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DISCUSSION. OF AFTERNOON PAPERS

Dr. Basmajian: I propose in this final discussion period to have ten
or fifteen minutes of directed discussion of an area that has been
neglected so far in these discussions, and that is, animal or quadriped
locomotion studies, and how they fit into the picture. I hope that the
neurophysiologists and the other persons in the group who work with
animals will take the leadership in this discussion. Then, I propose
that Dr. Akeson and myself try to summarize what has happened during
the day and with your help establish some national priorities in
locomotion and gait studies. This would be our collected opinions about
the needs in the field and some concept of the ways that those needs
are being met and how they might be better met in the future. We might
also discuss who should have fiscal responsibility for meeting these
needs. This may be an impossible tesk; then again it could be an
approach that could be useful at several levels of government, as well
as providing some criteria for the Study Sectionm.

Dr. Stein: #I would like to make a few brief comments that will give
you some idea about current research on animals. One of the things

we can do in animal studies that may’ be useful to people in the

human areas, is to study the role of sensory feedback. Over the last
couple of years our group, and others in various places around the
world, have developed techniques which permit us to look at the sensory
fibers not as they are activated in anaesthetized animals but as they
function in behaving animals, e.g. animals walking on the treadmill.
Within the next few years, bagic neurophysialogists will probably be
able to provide some information on the normal roles of various sensory
fibers.

Another area where some interest is developing is the question of the
flexibility of the nervous system; the extent to which retraining might
take place if you cut nerves and resuture them in appropriate ways. A
related area that has been totally absent from our discussions is bio- -
feedback, and whether it can be of any value in training people who have
an inappropriate pattern of activity, to show them their pattern, and
ask them if they can do anything about it. A third item that I could
mention is an area that is receiving intense effort on the part of basic
scientists, namely the heirarchial organization of the motor systems.

We have all been brought up on the idea of spinal reflexes, but now
neurohiologists can record from the motor cortex and cerebellum with
microelectraodes. With these electrodes it is possible to record activity
in brain cells during behavior.and it .is becoming more and more apparent
that in addition to the basic spinal reflexes, there are cerebral and
cerebellar "reflex" pathways which are affected to a greater or lesser
extent, depending on the pathology. In the last couple of years it has
been shown, for example, that a "long-loop" pathway involving the motor
cortex is affected in Parkinson's disease, and maybe in some other
pathological conditions.
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Dr. Basmajian: Perhaps Dr. Perry can comment on this.

Dr. Perry: The ability to respond to biofeedback depends on the level
of selective control the patient has retained or regained. It certainly
is an excellent way of instructing the patient on how he should try to
perform compared to how he currently is doing. His ability to respond
depends on existance of selective control pathways which let him instruct
his muscles appropriately. Voluntary activation of primitive mass
action patterns also may yield some gains if the total limb function
includes the desiredactivity without inducing unwanted events as well.
Patients who move only by reflex or automaticity will not profit.

Dr. Basmajian: My experience with biofeedback in gait has been limited
to training spastic patients to inhibit specific muscles. When you talk
about your experience--when a person says "in my experience,'"--it means
one case (laughter)--but if he says "in my series,” he's had two cases,
and if he says, "in case after case after case,” he's had three patients.
So in case after case after case, we have been able to train teenagers
who have cerebral palsy with spasticity, to inhibit the spasticity during
locomotion. But we have not had long experience in this area and we
certainly have not had long experience with some of the smaller muscles.
In a few patients with spastic equinus deformity, we could train them to
put their heel on the ground.

The possibilities in biofeedback will require a great deal of research.
A small fraction of the total population of patients we are concerned
with, might benefit from biofeedback training. But it's not going to
solve the problems of the majority. =

Dr. Houk: I would urge the people who are working in this area to acquaint
themselves more fully with the recent, very exciting work that is being
conducted on animal locomotion. These studies have revealed some basic
principles of motor control in tetrapods that is probably relevant also

to the bipedal gait of man, although some of the details may differ, due

to the inherent mechanical differences between two-legged and four-legged
posture. There are three recent reviews on different aspects of these
studies: M.C. Wetzel and D.G. Stuart, Ensemble characteristics of cat
locomotion and its neural control, Prog. in Neuroboi, T:1-98, 1976; J.L. Shik
and G.N. Orlovsky, Neurophysiology of locomotor automatism, Physiol. Rev.
56:465-501, 1976; S. Grillner, Locomotion in vertebrates: central mechanisms
and reflex interaction. Physiol. Rev. 55:247-304, 1975; and there is a
useful book that summarizes a recent symposium on locomotion: R. Herman,

S. Grillner, P. Stein and D. Stuart, Neural Control of Locomotion, Plenum
Press, New York, 1976. I would also like to call attention to recent
developments concerning the mechanisms and function of the stretch reflex

in the control of muscle length an&\tension. I have summarized this latter
area in a recent review chapter: J.C. Houk, Participation of reflex mechanis
and reaction-like processes in the compensatory adjustments to mechanical
disturbances, in Cerebral Motor Control in Man: Long Loop Mechanisms,

J.E. Desmedt, ed., Progr. in Clinical Neurophysiol. Vol. 4: Karger, Basel,
in press. The chapter by Nashner in the same book also contains information
that would be useful to those of you studying gait.
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Dr. Basmajian: Jim, there are differences in the biomechanics, but don't
you think that the basic neurophysiology is related or evolutionary to
the bipedal locomotion of man?

