed of three structurally distinct
layers of tissue (figure 2). The fibrosa
contains mainly collagen and is held in a
wavy, corrugated configuration by way of
its attachment to the underlying
ventricularis, which is under tension.

Figure 2: H&E stained sections of a porcine
aortic valve cusp, showing the three layers.
Towards the edges, the fibrosa is organized
in to bundles, each surrounded by a tube of
elastin, all of them connected together by
elastin struts (figure 3).

Fay 5 ’
‘23;.‘ . w4 -5
Figure 3: SEM image of elastin tubes in the
fibrosa. Note the connectivity between tubes.

In spite of the complexity of the aortic valve
cusps, some aspects of their mechanics can
be modeled by QLV. Circumferential strips
subjected to cyclic uniaxial testing generated
data that was very close to the stress/strain
response predicted by QLV (figure 4).

Figure 4: Solid line represents model
prediction, dots are experimental data points.

CONCLUSIONS

These morphometric and mechanical studies
have shown that the intricate morphology of
the elastin relative to the collagen exists in
order to return the collagen fiber geometry
back to some neutral resting state between
successive loading cycles. The sharing of
function across a wide range of stress and
strain may be one mechanism by which the
aortic valve cusps attain their strength,
compliance and remarkable durability. With
the appropriate viscoelastic models, we may
be able to relate external observations and
measurements to internal stresses, and pave
the way towards using biological materials in
engineering design.
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New Advances in Microvascular Research: 3-D Networks In Vive
Christopher Ellis

University of Western Ontario

Abstract was not submitted
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The Cleveland Clinic Rotary Pump

A Third Generation Blood Pump

Leonard A. R. Golding, M.D.

Introduction

The goal of permanent implanted
blood pumps that can partially or completely
replace heart function is rapidly approaching
reality. The third generation blood pumps
are demonstrating the potential for a
minimum S-year reliable function for
patients with irreversible cardiac damage
and rival the results obtained with heart
transplantation. One such system is being
developed at the Cleveland Clinic
Foundation.
Result/Discussion

Utilizing a concurrent engineering
approach with a multidisciplinary group an
initial prototype pump was used as the basis
of a completely implanted ventricular
system. The unique rotodynamic pump has
an inverted motor and a single moving part
passively suspended rotor. The radial pump
produces 5 liters/minute blood flow at 3,000
RPM and a delta pressure of
100 mm mercury.

Bench testing confirmed hydraulic
function and animal studies demonstrated
low damage to red cells. An initial problem
with clot formation in the journal bearing
was addressed by computational fluid
dynamic analysis resulting in design
modification. Surface characteristics were
also modified.

The control logic for such devices
was also developed and evaluated both in
vitro and
in vivo. Such control is important to allow
adaption to varying blood flow needs.

Pump implant studies now routinely
run for 30 days. Three month studies are
being initiated.

Summary
The Cleveland Clinic Rotary Pump

is the basis of a Third Generation Implanted
Ventricular Assist System showing good
potential for clinical use.
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INTRAVASCULAR ULTRASQUND IN THE EVALUATION OF CORONARY
ARTERY REMODELLING

D. Geoffrey Vince!, Jon D. Klingensmith!, E. Murat Tuzcu?, J. Fredrick Cornhill*
'Department of Biomedical Engineering, The Cleveland Clinic Foundation, Cleveland OH

*Department of Cardiology; The Cleveland Clinic Foundation, Cleveland OH
E-mail: vince@bme.ri.ccf.org Web:http://www.lerner.ccf.org/pi/vince.html

Introduction

It has been shown that as atherosclerosis
progresses, arteries undergo a compensatory
response in which the overall vessel size

increases to prevent sienificant luminal
LAAVLU,&U\/ Y tll\/ ¥ Wwill lelllll\/ull‘» i 1ikx1iCa1

narrowing [1-5]. The exact mechanisms
controlling this positive remodeling continue
to be investigated. However, it is known
that the ability of endothelial cells to sense
and respond to changes in blood flow is
central to the modulation of compensatory
enlargement [6]. In addition to investigation
of the molecular control mechanisms, the
disease process and remodeling response in
various human arteries, including the carotid
[4], the femoral [2, 7], and the coronary
arteries [1, 5, 8], has been studied. The
impetus for these numerous investigations is
the clinical relevance of compensatory
enlargement. Studies have shown that the
process of outward remodeling may cause a
predisposition to plaque rupture, resulting
from a structural weakening of the plaque
[8].In our study, a novel 3D reconstruction
technique, which circumvents the limitations
of other techniques and accurately accounts
for the 3D geometry of the vessel [8], was
used to document compensatory
enlargement in human coronary arteries.

Methods and Results

Seven human coronary arteries were
reconstructed using intravascular ultrasound
and biplane angiography, and vessel
geometries were quantified. In all seven
vessels, as plaque area increased, overall
vessel area increased (R = 0.986, 0.933, 0.984,
0.678, 0.763, 0.963, and 0.830), but luminal
cross-sectional area did not

significantly decrease. Focal compensatory
enlargement was identified in each vessel, and
in some cases this response appeared to occur
until the vessel was 65% occluded. This
finding is particularly noticeable in Figure 1,
where enlarged regions of the vessel are
separated by an area of apparently normal
arterial wall. These data are consistent with
those of others who have identified the focal
nature of compensatory enlargement [2]. In
Figure la (images 60 — 73) the wall area,
plaque area, and luminal area appear to
increase at a fairly uniform rate. Atimage 73,
both the wall and plaque areas continue to
rise, but the luminal area falls. It appears that
at this point (58% occluded), the
compensatory mechanism fails and luminal
encroachment ensues. [Luminal enlargement
near the proximal ends was attributed to the
natural taper of the vessel.
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Discussion

Three-dimensional reconstruction of seven
diseased coronary arteries using IVUS and
biplane angiography revealed compensatory
enlargement in vessels with significant
atherosclerosis. Previous histological
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studies by Glagov ef al [1] have shown that
compensatory enlargement occurs in
response to atherosclerotic plaque
formation. However, it has been
demonstrated that tissue fixation and
processing can affect the geometry of
coronary arteries, which may consequently
compromise the morphology data obtained.
Siegel et al have documented that tissue
processing on vessels with moderate to large
amounts of disease tends to cause an
underestimation of total arterial area of
approximately 30% [9]. The IVUS
procedure used in our study overcame this
limitation, as IVUS studies demand no
tissue preservation, and all imaging was
performed on fresh unfixed vessels within
hours of autopsy.

The quantitative techniques in other
ultrasound studies have considerable
subjective user interaction or planimetry,
making them difficult to reproduce
accurately. Previous studies by our group,
investigating vascular compliance [10], have
shown that small changes in wall or plaque
diameter cannot be accurately quantified by
manual tracing, as intra-operator variation in
the procedure is often greater than the
change in wall diameter. The three-
dimensional reconstruction technique in our
study used a semi-automated segmentation
technique called "active surfaces" to outline
the lumen and the medial-adventitial
boundary]. The only user interaction
required was the entering of a few control
points for the initial surface. The three-
dimensional snakes algorithm used volume
data to achieve more accurate, automated,
and reproducible segmentation and
facilitated the analysis of over 900 IVUS
images. Our data suggest that human left
anterior descending coronary arteries
enlarge in relation to an increase in plaque
area and this process does not occur
uniformly along the length of the vessel. 3D

reconstruction of coronary arteries, through
combining visualization of accurate 3D
geometry with image analysis over the entire
length of the reconstructed vessel, provides
a tool for quantitative assessment of vascular
remodeling which can reveal information
not previously available in the study of this
mechanism. Comparing plaque and vessel
volumes and rate of change in cross-
sectional areas in different vessel segments,
not available with histological or two-
dimensional IVUS studies, will provide
further insight into both positive and
negative remodeling.
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The Legacy of Tom McMahon
Chair: Art Kuo (University of Michigan)

This symposium is a memorial for Harvard professor Tom McMahon, who was a major figure in
the field of biomechanics and who passed away earlier this year. We will present a short tribute,
followed by a technical program consisting of three talks, each discussing one of Tom
McMahon’s contributions in the areas of locomotion, scaling, and bone biomechanics. The
speakers are R. McNeill Alexander, Andy Biewener, and Wilson Hayes.