The intermediate animal that we've been studying for some

years at the Yerkes Primate Center is the gorilla (and a few chimpanzees, and
other apes). We find that there are more similarities than dissimilarities
between man and ape when the ape attempts to walk bipedally for reasons such
as when you hold up something they want to get above their heads. There are
more similarities than dissimilarities in gorilla locomotion on two feet.
The dissimilarities would seem to be biomechanical; that is, the gorilla,

to stand upright, has difficulty that is based upon its anatomy between

the lower thoracic region and the hip joint. But given enough incentive,
when he does walk bipedally, there are more resemblances in the electro-
myography than we had expected. This ‘includes the gluteus maximus muscle
which physical anthropologists said for half a century was the limitating
factor to preventing the gorilla walking on two feet.

Dr. McMahon: Let me say some words about animal workers in gait. Together
~with my colleagues, C.R. Taylor and Farish Jenkins of the Biology Department
at Harvard, I have been interested in the extent to which running is like
the bouncing of a ball. There seems to be the following evidence in support
of that analogy.

Firstly, if you look at the frequency of striding during galloping, it is
nearly constant in quadrupedal animals. As the animal runs faster, he takes
longer steps, but doesn't increase stride frequency. A simple theory which
assumes the animal behaves like a hunk of rubber vibrating like a tuning
fork can make the correct prediction of stride frequency as & function of
animal size, from mice to horses.

Secondly, a new technique we are using shows that the tendons store enormous
quantities of energy during a running stride cycle. We tie steel balls inside
the achilles tendon (lateral gastrocnemus tendon) and run the animal on a
treadmill before a high-speed x-ray machine. The tendon stretches by more
than 5 percent while the foot is on the ground. This represents a storage

of elastic energy of nearly 40 percent of the energy required to take a
stride.

Dr. Basmajian: Tom, that was a lovely dissertation. It raises all sorts

of questions. I think you're familiar with the work of Ed Taub on the
deafferented monkeys--the amount of residue of behavior--of apparently

normal behavior that remains in monkeys who are almost completely deafferented
at an early period in life. They manage to walk pretty well and get along
quite nicely. We would all assume that such an animal would be like a human
being who is denervated in'the lower limbs and would be in similar trouble..

But the Taub monkeys are not in bad trouble; they can do all sorts of things.

Does the roundtable see as a problem the fact that man's locomotion is
practically entirely a learned phenomenon; one that is learned rather late.
in life compared to most of the quadrupeds you've been referring to, who
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were born with a genetic pattern of locomotion, and only hours after birth
are beginning to imitate their adult counterparts? When I say learn, I
mean at a fairly conscious level. A baby learns to walk by imitating

what its parents are doing. Then there is a progression over many years

in acquiring the adult pattern of locomotion, to the point where it is

said, a person's footfall in the corrider can be recognized as that person's
signature. In learning this pattern, do we have something that is truly
human and different than other animals:

Question: Can man walk like a gorilla?
Dr. Basmajian: It's not easy. My colleague who worked mostly with the

gorillas would get down and play with them, and do their kind of locomotion,
and he'd become very tired; his back got tired.

Let us now discuss the presentations of Drs. Perry; Murray, and Chao,
and the issues that were raised in their papers.

Dr. Rose: To turn to a more general question, that of the characterization

of normal gait, one accepts this pattern as an optimum means of locomotion.

We have a system however, with different capabilities and different limitations
and the question I wish to pose is, why in that case do you accept normal gait
as the optimum means of locomotion--in other words, why shouldn't some

people limp?

Dr. Basmajian: That's a very good question. Why.shouldn't you even

attach wheels to their knees and have them roll along? Why do we have

to be so anthropocentric in our thinking? Why do we have to have knee

Joint replacements which are absolute duplicates--except for the embarassing
fact that they will not work otherwise. Dave, why don't you give them

the San Francisco dicta about what are the limitations of gait? Can you
remember the six determinants of gait?

Dr. Sutherland; The six determinants are: pelvic rotation, pelvic tilt,
knee flexion in the stance phase, foot and knee mechanisms (4th and 5th
determinants), and lateral displacement of the pelvis. A patient with an
intact control system can lose one or two determinants and still maintain
an even passage of the common center of gravity without rise in energy
consumption. Loss of two or more of the determinants makes full compensa-
tion impossible. Patient will walk with exaggerated displacement of the
common center of gravity and accompanying increasing energy demands.

Dr. Basmajian : A patient who has lost four of the determiﬁants has to
decide whether he prefers a wheelchair.

Dr. Stein: One must accept the fact that you have a system which is
optimized originally with regard to consumption of energy.