Masses and springs modeling human movement
Presented by R McNeill Alexander, University of Leeds

Tom McMahon had a remarkable facility for devising simple models that revealed the basic
principles of human movement far more clearly than more detailed models could have done. He
and his colleagues explained the paradox that the forward swing of our legs, in walking, is
largely passive, but is much faster than predictions from simple pendulum theory. They modeled
running as a mass bouncing on a spring and explained the relationship between stride length and
speed. They introduced the concept of the Groucho number, and their experiments and theories
led to the design of an exceptionally fast running track.

Scale effects in biology: implications for biomechanical and physiological funetion.
Presented by Andy Biewener, Concord Field Station, Harvard University

Size is fundamental to the design and function of animals and plants. Various models have been
proposed to explain empirical observations of scaling that have relevance to biomechanics and
physiological function. These models can be tested using comparative studies of structure and
function. Recently fractal branching networks have been proposed to explain the 3/4 power
scaling of metabolic function and many other physiological variables upon which this scaling
depends. Similarly, size-dependent changes in musculoskeletal loading (muscle force a M"3/4)
to maintain peak stresses and safety factors constant across size within mammals may be linked
to the scaling of metabolic energy supply. The scaling of musculoskeletal mechanics can also be
related to changes in leg stiffness in running animals and to the energy cost of locomotion.
Finally, other scaling patterns suggest that mechanical constraints may differ at different ranges

of size.

The Legacy of McMahon's Bees: Bone, Biomechanics and Biology
Presented by Wilson C. Hayes, Oregon State University (formerly Director of the Orthopedic
Biomechanics Laboratory at Harvard's Beth [srael Deaconess Medical Center)

Dr. Hayes will summarize Tom McMahon’s contributions in solid mechanics, emphasizing in
particular his work on falls, on age-related fractures of the hip and spine and their prevention,
and on the mechanics of trabecular and cortical bone. The implications of this body of work and
the legacy of his writings and students will be discussed.
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May 13, 1999
Dear Tom,

One day you brought me a gift. You had promised it to me for several weeks, first rather
vaguely and then with an increasing insistence that it was almost ready. That day, you were
waiting for me in the library, sitting quietly, Tess at your feet. You sat there across the table, and
at that distance I could see not only the twinkle in your eyes, but a hint of shyness, as if uncertain
of your lines, and a little afraid to be on stage. When you lifted what you had brought out of its
bag, you pinched it gently at both ends, carefully holding it horizontally, like a small level whose
bubble would go unstable with the slightest tilt. It was ungainly, even ugly, all paperclips and
rubber bands and scotch tape and strips of cotton fabric.

You said it was a tug-lock strap. “Watch”, you said, as you gently and slowly pulled the ends
apart. It was quite unremarkable. The thing just stretched, and as it did [ worried that its
paperclips and tape and rubber bands would break and you would be terribly disappointed. I
worried for you sometimes. I worried mostly that you were lonely and that you couldn’t, or
wouldn’t, ask for help. And so, as I sat there, worrying for your fragile contraption and your
disappointment, I missed your achievement the first time around. I did see you give this thing a
mighty tug and saw the look of triumph and relief that crossed your face. But I hadn’t seen what
happened. And so you patiently did it again. This time I saw that when you pulled it forcefully,
it locked; it wouldn’t stretch.

And then you told me how it worked, the words just tumbling out. It was not such an easy
concept, especially at the levels you found so intriguing: dilatancy, critical shear rates, step
changes in viscosity. But it was easy enough to see if you thought of it as a new kind of seat
belt, one that locked when you pulled it quickly and stretched when you pulled it slowly. We did
a duet then. Point and counterpoint and two part harmonies of applications: chin straps,
protective garments and knee braces and special shoes for resisting ankle sprains. And then we
soared together, from one dimension to two, to rate sensitive clutches, from two dimensions to
three, to joy sticks and spherical connectors. We wrote the whole patent there that day.

You were like a catalyst; you fit to me, enhanced us, made our reaction go to completion. I came
to think of us as the perfect pair, a Mutt and Jeff of invention and discovery, playing a Ping-Pong
game of ideation and completion. You, with your flair for modeling and mathematics and your
single-minded focus on the problem at hand; me, with a certain strength at making complex ideas
accessible. You, who found such upset and discomfort in negotiations and self-promotion and
me who found such challenge there. For most of the time that I knew you I assumed and found
comfort in the thought that we were unique together, a special pair of travelers, walking down a
road that only we walked. I now find greater comfort in the sense that you walked those special
roads with so many others, catalyzing, finding fits.

You completed so many of us. We are all at a loss without you. Goodbye, dear friend. Travel

well; we think of you often, with love.
Toby
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OPTIMAL CONTROL OF CAVADER TENDONS PREDICTS
MAXIMAL FINGERTIP FORCES IN PERIPHERAL NERVE INJURIES

F.J. Valero-Cuevas®?, J.D. Towles"? and V.R. Hentz"?
e-mail: valero @roses.stanford.edu

'Rehabilitation R&D Center, Veterans Affairs PAHCS, Palo Alto, California, U.S.A.
*Bjomechanical Engineering Division & *Hand Surgery Division
Stanford University, Stanford, California, U.S.A.

INTRODUCTION

Peripheral nerve injuries in the upper
extremity often result in functionally
devastating reduction of pinch strength[1].
Because rehabilitation following peripheral
nerve injuries includes multiple physical and
psychological adjustments, objective
estimates of paralysis-induced weakness

"""" nogigt ~ o 1 Gt

would assist clinicians in setting realistic
expectations for rehabilitation of grasp in
these common neurologic injuries.
Understanding weakness of individual digits
is essential to understanding weakness in
grasp. Therefore, this study establishes the
reduction in finger strength that can be
directly attributed to the paralysis of specific
finger muscles associated with radial and
ulnar palsies.

METHODS

We applied optimal control theory to
cadaver forefingers to quantify the expected
reduction of biomechanically possible
fingertip force when both extensor muscles
or all three intrinsic muscles are inactive
(simulating radial and ulnar palsies,
respectively). Six fresh cadaver hands (4
right, 2 left) were rigidly mounted to a
tabletop and their forefingers placed in a
standard functional posture (neutral ad-
abduction, flexed 45° at
metacarpophalangeal and proximal
interphalangeal joints, and 10° at distal
interphalangeal joint). The distal phalanx
was rigidly coupled to a six-axis force

sensor using polymethylmethacrylate and K-
wires. The tendon of each finger muscle was
excised and tied to a calibrated extensor
spring via an inelastic string.

All components of fingertip force and torque
were measured during the application of a
force to each tendon equivalent to one-
quarter of the maximal isometric force its
muscle can produce[3]. Based on these
measurements, Linear Programming
algorithms[2] calculated the optimal
combination of tendon forces to produce the
maximal biomechanically possible
magnitude of palmar force (analogous to
pinch force, directed within 15° of a line
normal to the mid-distal phalanx. See Figure
1). Optimal tendon force combinations to
produce maximal palmar force were
calculated for three conditions: nonparetic
(all seven muscles available), radial palsy
and ulnar palsy. Each optimal tendon force
combination was applied and the resuiting
fingertip output measured.

RESULTS

Figure 1 shows an example of the three
components of force at the fingertip
measured during application of a force to
each tendon equivalent to one-quarter of the
maximal isometric force of its muscle. The
palmar forces measured in the cadaver
fingers were, on the average, within 6% of
their predicted value. Furthermore, the
maximal biomechanically possible palmar
forces for radial and ulnar palsy conditions
were, respectively, 75% and 51% of palmar
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Figure 1: Fingertip force produced by each finger muscle

force for the nonparetic condition (n= 6,
p<0.05). Figure 2 shows sample solutions
for two conditions.

DISCUSSION

This novel combination of optimal
control theory and cadaver preparations
leads to rigorous, quantitative, 3D
predictions of mechanical capabilities and
muscle coordination patterns for actual
fingers. These solutions specify the upper
limit of fingertip force and elucidate the
biomechanical consequences of paralysis
following peripheral nerve injuries.
Importantly, the optimal solution for
nonparetic palmar force is functionally valid
because it reproduces the use of extensor
muscles and the lack of palmar interosseous
muscle reported by EMG recordings and a
biomechanical model for a similar task[3].
Furthermore, the nonintuitive weakness in
pinch reported clinically for radial palsy[1]
is here explained by the need to use extensor
muscles to produce well-directed palmar
force of large magnitude. This method will
also be used to quantify hand function in
other neurologic disorders, e.g., spinal cord
injury, and to evaluate alternative surgical
restoration strategies based on optimal,
cadaver-simulated post-operative functional
outcomes.

FP [lexor profundus
TS flexor superficialis
L0 extensor commmunis
El extensor indicis

DI dorsal interosseous
Pl pulmar interosscous
.UM lumbrical

~

~.,
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EFFECT OF ELBOW ANGLE AND ROTATIONAL VELOCITY ON IMPACT FORCE
DURING OF A FALL ONTO AN QUTSTRETCHED HAND

Kurt M. DeGoede and James A. Ashton-Miller

Biomechanics Research Laboratory, Department of Mechanical Engineering
University of Michigan, Ann Arbor, Michigan
Email: degoede@umich.edu

INTRODUCTION

The wrist is the most common fracture site
in the body (Donaldson et al. 1990). To
determine the load likely to act on the hand
while arresting a fall onto an outstretched
hand a recent model analysis (Chiu,
Robinovitch 1998) assumed a straight arm
configuration upon initial impact with the
ground. However, a study of untrained
young males arresting self initiated falls
from standing height found that initial
ground contact occurred with an elbow
angle of ~150°(Dietz et al. 1981), and
impact forces were up to 60 % lower than

- those predicted with the above model. To
resolve this discrepancy we developed a
dynamic model of the upper extremity to
test the hypothesis that both elbow angle and
angular velocity can significantly alter the
peak impact force when arresting a fall with
the arms.

PROCEDURES

Each arm was modeled as two rigid links
(length: L; and L,) hinged at the elbow
(Figure 1). The effective half-mass of the
rest of the body, M=0.25BW, was connected
at the shoulder through a spring and damper
in parallel (K;). At the ground, the interface
between the hand and the landing surface
was modeled with a non-linear element (K5):

F, = ki’ (1 + bx), (1)

used previously in a model of heal strike
during running(Gerristen et al. 1995). A

grav l M| —F
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Figure 1: Rigid body dynamic model of the
arm striking the ground while arresting a fall
with outstretched arms

rotational spring and damper (not shown), in
parallel, provide elbow restoring torque.

The model system had four degrees of
freedom: Xy — the vertical position of torso,
Xs — the position of the center of rotation of
the shoulder, ¢; and ¢, — the absolute angle
of the upper arm and forearm respectively,
and 1s subject to one kinematic constraint:
L cos(#) + L,d cos(4) = 0. (2)
The parameter values for the shoulder and
the hand-ground interface stiffness and
damping were based upon data from tests
conducted in 40 healthy subjects with a
ballistic pendulum (unpublished data). The
elbow parameters were selected such that
the total elbow deflection matched the
results from experimental trials with one
healthy young subject measured using an
Optotrak® camera system at 300 Hz.
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RESULTS AND DISCUSSION

Simulations with the above model compared
favorably with experimental data. The data
from Deitz, et al., (1981) showed a peak
force of approximately 1,100 N for a fall
onto a stiff surface with an estimated impact
velocity of 2.24 m/s (for the center of mass);
additionally the elbow had an initial
rotational velocity of 2 rad/sec. Model
simulation under the same conditions
yielded a peak impact force of 950 N (12 %
error) for a 78 kg BW. To verify the overall
nature of the response, a simulation of a fall
with an impact velocity of 2.7 m/s was
compared to the data from the young adult
experimental trial (BW=72 kg) with the
same impact velocity (Figure 2). The peak
force from the experiment was 15 % lower
than the peak force in the simulation, but in
the experiment the force plate was padded
with ¥4 of neoprene.

Simulating a full fall to the floor (Vimpac=3.0
m/s, BW=78 kg) onto a stiff surface, with no
initial elbow velocity, produced a peak force
of 1,350 N. The force increased to 1,640 N
by changing the initial elbow angle from
150° to 179.9°, and decreased to 950 N
when reducing it 120°. So, each degree
decrement in initial elbow angle decreased
impact force by 0.9%.

With the elbow fixed at an initial
configuration of 150°, altering the initial
rotational velocity of the elbow at ground
contact further modified the peak force.
Extending the elbow at impact with a
velocity of just five times that observed in
the self-initiated falls, as can occur when
actively reaching for the ground prior to
impact, resulted in a 40% higher peak
impact force of 1,910 N. Flexing the elbow,
by pulling the hands toward the body, with
the same angular velocity lowered the peak
impact force by 35 % to 875 N.
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Figure 2: Experimental and simulated
impact force and elbow angle data for the
arrest of a forward fall with the arms.

SUMMARY

These results demonstrate that the peak
impact force applied to the hands during the
initial phase of a fall arrest can be modified
significantly by altering the initial position
and angular velocity of the elbow at ground
contact. These findings suggest that it may
be possible to affect the risk of wrist fracture
in a fall, independent of the body’s impact
velocity and ground surface material
properties.
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FRACTURE TOLERANCE OF THE MALE FOREARM:
THE AFFECT OF PRONATION VERSUS SUPINATION

S. Duma, P. Schreiber, J. McMaster, J. Crandall, C. Bass, and W. Pilkey

Automobile Safety Laboratory, University of Virginia, Charlottesville, Virginia

Email: Duma@yvirgnia.edu

INTRODUCTION

It has been shown that there is a 40%
increase in risk of serious (AIS 3) upper
extremity injury to belted occupants with air
bags versus those without air bags [NHTSA,
1996]. In order to design frontal air bags
that minimize the risk of injuries to the
upper extremities, the forearm fracture
criteria must be known. A study by Pintar
et. al. (1998) found a mean forearm failure
bending moment of 94 Nm for all specimens;
however, this study did not consider forearm
orientation. Duma et. al. (1998) found that
the female forearm is 21% stronger in the
supinated versus pronated position.

METHODOLOGY

Ten male forearms, five matched pairs, were
prepared by disarticulating the upper
extremity at the shoulder and keeping the
elbow joint intact. Dynamic three-point
bending tests were performed using a 9.48 kg
impactor released from a height of 2.0 m.
These conditions were chosen to match
radius and ulna strain rates as measured in
cadaveric tests with driver side air bags
[Bass, 1997]. In each matched pair, one limb
was tested in the pronated position, and the
other in the supinated position. The impact
location was chosen as the distal third of the
forearm, due to the local minimum in polar
moment of inertia of both the ulna and radius
at this point [Bass, 1997]. Peak strain and
fracture time were observed from strain
gages (Micro Measurements, mode] CAE-
13-125UN-350) fixed on the radius and ulna.

Web:_http://cinderella.mech.virginia.edu/home.himl

RESULTS AND DISCUSSION
The average peak moment for the supinated
forearms was 126 + 13 Nm compared to 108

+ 8 Nm, a statistically significant difference
(p = 0.03) (Table 1). There was no
significant difference in timing between the
ulna and radius fracture for the supinated
test; however, the ulna fractured
significantly earlier than the radius in the
pronated tests (p = 0.05).

Post-test X-rays were used to assess
fracture pattern and location. In the
supinated group the radius fracture occurred
proximal to the ulna fracture, while in the
pronated group, the fracture locations were
directly in line with the impactor.

These results suggest that the radius and
ulna are being loaded sequentially in the
pronated arm and the subsequent fractures
are occurring directly beneath the impactor
head. The ulna is loaded and fails before the
radius starts to be significantly loaded. In
the supinated position the impact force is
more evenly distributed between the two
bones. The tendons and muscle bellies of the
forearm flexor compartment will also help
distribute the impactor load in the supinated
position, whereas in the pronated position
the ulna is relatively exposed. The
difference in fracture location suggests that
the supinated forearms are breaking at
weaker points rather than directly
underneath the impactor as in the pronated
forearms.
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SUMMARY

Using five matched pairs of male forearms, it
was determined that the forearm is 17%
stronger in the supinated position, 126 £ 13
Nm, versus the pronated position, 108 = 8
Nm. This difference and the difference in
fracture time between the radius and ulna for
pronated and supinated tests were
statistically significant (p < 0.05).
Additionally, two distinct fracture patterns
were seen for the pronated and supinated
groups.