Dr. Simon: Although your statement may be correct, it remains to be proven
whether the final goal any individual with a pathological disorder or any
treatment program initiated to correct such disorders strives to achieve.

is an optimization of energy consumption. Someone who has a disability

may be incapable of achieving the normal minimal levels of energy expenditure
when walking. It is possible that he may be trying to optimize his total
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energy to the best of his ability. Nevertheless, this attempt is not as
good as the normal and clearly may be defined as an impairment. But, it is
also to be noted that there are other impairments present. Pain, loss of
motion, overall stability, and balance are just some of the other impediments
present in an individual's pathological gait. The individual must deal

and compensate in some.way for all of these if he is to walk. Under such
circumstances, it is not clear which factor he "optimizes" or gives
priority to. Loss of stability may stop the individual from taking one
step. Pain may stop the individual from walking after two or three steps.
But, increase energy cost may only stop an individual from walking after
some distance is traveled; when further progression becomes extremely
fatiguing. The item of acceptability then is the one that achieves
maximum forward progression (in distance). Energy expenditure may,
therefore, be the significant factor only in the case of normal subjects.
Clinically, we are subconsciously aware of this situtation all the time

in prescribing different treatments. Braces are used to achieve stability
even though they may be increasing energy expenditures. To then relate

the situation in normal subjects to that which exists in subjects with
pathological disorders may be like mixing apples and oranges. It remains
for us to ascertain in each disorder which are the prime factors optimized
and how the situation is altered by treatment. The item of the acceptability
of the method of progression is significant. Otherwise, the minimum oxygen
consumption for all is a motorized wheelchair, and yet we don't choose it.
We're mixing apples and oranges, and we do that clinically all the time.

We make different optimizations as it were, for different paxients because
of their own reactions to their disabllities.

Member: I think there's more to it than that. There's evidence that we
do have a good hand on it--the things the patients are happy with when we
do optimize them. They do like to have a certain rate of progression; they
do like to be able to minimize energies. One can see these things as

satisfying. They may be arbitrary, but they certainly solve some of the
problems. .

Dr. Simon: Certainly, in many cases, either because of the nature of the
disease or the treatments available, energy expenditure becomes the rate
limiting factor. With oxygen consumption studies, we have an objective
method of measuring one aspect of energy expenditure. It is, however, an
incomplete measure since it only reflects. the aerobic metabolism of the

body during walking. Nevertheless, it does provide us with a good indicator
in some patients of their walking ability. At certain institutions such

as Rancho Los Amigos Hospital where studies of Os consumption have been
performed, it has been found that once we start increasing our Op consump-
tion, we find there is a point at which an adult ceases to walk. Clinically,
we are aware of this phenomenon occurring with various disabilities. As
young children they may walk but with growth as their body mass increases
and energy cost rise, they stop walking.

Dr. Perry: The rate of progression is important for the slower =a person
goes the longer time he must expend his energy. Hence energy cost per meter
becomes a significant functional measure. Further with more severe limb
impairment the person cannot exercise sufficiently to develop his energy
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production system. That is to train heart, lungs, and muscles for oxygen
delivery in extraction. With a limited energy production capability a
"normal" minute energy cost becomes relatively higher.

Dr. Basmajian: The time, ladies and gentlemen, has come for thinking about

some kind of summation, and I would like to suggest that we spend the remaining
time discussing the possibility of some national priorities for gait
laboratories and gait research, to act as a stimulus for further growth in

this area. First, can priorities be set? Is there any way in which we can
agree that there are priorities? Is there anyone who has a strong feeling
there are no priorities?

Dr. Burstein: We have assembled here people who are deeply interested in

the outcome of gait studies, and who have been deeply involved in this area
for quite a while. If one can generalize and offer a useful outcome, I would
suggest certain things. For example, when we look at gait laboratories

and gait studies, I might suggest that we've been developing them using the
patient for approximately 30 years. We've reached the stage in development where
there is a wide range of instrumentation available, at a wide range of costs,
and certain degrees of sophistication, and that we probably, at least in

my opinion, should consider developing new instrumentaiton only if we can

show that it serves the needs in reaching some goals that are not yet

available to us. If you want to talk about a priority, then the development
of new conceptual instrumentation should be based on an established need

to go over and above the capabilities of existing instrumentation. I'm not
talking about number of facilities. That's an entirely different question,

but my personal feeling, from the point of view of one involved in instrumenta-
tion, is we have more capabilities now than we have uses for it.

Dr. Basmajian: But Al, that's sort of a negative priority.

Dr. Burstein: I didn't get to the positive ones. I just wanted to throw
this umbrella idea over the whole area. What about the direct measurement

of muscle force? I don't think that one has to worry at this point about
developing a kinematic system that can resolve at intervals of let's say,
greater than two millimeters. I don't think it is worth the cost, in

light of other things we have mentioned. But, if one could measure muscle

. force, and there's a demonstrated need to do that, because there are clinical
questions that have to be answered directly...

Dr. Basmajian: Direct, clearly on-line measure of muscle force...

Dr. Burstein: ...that certainly would be an interesting extension of our
instrumentation capability. There possibly are one or two others--and I'm
not saying, don't develop them, ‘but I think we should be critical in the
expenditure of time and effort at this point. You can become too caught
up in the ability to measure things more precisely and more quickly and
more rapidly. It doesn't always lead to more progress.
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Dr. Basmajian: Can we debate this concept that the state-of—the-art of gait
studies in man is now sufficiently developed so that we need not be encouraging
major developments--major improvements—-in 1nstrumentation?