To produce a conservative injury criterion, it
is suggested that the pronated value of 108
Nm be used given that the forearm is weaker
in the pronated position and that the driver
forearm is typically in this orientation.
Forearm fracture criteria that utilize tests in
the supinated position may overestimate the
tolerance.
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Table 1: Supinated and Pronated Forearm Dynamic Three-point Drop Test Results.

Radius Ulna Peak »
Supinated Peak Strain | Time | Peak Strain | Time | Moment | Time
Test| Subject-Aspect (%) (ms) (%) (ms) (Nm) (ms)
1 51 right 0.62 4.7 0.50 7.8 116 7.7
2 53 left 1.07 6.8 1.01 7.9 109 8.0
3 55 left 1.52 6.2 na na 141 6.3
4 57 right 1.44 4.2 1.54 4.9 132 4.9
5 1000 left 1.21 7.6 1.03 8.1 132 7.8
Average 1.17 5.9 1.02 7.2 126 6.9
Std. Dev. 0.36 1.4 0.42 1.5 13 1.3
Pronated
6 51 left 0.50 5.2 0.75 4.4 102 5.1
7 53 right 0.80 7.6 na na 99 7.5
8 55 right 1.26 8.5 0.73 4.7 118 8.5
9 57 left 0.78 5.0 0.60 2.5 114 5.0
10 1000 right 1.05 7.4 0.70 6.0 107 7.3
Average 0.88 6.7 0.70 4.4 108 6.7
Std. Dev. 0.29 1.6 0.07 1.4 8 1.6
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IN VIVO FLEXION AND EXTENSION CARPAL BONE KINEMATICS

Corey P. Neu', Joseph J. Crisco'?, Scott W. Wolfe’

*Department of Orthopaedics and Division of Engineering, Rhode Island Hospital and Brown
University, Providence, Rhode Island. *Department of Orthopaedics, Yale University School of
Medicine, New Haven, Connecticut. Email: joseph_crisco@brown.edu

INTRODUCTION

Documentation of normal three-dimensional
(3D) in vivo carpal kinematics is essential to
the understanding of wrist and carpal
mechanics and to provide unique insight into
the effects of injury and treatment. It is also
important to validate the wealth of cadaveric
data, which is the only data base currently
available. However, measuring 3D in vivo
carpal kinematics is difficult due to the small
size and tight articular spacing of the bones.
Previous in vitro methods have used invasive

techniques such as tracking radiopaque

markers embedded in bones [e.g. 1,2].
These methods are technically demanding,
and are not acceptable for in vivo studies.

To overcome these limitations, we developed
an in vivo, non-invasive computed
tomography (CT) technique to measure the
3D motions of the carpal bones. In this
study, we report the motions of the capitate,
scaphoid and lunate during wrist flexion and
extension in male and female subjects.

MATERIALS AND METHODS

Both wrists of five healthy males and five
healthy females (n = 20) were imaged in five
wrist flexion positions (neutral, -30°, -60°,
30° and 60°) using a specially designed
positioning jig. Institutional Review Board
approval was obtained for all subject
protocols. CT volume images (voxel size:
(0.2-0.9)*x 1 mm?®) from the distal radius
through the proximal metacarpals were
acquired at each position. Cortical bone
surfaces were extracted and registered to
neutral [3]. Capitate, scaphoid and lunate
motions were described relative to a radially-
based orthogonal coordinate system [1]. 3D
motions were described as a rotation about
and translation along a unique helical axis of

motion (HAM) axis. The error in this
technique was estimated to be less than 2°
rotation and 1.0 mm translation [3]. The
intersection of the HAM axis with the sagittal
plane was also calculated [4]. Radio-capitate
motion was used as an indicator of wrist
motion [1]. Gender differences in carpal
volumes, HAM axis intersections with the
sagittal plane, and rotations about the HAM
axis were determined using Student’s t tests
(Instat, Graphpad, San Diego, CA).

CT volume images for a total of 98 positions
were successfully acquired and used for
analysis. Capitate flexion did not correlate
with wrist flexion, measured by a protractor
on the positioning jig.
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Figure 1. Scaphoid and lunate volumes plotted
verses capitate volume. Error bars indicate variations
in a subject’s bone volume over five CT volume
images.

Intra-subject variations in carpal bone
volumes were less than 7% for a fixed
resolution range (0.7-0.9 mm/pixel). Male
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carpal bones were significantly larger than
female carpal bones (p < 0.05). Scaphoid
and lunate volumes increased linearly with
capitate volume (Figure 1).
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Figure 2. Mean and standard deviation of HAM
intersections with the sagittal plane for the full range
of capitate flexion-extension motion in males (square)
and females(triangle). Data (mm) is plotted on a
lateral projection of a single subject’s capitate (light
gray) and radius (dark gray) in neutral position.

The HAM axis intersections with the sagittal
plane were significantly more distal in males
than in females for the capitate (Figure 2) and
scaphoid. Rotations out of the sagittal plane
were generally less than 10%. Translation
along each HAM axis was less than 3.0 mm.

Scaphoid and lunate rotations were not
different in males and females at 30° and -
30°. Scaphoid rotation closely tracked
capitate rotation in extension, but rotated
approximately 75% of the capitate rotation in
flexion. Lunate rotation was approximately
75% of capitate rotation in extension, but was
only 50% of capitate rotation in flexion
(Figure 3).

DISCUSSION

This study documents in vivo 3D scaphoid
and lunate kinematics in wrist flexion and
extension. Scaphoid and lunate rotation
patterns suggest that male and female carpal
motion mechanics are not significantly

different. Differences in male and female
HAM axis locations appear to be related to
differences in carpal volumes.
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Figure 3. The scaphoid rotated more than the
lunate in both flexion and extension. Solid lines
indicate least-squares fits for scaphoid and lunate
rotations. The dotted line is equal capitate rotation.

The scaphoid and lunate tracked more closely
with the capitate than previously reported in
cadaveric studies, possibly indicating less
intercarpal motion in vivo than in vitro [e.g.
1,2].

These results are limited to capitate, scaphoid
and lunate kinematics in wrist flexion and
extension. In addition, the images were
acquired statically and required extensive
computation time. Further research on the
complete 3D motion of all of the carpal bones
is underway.
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WRIST FUNCTION AFTER THE BR-ECRB TENDON TRANSFER
Wendy M. Murray, Kevin L. Kilgore, Michael W. Keith
Biomedical Engineering Department and Cleveland FES Center
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INTRODUCTION

The ability to extend and flex the wrist is
essential for providing functional use of the
hand to persons with tetraplegia
(quadriplegia). Wrist extension closes the
hand and wrist flexion opens the hand,
providing a means to grasp and release light
objects. Individuals with a spinal cord injury
at the fifth cervical segment (C5) have
severely weakened or paralyzed wrist
extensors, as well as paralyzed wrist flexors
(Long and Lawton 1955). Surgically
attaching the distal tendon of the
brachioradialis (Br), an intact elbow flexor,
to the distal tendon of the extensor carpi
radialis brevis (ECRB), a paralyzed wrist
extensor, provides a means to voluntarily
extend the wrist. Once active wrist extension
is restored, gravity can assist passive wrist
flexion.

The ability to extend the wrist does not
always improve after the Br-ECRB tendon
transfer (Freehafer and Mast, 1967). Also, a
reduction in the passive range of motion at
the wrist has been observed after transfer
{(Johnson et al., 1996). We hypothesize that
surgical tensioning of the Br-ECRB transfer
influences both active wrist extension and
passive range of motion. We have developed
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a Compuict simulation of the transfer to test
this hypothesis and to evaluate how surgical
technique influences wrist function.

PROCEDURES

The Br-ECRB tendon transfer was simulated
using an existing computer graphics-based
model of the upper extremity (Murray et al.,
1995; Gonzalez et al., 1997). The computer
model allows the calculation of muscle
lengths, forces, moment arms, and joint
moments as a function of both elbow and

wrist position. The model of the Br-ECRB
transfer assumes that the transfer combines
the elbow flexion moment arm of the
brachioradialis with the wrist extension
moment arm of the ECRB. We used the
model to evaluate two different surgical
techniques. The model of a slack transfer
assumes the muscle fibers operate primarily
on the ascending limb and plateau of the
isometric force-length curve between full
elbow extension (0°) and 130° elbow
flexion. The model of a tight transfer
assumes the muscle fibers operate at longer
lengths for this range of motion, on the
plateau and descending limb of the force-
length curve.

To evaluate how surgical technique
influences wrist function, the active and
passive moment-generating capacities of the
slack and tight transfers were compared to
passive properties of the wrist joint. Wrist
function was evaluated in arm postures
where gravity opposes wrist extension. The
gravitational wrist flexion moment imposed
by the weight of the hand was estimated for
a 50" percentile male based on regression
equations (McConville et al., 1980), and was
combined with measurements of the passive
moment generated at the wrist by joint
structures and muscles. Passive joint

nronerties were meacnred in a ceuthiact wit

roperties were measured in a subject with
C5 level tetraplegia (Lemay and Crago,
1997).

RESULTS AND DISCUSSION

Given the passive wrist joint properties of an
individual with C5 level tetraplegia without
a Br-ECRB tendon transfer, the equilibrium
position of the wrist (i.e., the position where
the net passive moment is 0 Nm) is 26°
flexion (Fig. 1). In more flexed wrist
positions, the net passive moment is an
extension moment. Thus, without the ability
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Figure 1. Net passive moment at the wrist
joint without the Br-ECRB transfer (M),
after a slack transfer (M+M,), and after a
tight transfer (M+M,).

to actively generate a flexion moment, 26°
flexion is the most flexed wrist posture that
can be reached.

When the elbow is fully extended, both the
slack and tight transfers generate a passive
wrist extension moment which limits the
attainable range of motion (Fig. 1). The
passive extension moment generated by the
slack transfer shifts the equilibrium position
(and maximum flexion position) of the wrist
to 12° flexion. The tight transfer shifts the
equilibrium position to 18° wrist extension.

To maintain the wrist in a posture that is
more extended than its equilibrium position,
the Br-ECRB transfer must generate an
extension moment to balance the net passive
flexion moment at the wrist. The maximum
isometric wrist extension moment generated
by the transfer varies as a function of both
wrist and elbow position. When the wrist is
extended 40°, the moment-generating
capacity of the slack transfer is not sufficient
to maintain this wrist posture at elbow
flexion angles greater than 108° (Fig. 2).
However, the tight transfer can maintain 40°
wrist extension up to 128° elbow flexion.

SUMMARY

Surgical tensioning of the Br-ECRB transfer
influences the ability to actively extend the
wrist and the passive range of motion of the

wrist. When tensioning the Br-ECRB tendon
transfer, a surgeon should consider the
balance between wrist extension (which
provides hand grasp) and wrist flexion
(which provides hand opening) that is
necessary for functional use of the hand.
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INTRODUCTION

Ligaments are fibrous structures for which
local levels of stress and strain vary spatially
and change with joint position. Knowledge
of the distribution of stress and strain in
ligaments is needed to understand their
function, mechanisms of injury, and efficacy
of reconstruction techniques. Analysis of
stress and strain in ligaments must account
for a non-linear response, fiber direction,
and allow fibers to collapse in compression.

While ligaments of the knee have received
much attention, less is known about the
interosseous ligament (IOL). It is a thin,
wide ligament that connects the radius and
ulna in the central forearm. The objective of
this study was to develop a theory to
describe stress and strain in the JOL that
develops when load is applied to the hand.
Since its local fiber orientation can be easily
visualized, fiber network theory (Genensky
and Rivlin, 1955, Steigmann and Pipkin
1991) is a suitable approach. Tension field
theory (Steigmann, 1990) can account for
the fact that ligament fibers cannot
withstand compression.

MATERIALS AND METHODS

Soft tissues over the IOL were dissected
away from a cadaveric forearm (58 year old
male). Plexiglas registration blocks were
attached to the bones close to the IOL
insertions. CT scans were obtained, and in
house software was used to build computer
surface models of the radius, ulna, and IOL.
Three adjacent sides of the registration
blocks were used to define local coordinate
systems {in CT coordinates) on the radius
and ulna. Planes were fit to 100 points on

each side using a least-squares technique.
Intersection of the plane equations and the
plane normals defined the position and
orientation of the local coordinate systems to
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within 0.1 mm and 0.1° of accuracy.

A previously described experiment was
performed to load forearms to 136N of
compression (Pfaeffle, et al., 1997). Before
and after application of load to the forearm,
a Microscribe digitizer (Immersion Corp.,
San Jose, CA) was used to collect points on
each registration block (from the same three
sides used to define local coordinate systems
in the CT data set). This experimental
procedure was performed with the forearm
in pronation, neutral rotation, and supination
positions, respectively. After tests, the
forearm was placed in neutral rotation, the
registration blocks were digitized, and
surface markers were placed on the IOL.
Digital images were obtained before and
after the IOL was cut out of the forearm and
were used to measure the in-situ strain field.
Point data from the digitizer were used to
define local coordinate systems on the bones
using the method described for the CT data
set. Thickness of the IOL and splines along
the insertion sites were digitized on the
computer models using TECPLOT (Amtec
Engineering, Seattle, WA). A ruled surface
representation of the IOL was defined in a
Mathematica program (Figure 1).

CTGEOMETRY [*"  RULED SURFACE [*

Figure 1. Ruled surface depiction of the IOL:
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Using the local coordinate systems, the ruled
surface was transformed to the configuration
in which in-situ strains were measured, and
fiber lengths were shortened based on the in-
situ strain field to obtain the stress-free
configuration. Rigid body kinematics from
the loading experiment provided
deformation of the ruled surface. An average
stress-strain relation for the IOL determined
from tensile tests of 18 specimens was
expressed per unit width using the IOL
thickness and used to predict the stress field.
Kinematics of the bones were implemented
in TECPLOT to visualize results in 3-D.

RESULTS

The loading experiment showed that the
primary motion causing extension of the
IOL fibers was lateral motion of the
insertion sites away from each other, when
load was applied to the hand. The network
theory model predicted the net force in the
IOL tobe 27N, 36 N, and 30 N in
pronation, neutral rotation, and supination,
respectively. These values are in the range
of our experimental results for the net force
in the IOL (Pfaeffle et al., 1998).

In-situ strain in the IOL was uniform across
fibers at 2% strain. The network model
results showed that the IOL displays non-
uniform stress patterns that vary with
forearm rotation (Figure 2). In pronation,
levels of stress were relatively uniform, with
a maximal stress in fibers near the elbow
and only small variation across fibers.

In neutral rotation, stresses were the highest,
with a maximal stress in fibers of the IOL
near the elbow, and a larger gradient of
stresses across fibers. In supination, stresses
showed the greatest variation across fibers,
with a maximal stress in fibers near the wrist
and the lowest stress level observed for all
positions in fibers near the elbow. Strains
followed similar trends (Table 1).

| Pronation Neutral Supination
Min 33 3.7 2.1
Max 3.6 5.2 5.1
Table 1. Min and max fiber strains predicted
by the network theory model (in percent).

DISCUSSION

In this work a network theory model for the
IOL was successfully developed. The model
shows that fibers of the IOL are not
uniformly loaded, and is confirmed by
experiment for net force in the IOL. It
provides valuable information for surgeons
regarding which parts of the IOL are taut in
different joint positions. Future studies on
experimental validation of IOL strain
patterns, interactions between fibers and
modeling non uniform stress-strain field
along fibers are suggested.
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INTRODUCTION

Our study was motivated by the serious
problem of falls in the elderly. Tripping
over obstacles has been cited as a frequent
cause of falls in the elderly (Campbell et al.,
1990). Previous studies on obstacle crossing
of the trailing limb have examined the
effects of toe-obstacle distance and obstacle
height, but not the effect of gait speed on
this activity (Chou and Draganich, 1997;
Chou and Draganich, 1998). Our objective
was to investigate the effect of walking
speed on the biomechanics of the trailing
limb during obstacle crossing. Gait speed is
important because of the range of speeds
commonly used in everyday life and the fact
that in healthy adults, average gait speed
peaks in the 30s and then decreases with age
(Bohannon, 1997). Decreased gait speed has
been associated with decreased muscular
strength and falling in the elderly (Whipple
et al., 1987). To obtain baseline data, we
examined the trailing limb during obstacle
crossing of 10 healthy young adults. We
hypothesized that increased gait speed
would significantly increase the motions and
moments of the trailing limb while crossing
an obstacle. If this is true, then the elderly
should be careful not to walk too fast.