Members: Pros and cons.

Dr. Basmajian: We agree then that the state-of-the-art in human gait studies
is sufficiently advanced so that a major investment to improve upon them

is not a top priority. So can we say that reducing the complexlty of
clinical diagnosis and prognosis, is needed?

Dr. Burstein: I'd put it more strongly than that. I would say right now we
have almost no clinically-useful diagnostic tools that can be taken outside
of the very heavily-financed research laboratory. There's a complete
imbalance between capabilities in a research center... .
e

Member: ...where you may very well do clinical work, but that's not the
question. But outside of the heavily endowed research center (with few
exceptions) you do not have the capabilities of d01ng galt analysis/or
research. RIS

Dr. Basmajian: What about the need for and understandlng of normative data?

Dr. Burstein: Requests to support the procurement of normative data should
be evaluated on the basis of individual merit. I think the only thing to
establish (in terms of priority) is if somebody sees an area of normative
data that is missing and it's related to their clinical interests--then the
priority on that is as high as the clinical need or the area of associated
investigation. Normative data is necessary in any basic science--especially
in the medical and biological sciences. We always talk in terms of studying
the abnormal and that inherently implies that we need normative data.

Dr. Perry: All gait laboratories are equipped with multipurpose systems.
Many are put together in rather a prototype fashion which requires repeated
calibration and adjustment by the staff. For wider application of gait
analysis clinically reliable dedicated systems are needed. This should be one
objective in improving the development of gait instrumentation. The fact
that most gait laboratories are not regularly providing cllnical measurements
identify that all these laboratories are not set up to do so. ' Also all
laboratories do not measure the same factors. There still needs to be
interpretations that will identify which data.proves useful guldellnes for
physicians and therapist.

Dr. Stein: If we say that human gait labs are well set up and well

instrumented, then the question is, what are the related studies on animals
and when can they begin? In animal studies the idea of looking for general
principles, by looking at a broad spectrum of animals, needs to be pursued.

Dr. Childress: Dr. Chaq brought up an important point which I should like
to emphasize. This is the need for cooperative efforts among +the existing
gait laboratories. Funds are limited and progress will be slower if the
20-25 laboratories in this area work independently.
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We know from such fields as molecular biology and high energy physics

that great strides can be made through tightly drawn communication channels.
Would an internal sharing of data and information before it is published

be beneficial or feasible in this small field?

Dr. Basmajian: That is almost an outcome of the decision that if the
state-of-the-art is good, then obviously we move to the situation where we
need cooperation. And how do we get that cooperation? Do we have one group
acting as a clearing-house? If not necessarily a coordinating center, a
clearing-house. And would, for example, NIH accept a grant application for

a department to be a clearing-house for information on gait studies? It might
not be a very attractive.job, but it is a possible way to proceed. Do we
then feel that cooperative effort is a high priority, by any technique?

Member: In a meeting with Dr. Fredericksen (Director, NIH) one of the things
he pointed out was that in the future we may have work with less in grant
funds, and that more cooperation between institutes and between agencies of
the government, will have to be developed to best utilize available funds.

Dr. Basmajian: A substantial number of Mickey Milner's list of gait centers
are outside the United States, of course, and are doing work as impressive
as that which is being done in the U.S. Something could be worked out,
surely. ©So I gather that we see the state-of-the-art as satisfactory for
human-based studies in locomotion[but that the future emphasis should be

on cooperation and sharing. I might ask Dr. Burstein about sharing efforts;
he was in a group that tried to get together and standardize techniques some
time ago. Did anything ever come out of that as far as gait studies are
concerned?

Dr. Burstein: The activity itself was useful. It occurred in 1969 to 1972.
The report finally appeared about two years ago. But the activity itself

was very useful to all of us in gait, and considerable standardization was
“achieved. The standardization was probably of secondary value for the fact
that during that time we all learned a tremendous amount and were able to

keep fully apprised of what was going on. There is, by the way, a publication
that is circulated to people doing gait analysis.

I might also mention another whole group who uses gait laboratories but who
are not represented here, that is the people involved in athletics. There
are probably more of those facilities than now represented on our lists.
Their activities are useful; unfortunately, they do have to be supported,
but the benefit that you obtain from their work far exceeds support costs.

Dr. Basmajian: Did you have them in your earlier group? Did any of the
atheletic researchers... '

Dr. Burstein: No.

Dr. Basmajian: Does CPRT sponsor most of their work?

Dr. Burstein: Yes.
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Dr. Basmajian: And SRS used to sponsor some things, and the Veterans
Administration also is interested. So there are some agencies who have
shown interest.

So we're talking about state-of-the-art, not about individual devices.

The state-of-the-art i3 sufficiently developed so that small variations
are not as important as they once were and they should be interchangeable;
the emphasis should be on interchangeability.

Member: Just on that point could I say that, as more and more people go
into the field and need equipment, a lot of time and effort will go into
acquiring and standardizing it.

Dr. Buskirk: In the same vein, Simons described the standardization with
respect to the techniques for making the measurements--but you also

need to standardize terminology. Then if you put these two together, it
seems to me that you're going to know whether you're talking about the
same measurements.