PROCEDURES

Gait analysis was performed on 10 healthy
young adults (5 females, 5 males), having a
mean age of 25 years (range, 22-39 years),
an average height of 171 cm (range, 155 cm
to 187 cm), and a mean weight of 643 N
(range, 463 N to 904 N). All of them were

right hand dominant. Subjects wore low-
heeled shoes for the experiment. The
obstacle was a white wooden rod 37 in. (94
cm) long and 0.03 in. (0.5 ¢cm) in diameter,
held 8 inches high (204 cm) by grooves in
the two vertical arms of an aluminum frame.
Subjects were asked to walk along the 9.5m
long walkway, step over the obstacle with
their right legs first and their left legs
(trailing limbs) second, and continue
walking to the end of the walkway. Each
subject crossed the obstacle at a self-selected
normal speed, self-selected slower than
normal speed and self-selected faster than
normal speed. The order of the slow and
fast trials was random.

Ground reaction forces were measured with a
multicomponent force platform in the center
of walkway. Clusters of six or eight infrared
light-emitting diodes were attached to the
foot, shank, and thigh of the left lower limb
and pelvis of the subject with elastic straps.
Kinematic parameters were collected with the
OPTOTRAK optoelectronic, three-
dimensional digitizing system. Kinematic and
force parameters were sampled at a rate of
100 Hz. The overall accuracy of the system
was better than 0.5 mm.

The mean of three trials for each walking
speed was used in formulating the results.
SYSTAT was used to perform the statistical
analysis. The effects of walking speed on
the motions and moments of the trailing
limb were tested using one-way analysis of
variance with repeated measures. To
account for multiple comparisons, an o level

0f 0.01 was used to determine statistical
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significance. If a significant difference was
detected, the polynomial test was performed
at an 0=0.05 level of significance to
determine the trend (linear, quadratic, or
cubic). The flexion-extension angles and
external moments for the joints of the
trailing limb are reported here.

RESULTS

When stepping over an obstacle in a self-
selected manner, increasing gait speed
significantly increased crossing velocity
(p<0.0001). Gait speed was not found to
affect the flexion-extension angles of the
joints. The peaks of five external flexion-
extension moments about the hip, knee, and
ankle increased linearly with gait speed (Fig
1). The largest increases from slow to fast
speeds were 100% for hip flexion moment
(p<0.0001), 47% for knee flexion moment in
late stance (p<0.0001), and 63.3% for ankle
plantarflexion moment (p<0.0001).

DISCUSSION

Gait speed did not significantly affect the
flexion-extension angles of the hip, knee or
ankle of the trailing limb. Thus, flexion-
extension angles are not key factors to
crossing obstacles at increased gait speeds.
However, five flexion-extension moment
variables increased significantly with
increased walking speed, so muscle strength
is important to crossing obstacles at
increased speeds. Studies have shown that
muscle strength begins to diminish from the
5" decade until the 9™ decade by 12-15%
per decade, and that ankle and knee flexion-
extension strengths are significantly
weakened in a subset of elderly who suffer
frequent falls (Whipple et al., 1987; Wolfson
et al., 1985). The implication is that in frail
older adults, the risk of tripping over
obstacles is increased with faster gait.
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Figure 1. Hip, knee and ankle moments that
increased linearly from slow to fast.
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INTRODUCTION

Individuals who accumulate greater bone
mass early in life may delay the onset of
osteoporosis and associated fractures
because they have more bone to lose later in
life (Friedlander et al., 1995). It is known
that the skeleton responds to increased
mechanical usage by depositing more bone
mass. During years of rapid growth
(adolescence) habitual participation in
activities that increase skeletal loading may
build additional bone mass and help prevent
osteoporosis and fractures in old age.

The daily stress stimulus theory proposes
that bone remodeling and homeostasis can
be predicted by multiplying the number of
loading cycles (n) incurred at particular
stress magnitudes by those magnitudes (o)
raised to an exponent (m), and then
summing over the entire range of stress
magnitudes encountered in a day (Carter et
al., 1997).

1/m
Y=1 > n G‘im]
day
Whalen et al. (1988) substituted an external
measure of ground reaction force (GRF) for
the effective stress term (o) and proposed
that the daily stress stimulus could be
effectively estimated from GRF history.
Unfortunately, accurate and continuous
measurement of GRF is technically
difficult. Accurate GRF measurements
require stationary ground-based force
platforms. Portable in-shoe systems have

Web: www.celos.psu.edu

been developed but these devices tend to
have low frequency responses and yield
inconsistent results. Portable and
continuous measurement of acceleration
may be a more practical approach in
humans because accelerometers have a high
frequency response and are small and
relatively unobtrusive. The goal of this
study was to determine if accelerations
measured at the distal tibia correlate with
GRFs, in the hope that they might provide a
useful index of skeletal loading.

PROCEDURES

Vertical ground reaction forces, and
accelerations of the distal tibia were
measured using a force platform (Kistler
Model 9287A) and a uniaxial accelerometer
(Kistler Model 802BD) respectively. A
custom holder and Velcro™ strap, secured
as tightly as possible without causing
discomfort, were used to mount the
accelerometer just proximal to the ankle,
with its axis aligned with the long axis of
the tibia. Ten healthy female subjects
between the ages of 17 and 30 were tested
while performing the following activities:
walking, running, cutting at a 45-degree
angle while running, and jumping down
from heights of 20cm (8”"), 40cm (16”"), and
60cm (24”). All subjects wore athletic
shoes. Each subject executed three trials of
each activity while GRFs and accelerations
were recorded at 1000 Hz using a portable
PC, a National Instruments PCMCIA data
acquisition card, and LABVIEW software.
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All forces were normalized to body weight
and data were compiled for all activities.
Regression analyses were then performed to
determine the relationships between distal
tibial acceleration and peak vertical ground
reaction force, initial vertical loading rate
(slope to first peak of the vertical GRF
profile), and initial impulse (area under the
first peak).

RESULTS

Average tibial accelerations ranged from
2.9g for walking to 48.2g for jumping from
a 60cm (24") height (Fig. 1). Within-
subject accelerations were consistent for
each activity but varied considerably across
subjects. For example, tibial accelerations
for jumping from a 40cm (16") height was
subject dependent and ranged from 11.0g to
53.3g. .
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Figure 1: Average peak accelerations at the
distal tibia during different activities (n=10;,
error bars = 1 SD)

Significant but weak correlations were
found between acceleration and GRF. The
most promising linear analyses were
between acceleration and peak vertical GRF
(R*=0.45, Fig.2) or acceleration and initial
vertical loading rate (R* = 0.46).

DISCUSSION

We found that accelerations at the distal
tibia during walking, running, cutting, and
jumping were significantly correlated to
both the initial peak in vertical GRF
(normalized to body weight) and the initial
vertical loading rate. Though these

relationships were highly significant (p <
0.001) they indicate that tibial accelerations
can only explain about one-half of the
variance in ground reaction forces. This
finding is not surprising given that GRFs
are dependent on the accelerations and mass
of the whole body, whereas our acceleration
measurements consider some unknown
fraction of that mass. Clearly, other-factors,
such as body mass distribution, footwear,
and motor coordination also influence the
accelerations measured at the distal tibia.

4.0

Log Peak GRF

R?2 =045

N 50 . 100
Tibial Acceleration (g)

Figure 2: Linear regression of tibial
acceleration vs. log peak GRF.

CONCLUSION

Our data suggest that monitoring tibial
accelarations may be useful for tracking
skeletal loading but it is by no means ideal.
Further research and development of other
more predictive technologies appears to be
warranted.
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Introduction

Toe walking is common among patients
with upper motor neuron pathologies such as
stroke and cerebral palsy. A variety of
surgical and orthotic interventions is
employed to eliminate toe-walking. Toe-
walking is believed to impair the mechanics
of gait. This belief stems primarily from the
analysis of joint powers. Joint powers, as
measured in clinical gait analysis, are the
product of the net joint moment and angular
velocity about the flexion/extension axis.
Ankle joint power at push-off is
significantly reduced in toe-walking (Olney,
MacPhail et al. 1990).