Dr. Stein: I was wondering whether the other side of the coin of your
projection about the state-of-the-art and technology meant that applica-
tions for the establishment of a gait 1ab would be looked upon with
disfavor by funding agencles?

Dr. Basmajian: That implication might be read into it by outsiders, but I
don't think that really is the inference we should take here. Probably what
we've been saying is that if someone comes along and says, "I want $100,000
to improve upon a forceplate"or some such thing, that wouldn't be looked

at with great enthusiasm. But if someone decides to conduct research using
current methodologies, preferably in an existing lab, that would be looked
upon with more favor. But we're not really discussing grant applications

at this workshop.

Member: Is any priority being put on human work, rather than animal? Or
is research to be judged entirely by the merit of the questions being asked?

Dr. Heiple: There is no question that the Applied Physiology and Orthopedics
Study Section has both approved and given high priority scores to meritorious
proposals involving animal models, if they looked at important questlons in
relation to fundamental problems in gait or locomotion.

Dr. Basmajian: I think that the tendancy to consider human gait work came
out strongly today. I doubt whether this Study Section can afford to look
at it simply because it has to do with human gait, but rather to look at its
value and the questions that are being asked. I don't know how to put a
priority figure on that. I imagine that's always been one of the NIH's
requirements--that the questions being asked are valid. You are suggesting
that good questions have priority--I think that's automatic, we expect that.
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Dr. Buskirk: Just for our enlightenment here, and since I do not know what
is going on in the area, what training activities are available, and how
do you set these up, and is therea priority that needs to be established?
What's the optimal mix in personnel? I see looking at the programs in

the Milner list, that the basic interests appear to be locomotion. That
is about the only common feature that you see.

Dr. Basmajian: Good question. Are there some other kinds of priorities,
such as training?

It seems to me over the several years that I've watched the growth of

gait labs, that half of them result from someone moving to a new institution
where he or she has to have a gait lab. They do.not seem to spring up
otherwise; they are a shift, the result of people leaving and going
somewhere else. There's one now, for example, in Waterloo, Canada--it
moved from Winnipeg to Waterloo; there's one now at McMaster because Mickey
Milner moved to McMaster, and Dave Sutherland moved here, (i.e. San Diego)
so there's one here now. Do we need some sort of national priority for
training people in this area, or have we reached saturation point even

in the number of persons, let alone saturation in the state-of-the-art?
There are some 20 such centers now with two,; three, or four people at

each center. Anybody have any views?

Members: Considerable discussion (not recorded).

Dr. Basmajian: Weyne, would you like to tell us;whét you have on the
blackboard, and what you think is the consensus?

Dr. Akeson: This Workshop has produced a useful compilation of the
techniques and facilities which are available for the analysis of gait
abnormalities. It is clear that there has been an extensive effort

to bring modern technology to bear on the analysis of gait. The variety of
sophisticated techniques which have been described offer an ample selection
of tools for a study of locomotion disorders. While deficiencies in most
of these techniques can be identified, the techniques are adequate for
application to most neuro-musculo-skeletal research which requires motion
analysis. :

The question of research priorities in this field has been raised repeatedly
during the Workshop. The most obvious existing need in terms of application
of existing technology to clinical analysis, is to develop additional
normative data of a variety of types. This effort deserves high priority in
the near term for obvious reasons. Coordination between laboratories would
reduce any redundancy of this effort.

Another priority which has come up several times during the Workshop is
the need for direct measurement of muscle force. This problem does require
the development of additional sophisticated instrumentation, an exception to
the general statement that the gait laboratories do not require a great deal
cf more advanced technology for their application to neuro-musculo-skeletal
research.
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More complex questions arise with respect to the evaluation of results of
application of gait analysis in scientific investigation. As Dr. Burstein

has pointed out, good sciéntific'questions are being asked by some of the
investigators using these laboratories, but many of the laboratories have
become bogged down in problems of technology, data management, and redundancy
of description. These difficulties are expected to some degree in an era of
expanding technology. But:they also probably reflect a low order of collabora-
tive effort between the principals: bioengineers and orthopedic surgeons or
physiatrists on the one hand and neurophysiologists or neurologists on the
other. Dr. Leith has charged during the Workshop, with some Justification,

- that an inordinate .gap exists between applied clinical science and basic
science which has seriously hampered quality gait laboratory productivity.
.This is probably the most serious charge which can be leveled at a burgeoning
field, and is surely the basis of much of the criticism which has been directed
at research utilizing gait analysis in the recent past. It is self evident
that critical focus of the scientific method in this complex field in which
neurophysiology, neurology, orthopedic surgery, physiatry and engineering
ovérlap requires a multi-disciplinary input, but because of the realities
wﬁich have been noted, the point must be stated and emphasized. Furthermore,
gait analysis is not a discipline, but rather simply a tool which can be

‘used by those interested in malfunction of the neuromuscular control apparatus
to obtain specific objective measurements. Gait analysis is but one type of
motion analysis which is a necessary element of the data gathering process

in projects where there is interest in abnormalities of physical performance.
Its effective use requires the effective collaboration of members of each of
the scientific disciplines listed above.

Many applications of the locomotion analysis techniques have been suggested
today, not only to study control mechanisms, motor activity, and energy expendi-
ture, but also sensory input and response to biofeedback. Applications of

gait analysis to animal research is equally appropriate as it is to human
locomotion studies and applications from primates through tetrapods have been
quoted by Drs. Houk, McMeshon and Basmajian which attest to this fact.

As several Workshop members have pointed out, instrumentation already available
can provide most of the measurements asked of a locomotion analysis laboratory.
The question of the appropriate number of laboratories which should be
supported by Federal agencies hinges on specific requirements. Are sound teams
of collaborators working together who can develop appropriate hypotheses

for testing with this method? The utility of this tool, as others, hinges
entirely on the scientific merit of the investigations proposed. Hence, it is
folly to attempt to describe the optional number of laboratories or dollar
amounts of funding. Rather, one senses a certain amount of urgency about
getting on with the appropriate application of the technique rather than further
refinement or addition of more complex techniques. If anything, a priority
item in locomotion research is the development of techniques simpler to under-
stand, less expensive, less technologically complex and with more discrimina-
ting data output which can find application in everyday clinical practice.

The elegant refinements from Dr. Perry's laboratory serve as an outstanding
example of this approach.
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In brief, technology has arrived, but appropriate application has lagged
largely through insufficient collaboration between investigators using gait
laboratory tools and neurologists or neurophysiologists. Additional
collaboration between existing laboratories is also a priority concern which
has been emphasized Ly Dr. Chao and Dr. Childress. Key among near term
priorities is closer communication between workers in the field. Improved
communications and supplementary meetings of this relatively 'small group
would seem easy to accomplish. A

Dr. Basmajian: What remains is to tell you that our time is up, and also

to conclude by thanking all of you--especially the guests who came and joined
us. We hope that they got as much out of this Workshop as the members of

the Study Section obviously did. This session will, I am sure, enable

the members of the Study Section to view grant applications with considerably
more knowledge and more understanding in the future. Thank you for coming.
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JUSTIFICATION OF GONIOMETRIC METHOD AS A

MEANS TO EVALUATE JOINT REPLACEMENT PATIENTS

Edmund Y.S. Chao, Ph.D.

ABSTRACT

Accurate measurement of human joint motion is essential to the design
and evaluation of internal joint prostheses and artificial limb replacements.
triaxial electrogoniometer, instrumented by three miniature precision
potentiometers,was developed to fulfill this task. Special linkage was
used to attach this apparatus externally to the joint. Three-dimensional
angular motion following the classical Eulerian angle definition was
measured in real time. The error due to exoskeletal attachment was corrected
by the method of 4 x L matrix. This technique is now being routinely used on
| the patients with abnormal hip, knee and ankle joints for objectlve functional
i evaluation.

INTRODUCTION

I The chronic disease of arthritis and the traumatic inflicted degeneration
| of human articulating Jjoints have caused severe functional disability for a

i very large population in this country (1). The loss of manpower and the

i medical care expenses are incalculable. Following in the wakeé of the dramatic
breakthrough in total hip replacement introduced by Charnley (2)(3), internal
Joint prosthetic replacement has become the treatment of choice for severely
diseased and deformed Jjoints in the human body, particularly in the lower ‘
extremities, which includes the hip, knee and ankle joints. A selection of
somé of the most commonly used internal joint prostheses in the lower
extremities is illustrated in Figure 1.

Anatomical and functional integrity of lower extremity joints is
essential to human mobility. If any one of the related joints is affected
by the disabling disease, the walking pattern will be abnormal, thereby
creating substantial functional limitation. Artificial joint replacement is
aimed at alleviating this functional impairment and at the same time controlling
the pain and correcting the deformity caused by the disease process. Performing
objective functional evaluation of these joints in normal subjects will help
to establish the standard norm for the joint functions, which can provide
the basic design requirements for the prostheses. Such evaluation, if
carried out on patients before and after joint replacement, will obtain a
quantitative assessment of this new surgical treatment modality. Subsequent
design modifications and surgical technique improvements can be 1mplemented
to enhance better results.

Traumatic and pathological amputation of the lower leg at various levels
requires artificial 1imb replacement so that the patient can accomplish
ambulatory functions,needed in daily activities. The design of artificial

! limbs requires certain basic guidelines based on measured normal walking
data. Evaluation of these artificial devices when they are applied to
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Fig. 1- Commoply used joint prostheses for the hip and knee.
(A) Muller-Charnley Total Hip. (B) McKee-Farrar Total
Hip. (C) Charnley Total Hip. (D) Geometric Total
Knee. (E) Dual Condylar Knee. (F) Polycentric Total
Knee. (G) Spherocentric Knee. (H) Gepar Hinged Knee.
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patients also demands certain guantitative means to record the joint motion
magnitude and patterns. A reliable and easy-to-use instrument capable of
providing accurate joint motion data is therefore warranted.

In recent years, objective functional evaluation has played a significant
rocle in orthopaedic management of patients with musculoskeletal joint diseases.
(15)¢16)(17). The methodology developed enables one to examine the anatomical
integrity and functional status of affected joints in quantitative terms.