As toe-walking is quite common in nature,
far more common than heel-toe walking,
even among bipeds, it seems unlikely that it
1s inherently mechanically disadvantageous.
We chose to study the kinetics of toe-
walking by comparing the linear power
transmitted to the upper-body at the hip joint
in heel-toe and toe-walking gait. Further,
we employed a novel form of power
analysis that allows us to determine the
contribution of each joint’s moment to the

total linear power at the hip.

Procedures

We evaluated the heel-toe and toe-walking
gait of 10 healthy young adults (27+5yrs,
60+10kg, 1.7+0.1m). Informed consent was
obtained and the protocol was approved by

the hospital IRB. Gait laboratory kinematic
and kinetic data were obtained for the
subjects walking at their chosen speed
(1.2+£0.1m/s) and toe-walking at nearly the
same speed (1.1£+0.1m/s). Individual models
of each subject’s right lower extremity were
developed using SIMM/Dynamic Pipeline
(Musculo-Graphics, Evanston, IL). Inverse
dynamic analysis was then performed using
SD/Fast (Symbolic Dynamics, Mountain
View, CA). At each instant, the net joint
moments were calculated and the
instantaneous velocity and contact force at
the hip joint were determined. Each net
joint moment was then applied individually
and the resulting joint velocity and contact
force were determined. This permitted us to
determine the total hip joint linear power
throughout the gait cycle and each joint
torque’s contribution to the total power.
Three trials of each form of gait were

inree ir Ci ¢ O1 galt were

analyzed for each subject.

Results

Throughout the gait cycle the net linear
power at the hip joint in toe-walking was
similar to that in heel-toe walking (Figure
1). There is a large positive component just
after heel strike and a smaller component
just before toe-off in stance. The average
peak hip linear power in toe-walking was
99.3(28.5) watts and 100.1(33.9) watts for
heel-toe walking. In late swing, there is also
a large positive power flow from the leg to
the upper-body.
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The ankle moment contribution to the total
power showed two positive peaks in stance.
The first peak occurred in early stance. The
peak ankle moment contribution (the second
peak for toe-walking) occurred prior to toe-
off in both cases and was not significantly
different in magnitude. The first ankle
moment associated positive power peak was
offset by compensations in the knee moment
associated induce power. Knee moment
associated linear power becomes positive in
early stance in heel-toe gait. In toe-walking,
it remains negative throughout stance.

The ankle moment makes no significant
contribution in swing. In late swing, the hip
moment (extending the thigh) produces a
positive power contribution that is precisely
offset by the knee moment, which is
extending the knee at this stage. Thus, the
net positive power flow at the hip in late
swing is not due to the action of any joint
moment. Rather it is energy flowing from
the slowing lower limb to the upper-body.

Discussion

Linear power analysis reveals that only a
small portion of ankle push-off power
directly propels or supports the upper-body.
The majority of the power generated by the
ankle moment is absorbed in the segments
of the lower limb. A portion of the energy
absorbed by the lower limb is passively
transferred to the upper-body in late stance.
This result is consistent with the findings of
Meinders et al. (Meinders, Gitter et al.
1998). Thus, calculations of linear power
and power flow analyses based on joint
powers yield consistent results, as they
should.

Calculation of the contribution of each joint
moment to the total linear power provides
valuable insight into inter-segmental
coordination. Toe-walking requires
increased knee compliance in early stance.
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Figure 1a. Linear power at the hip joint in heel-toe gait.
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Figure 1b. Linear power at the hip joint in toe-walking gait.

In healthy young subjects, this is provided
by precise modulation of the knee moments.
Among patients with neuromuscular
pathologies, we would expect to see
different compensating mechanisms or
failure to compensate, compromising upper-
body propulsion or support.
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INTRODUCTION

Static optimization has been the method of
choice for estimating muscle and joint
contact forces during gait (Brand et al,
1994). Although the relatively small
computational demands of this approach
have allowed very detailed musculoskeletal
models to be used, static optimization has
been criticized in several respects: 1) the
method is highly dependent on the accurate
collection and processing of experimental
data, 2) the physiological properties of
muscle have typically not been included in
the problem, and 3) the performance
criterion is required to be time-independent
(Hardt, 1978; Patriarco et al., 1981).
Dynamic optimization addresses these
shortfalls, but it incurs enormous
computational cost. As a result, dynamic
optimization solutions for gait have been
few and have lagged behind their static
optimization counterparts in terms of model
complexity (Yamaguchi and Zajac, 1990),
so much so that a meaningful comparison of
the two methods as they apply to gait has
not been possible. In this study, a dynamic
and a static optimization problem for gait
were solved. The musculoskeletal model
used was similar in complexity to previous
static optimization models and considerably
more detailed than previous dynamic
optimization modeis. A direct comparison
of the two methods was made possible by
using as inputs to the static optimization
problem the joint moments computed from
the dynamic optimization solution.

Figure i: Model of the body.
METHODS

The body was modeled as a 10-segment, 23-
degree-of-freedom linkage (Fig. 1). Each
leg was actuated by 24 muscles. Relative
movements of the pelvis and upper body
were controlled by 6 abdominal and back
muscles. Interaction of the feet with the
ground was modeled using a series of
spring-damper units distributed under the
sole of each foot. Details of the model are
given in Anderson and Pandy (in press). In
the static optimization problem, the
physiological properties of the muscles were
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taken into account by limiting muscle force
in accordance with the force-length-velocity
property of muscle; however, muscle
activation dynamics was neglected. The
performance criterion was the minimization
of the sum of the square of muscle
activations. For the dynamic optimization
problem, the performance criterion was the
minimization of the total amount of
metabolic energy expended per unit distance
traveled.

RESULTS

In general, the time histories of muscle force
predicted by the static and dynamic
optimization solutions were very similar.
Consequently, the contact forces at the hip,
knee, and ankle were also similar (Fig. 2).
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Figure 2: Resultant joint contact force at the
hip normalized by body weight.

DISCUSSION

The striking similarity between the dynamic
and static optimization solutions provides
strong evidence that static optimization is
entirely adequate for predicting joint contact
forces during gait, provided that the net joint
torques exerted by the muscles are known
with confidence. Similarity between the two
solutions implies that 1) activation dynamics
may be neglected in the static optimization

problem for gait and 2) there is a functional
equivalence between minimizing metabolic
energy over the entire gait cycle (a time-
dependent performance criterion) and
minimizing the sum of muscle forces
squared at any instant (a time-independent
performance criterion). Accurately
estimating the net joint torques exerted by
the muscles remains a critical element of the
static optimization approach (Patriarco et al.,
1981). It is suggested that dynamic
optimization should be used when 1)
accurate experimental data cannot be
obtained, 2) activation dynamics is
suspected to play a significant role during
the activity, or 3) one would like to use
simulation as a tool for predicting how
changes in musculoskeletal structure might
affect function.
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INTRODUCTION

Three-dimensional motion analysis has
become a valuable tool for research and
clinical assessments over the past ten years.
One commonly recognized problem is the
day to day variability that may be present
due to placement of markers over the skin.
This variability is especially important when
the same subject is being tested on more than
one occasion and comparisons are made

hotwoa n tha turn coagin

CUAWELCTI vl tWO SCSSi10i1iS.

Kadaba et al (1989) have demonstrated
relatively low between day reliability in
walking in the frontal and transverse plane
angles and attributed these results to
replacement of markers between days.
Coefficients of multiple correlation were
used to compare similarities in the overall
patterns of motion. However, distinct

points such as peak angles, peak velocities
and angular excursions are often the variables
of interest used when making statistical
comparisons. It is important to understand
the magnitude of change that is attributed to
simply repositioning the markers when
interpreting statistical results. Therefore the
purpose of this study is to compare the
three-dimensional kinematics of the hip,
knee and rearfoot in runners in two separate
data collections. It was anticipated that
excursion and velocities would be less
sensitive to marker placements and resuit in
higher reliability values than peak values.

PROCEDURES
Twenty recreational runners volunteered for
this study. The right leg was tested in all

individuals and subjects had no lower
extremity injuries at the time of testing.