The reliability of the experimental technique provides new dimension to
correlate the exact functional and anatomical abnormalities with clinical
examination results. Many important medical and rehabilitative decisions
have been influenced by these findings. Such a unique capability offers an
opportunity to introduce new disciplines into the field of medicine so that
innovative concepts relating to patient care can be developed. This inter-
disciplinary action would be extremely helpful to many medical problems
confronted with unsatisfactory solutions.

Since the correction of joint deformity and restoration of normal function
are important factors in judging the success or failure of the treatment of
Joint disease patients, an objective gait analysis of the hip, knee and ankle
motion on a group of subjects before and after joint replacement surgery can
accomplish the following objectives.

1. Correlate joint functional deficits and deformities with clinical and
biochemical assessment of the disease.

2. Provide an objective means to evaluate the effectiveness of therapeutic
and surgical treatments on arthritic patients.

3. Recommend better physical and occupational therapy for patients with
systemic involvement so that undesirable usage of joints could be
avoided to prevent further deterioration of disease status.

L. Identify critical timing for more aggressive (surgical) treatment for
patients in the advanced disease stage to ensure best possible results.

EXPERIMENTAL METHOD AND INSTRUMENT DESIGN

Human lower extremity consists of three major joints; the hip, knee
and ankle, as illustrated in Figure 2. The hip joint is basically a ball-
and-socket joint possessing three degrees of freedom. The knee joint resembles
a hinge joint with ore degree of freedom in flexion-extension. However because
of the laxity and irregular joint surface geometry, small motion in other planes
is also important. The ankle is a more complex joint because of the subtalar
structure. If the ankle can be regarded as an ensemble of bony elements
providing relative motion between the foot and the tibia, it could be
assumed as a modified ball-and-socket joint. As a result, all lower
extremity Jjoints could be treated as some sort of ball-and-socket joints
capable of producing three-dimensional rotation. In designing the measuring
device, this basic reguirement is therefore essential.
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Fig. 2 - Skeletal joint system of human
lower extremity.
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For the convenience of specifying the direction and sense cf joint
motion in accordance with clinically acceptable terminology, the following
table of definitions is used. ’

Joint Angular Motion Axis Sense
Flexion-Extension Zy Ext. (+), Flex. (-)
Hip Abduction-Adduction Yy Add. (+), Avd. (-)
Int-Ext. Rotation Zy Int. (+), Ext. (-)
Flexion-Extension Zx Flex. (+), BExt. (-)
Knee Abduction-Adduction Yy Ada. (+), Ava. (-)
Int-Ext. Rotation Xg Int. (+), Ext. (-)
Plantar-Dorsal Flex. Z, Plan. (+), Dors. (=)
Ankle Abduction-Adduction Y, Add. (+), Abd. (=)
Int-Ext. Rotation X5 Int. (+), Ext. (=)

The reference axes and joint motion definitions are depicted in Figure 3
for the hip, knee and ankle joints.

Several techniques have been described in the past to measure lower
extremity Jjoint motion in human walking. These include the interrupted
light photography method, (4)(5) the TV monitoring method, (6)(7) the
accelerometric method, (8)(9) and the electrogoniometric method (10)(11).
The photometric and TV methods require tedious data reduction and analysis

‘ procedures, thus making them difficult to apply to large patient population.

The accelerometric method provides limited information concerning joint
kinematics. The use of the electrogonicmetric concept presents many
advantages, particularly for fast data reduction. It was, therefore, selected
for the present application. However, it must be recognized that such an
instrument cannot measure the translational components of joint motion,

and the Jjoint has to be assumed as a ball-and-socket Joint in a gross sense.
In reality, the translational motion ‘of lower extremity Jjoints is small,
therefore the use of the triaxial goniometer is justified.

The development of the electrogoniometer was first introduced by
Karpovich (12) and later used by other investigators. Many modifications
have since been introduced for better results. The sophisticated design
introduced by Lamoreux (13) is capable of measuring accurate joint motion,
but the cumberscme attachments prevent it from being applied to patients.
Following the old design used by Johnston, et al, (10) a new version of the
electrogoniometer assembly was developed which can be conveniently applied
to the hip, Xnee or ankle joint for on-line, real-time joint motion
measurement. Figure L depicts this new design which is the most compact
and easy-to-use triaxial electrogoniometer assembly available today.
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The goniometer is constructed by fixing three Duncan miniature
potentiometers of the conductive-plastic type (Resolon Pot 1020-556)
oriented orthogonally. Each pot has its own axis of rotation capable of
measuring the three-dimensional angular motion following the definitions
designated in the previous table. Beckman half-bridge pressure/force
amplifiers are used for output signal conditioner. High resolution (0.1%)
and linearity (1%) signals are plotted on a Beckman/Offener Chart Recorder
and stored simultaneously in an Ampex FM 1300 Tape Recorder for later
analysis.

Specifically designed attachment devices were used at the hip, knee
and ankle area to fasten the goniometer assembly, as seen in Figure 5.
The attachment to the proximal segment of the joint forms a set of fixed
coordinate systems and the distal attachment constitutes the moving reference
The relative angular motion between the fixed and the moving system provides
the three-dimensional joint motion based on Eulerian angle definition.

Overhanging track above the walkway, as seen in Figure 6, carries the
cables to transmit the signals to the recorders. Foot switches attached
to the soles of the shoes (also shown in Figure 5) provide timing marks
to identify the important periods of walking during patient experiments.