Four retroreflective markers were affixed to a
velero-backed polyform shell and attached to
the thigh via a neoprene wrap. In addition,
four markers were attached to the shank via
neoprene wrap and three markers were
attached to the heel counter of the shoe.
Additional markers were placed over various
body landmarks to establish the anatomical
coordinate systems in which the motion
would be described. After a standing
calibration trial was collected, the anatomical
markers were removed.

Subjects then ran along a 75-ft. runway at a
speed of 3.35 m/s (£10%). Five trials were
collected. Subjects then returned for a
second data collection in which the same
procedure was employed. The same tester
attached the markers on all subjects. Data
were sampled at 120 Hz with a 6 camera
VICON (Oxford Metrics, UK) motion
analysis system. GRF were collected with
a Bertec (BERTEC Corp, OH) forceplate
being sampled at 480 Hz. Three-
dimensional joint kinematics were calculated
using MOVE3D software (NIH
Biomechanics Laboratory). The variables of
interest were three-dimensional angular
peaks, excursions and velocities at the hip,
knee and ankle. Additionally, ground
reaction forces were evaluated. Intraclass
correlation coefficients (ICC(2,k)) were used
for the chosen variables to compare
reliability between days.
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RESULTS

Table 1: ICC(2,k) for rearfoot

DF (Sag) EV (Frt) AB (Trans)

Peak 0.287 0472 0.778
Excurs 0.804 0.898 0.895
Veloc 0.919 0.905 0.740
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Figure 1: Rearfoot Frontal Angles

Table 2: ICC(2.k) for knee

Fix (Sag) Add (Frt) IR (Trans)

Peak 0.743 0.767 0.939
Excurs 0.914 0.799 0.790
Veloc 0.961 0.922 0.900
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Figure 2: Knee Sagittal Angles

Table 3: ICC(2,k) for hip

Flx (Sag) Add (Frt) IR (Trans)

Peak 0.863 0.737 0.591
Excurs 0.787 0.768 0.764
Veloc 0.594 0.774 0.843
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Figure 3: Hip Transverse Angles

Table 4: ICC(2,k) for GRFs

ICC(2,k)
Peak lateral GRF 0.460
Peak medial GRF 0.918
Peak braking GRF 0.718
Peak propulsive GRF 0.777
Peak vertical GRF 0.743

DISCUSSION

There was remarkable agreement in the
averaged curves between days for all
variables as represented in Figs. 1 -3. This
suggests that when looking at averaged group
curves, there is good agreement. However,
the ICC(2,k) values which are associated
with peaks are lower which suggests higher
within subject variability between days
(shaded in Tables 1-3). For instance one
subject exhibited a difference in peak
eversion of 10.1° between days.

Anatomical marker placement is most crucial
as this establishes the anatomical coordinate
system (ACS) about which axes the angles
are decomposed. Slight changes in marker
positions would result in different peak
angle values. As expected, excursions and
velocities had higher ICC values than the
peaks did. Peak values are absolute measures
and more likely affected by alterations in the
ACS alignments than the relative measures
of velocity and excursion.

The relatively high reliability in the
secondary planes was surprising in light of
previous reports. The lower ICCs for the
peak rearfoot values suggest more attention
should be paid to the placement of the foot
markers. Finally, ground reaction force ICCs
(Table 4) suggest some of the between day
variability may be due to true mechanical
differences.

SUMMARY

These data suggest that when marker
placement is carefully standardized, average
patterns of motion are very consistent.
However, when assessing individual subjects
across days, ICC(2,k) values are more
variable. Velocities and excursions are more
reliable from day to day and these values
may be more useful than peaks in
interpreting changes. This is important when
these parameters are being compared before
and after treatment interventions.
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INTRODUCTION

Individuals affected with progressive
multiple sclerosis (MS) have complex,

multi-system pathologies. Clinical

evaluation of gait is difficult because
systems including muscle function, motor
control and integration of movement may be
affected by MS leading to subtle and
obvious changes in locomotion capabilities.
Identification of effective therapies for MS
have been significantly hindered due to the
largely unpredictable clinical course of the
disease and the limited understanding of its
etiology and pathogenesis. The purpose of
this study is to determine if the gait
characteristics of patients with progressive
MS may be used to differentiate their
ambulation characteristics from subjects
with normal gait.

PROCEDURES

Eighteen patients, seven women and eleven
men, identified with progressive MS were
selected to participate in the study. The
patients had a mean age of 49 + 8.5 years.
Each patient was evaluated by a neurologist
to confirm the diagnosis of progressive MS.
The gait of 19 normal subjects, ten women
and nine men, was also analyzed. The
normal subjects had a mean age of 32 £ 6.9
years. All subjects were studied during level
walking. A set of 24 reflective markers
were placed on bony landmarks as described
by Kadaba et al. (1989). Data from at least
three complete gait cycles was collected for
both the right and left side of the body. A

six camera ExpertVision System (Motion
Analysis Corporation, Santa Rosa, CA) was
used to collect three-dimensional trajectory
data of the reflective markers at a sampling
rate of 60 frames per second. Data analysis
was performed using Analyze software
(Meglan, 19910.) to obtain temporal-
distance (TD) parameters. A two-sample
t-test was used for inter-group comparison.
A paired t-test was used for inter-visit
comparison if the data was normally
distributed, otherwise a Wilcoxon signed-
rank test for non-normally distributed data

was used.
RESULTS

The TD parameters for patients with MS and
normal subjects are presented in Table 1.
During normal walking, the MS patients
exhibited a 35% reduction in velocity
compared to normals. The decreased
velocity is the result of a 25% decrease in
stride length, and a decrease in cadence of
22% as compared to the normals. Step
width showed a 23% increase over normal
subjects.

Table 1 Comparison of gait parameters.

Normal MS p-level

Parameter | Mean | +SD | Mean| +SD

Velocity(m/s) | 1.22 [0.12| 0.78 | 0.30 | 0.0001
Stride(m) 1.32 10.14) 0.99 | 0.29 |0.0004
R_Step(m) 0.66 |0.08} 0.51 | 0.14 |0.0006
L_Step(m) 0.66 |0.09]| 0.49 | 0.14 [ 0.0002
Step Width(m)| 0.13 {0.03] 0.16 | 0.05 |0.0555
Cadence |115.81 [9.51 {90.43 {14.8 ]0.0001

(steps/min)
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In order to test the reproducibility of the gait
analysis, each MS patient was retested one
week following their initial gait evaluation.
Comparison of visit 1 and visit 2 for the MS
patients are presented in Table 2. There
was no statistical difference found in the TD
parameters between visit 1 and visit 2
therefore it can be concluded that gait
analysis is reproducible in the MS patients.

Table 2 Gait reproducibility in patients
with MS.

Visit 1 Visit 2 p-level

Parameter | Mean | +SD | Mean | £SD

Velocity(m/s) | 0.78 0.3 0.81 03 0.54

Stride(m) 099 | 029 | 1.02 | 0.3 0.23

R_Step(m) 0.51 | 0.14 | 052 | 0.15 | 0.57

L_Step(m) 048 | 0.14 | 049 | 0.14 | 0.35

Step Width(m) | 0.16 | 0.05 { 0.16 | 0.05 | 0.47

Cadence 90.4 15 92.5 | 16.6 0.92
(steps/min)

DISCUSSION

The gait of the MS patients in this study was
quantitatively different from the gait of
normal subjects. Two likely contributing
factors to the observed changes in gait are
ataxia and spasticity, both of which depend
on the progression of the disease. These
neurological impairments affect the patient’s
muscular coordination during walking and
therefore may manifest themselves in terms
of decreased stride length and increased step
width to maintain a stable base of support
during gait. Results of the current study of
patients with MS are similar to those
reported by Holden (1986) and less than
those reported by Gehlson (1986). These
differences are likely due to variations in the
severity of the disease in the subject pools.

Both the current literature and our data show
that TD parameters displayed by the MS
patients are clearly different from those
displayed by healthy subjects. Measurement
of normal gait is reproducible (Growney et
al., 1997). Similarly, this study
demonstrates that measurement of gait
parameters in patients with MS is
reproducible. Therefore, it’s possible to use
TD parameters to develop a reliable
differentiation between normal and MS
pathological gait. Gait analysis may be a
useful tool for quantifying functional
changes associated with the disease
progression of MS allowing for earlier
clinical treatment.
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