A specially designed walkway 1s utilized to obtain other pertinent
information concerning patient walking characteristics.

The patient 1is asked . to walk back and forth along the walkway

for eight to ten times. Two optical switches located at the midsection of
the walkway (Figure T) are used to identify the reliable sector of the gait
for subsequent analysis. Step length is recorded by a specially designed
apparatus, as shown in Figure 8. Similar tests will be performed for other
activities of the lower extremity. All data will be recorded by a Beckman
Strip Chart Recorder for verification purposes and transmitted directly to
a PDP-1134 Computer for analysis.

Data analysis methods include: (1) statistical correlation, (2) harmon
spectrum analysis, and (3) phase-diagram analysis. All clinical and biomech
ical data are graded so that a performance index and symmetry index can be
obtained to describe the functional performance of the patient studied. The
entire experiment requires approximately U45 minutes. Within two hours after
the examination, a complete analysis with all pertinent data will be compile
for final evaluation on this patient. Such data can then be summarized and
presented to the physician in charge. Proper evaluation on the functional
status of the patient can then be made.

ERROR ANALYSIS AND CORRECTION

Since the goniometer assembly is attached externally to the joint, the
potentiometers may not record the true joint motion. The error between the
goniometer readings and the actual joint motion is defined as the cross
talk, which has to be quantitated and corrected subsequently, if necessary.
If the relative motion between the attachments and the bone beneath the soft
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Fig. 5-Triaxial goniometers, attachment apparatus
and foot switch system used for human gait
analysis.
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Fig. 6 - Gait laboratory walkway. (A) Overhanging track and
force plate used to transmit goniometer data and
record foot-floor reactions. (B) Wooden blocks used
to simulate various ground slopes and stair conditioms.
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Fig. 7 - Optical switches used
to determine gait
temporal-distance
factors.

Fig. 8 - Foot conductive strips
used to measure step
length during gait.
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tissue can be neglected, the goniometer linkage and the skeletal Joint system
can be modeled as a seven-bar spatial mechanism, as seen in Figure 9. Since
two of the seven links are connected by a spherical joint (ball-and-socket),
the mechanism has only three degrees of freedom. With the three angular
motions recorded by the goniometer pots, the remaining motion of the entire
linkage system is uniquely defined. Using the method of 4 x 4 matrix, the
ball-and-socket joint (hip, knee or ankle) motion can be determined
analytically.

The 4 x 4 matrix method and the way it is applied to correct the
goniometer readings has been presented in a previous publication (1kh). It is,
therefore, omitted here. In essence, it applies a linkage loop equation B
based on the 4 x LIt displacement matrix to determine the spherical joint motior
through an iterative process. The true joint motion is first estimated
and the error between the calculated and estimated results is minimized until
the final results satisfy the linkage loop equation under certain convergence
criteria. The differences between the final joint motion data and the potent:
meter readings are defined as the cross talk, which will be used to assess
the reliability of the measurement device.

Corrections were obtained for the hip, knee and ankle joints on subjects
undergoing normal walking experiments. Figure 10 illustrates the difference
between the goniometer reading and the corrected hip joint flexion-extension
during normal walking. Small cross talks were also observed in other
components of hip motion. Similar results were found for the knee and ankle
joints. However, when motions in planes other than the flexion-extension
were large, cross talks became significant and therefore required correction.
In order to further verify this correction technique and to develop certain
closed-form formula, a special experiment was conducted.

In normal correction process, the actual joint motion cannot be recorded
directly since the joint is embedded inside the soft tissue. A special model
was thus constructed to simulate the actual set up where two plastic cylinder:
were used to represent the distal and proximal joint segments. A triaxial
goniometer was placed in between the cylinders to make up a ball-and-socket
Joint similar to a hip, knee or ankle joint, but its angular motion could be
measured and recorded exactly. Then, a second electrogoniometer system was
attached to the distal and proximal segments in an identical manner as that
applied to humans. The entire experimental device is shown in Figure 11.
Various experimental tests were then conducted to observe the effect of
cross talks. The 4 x 4 metrix method was applied to examine the effectivenes.
of the correction procedure implemented.

Similar results were found in that the amount of correction was small
if flexion-extension remained to be!the dominating mode of joint motion.
However, if other motions (abduction-adduction and rotation) were significant
(greater than 10 degrees), cross talks became significant and thus required
correction. An example of the cross talk and the subsequent correction
-results are shown in Figure 12. The difference between the goniometer readin,
and joint reading reflects the magnitude of cross talk. After correction,
the true joint motion was nearly duplicated, which demonstrates the
reliability of the analytical correction technique used. The small variation
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Fig. 9 - The 7-bar, 9 degrees of
freedom spatial linkage
system used to model the
goniometer and lower extrem-
ity joints for error (cross
talk) correction.

Fig. 10 - Comparison of the
goniometer measured
and mathematically
corrected joint motion
in hip flexion-
extension.

Fig. 11 - The experimental set up
used to verify the analyti-
cal method of correcting
the cross-talk error. The
center goniometer system
is used to simulate the
actual anatomical joint
to be measured.
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Fig. 12 - Cross talk in flexion-extension due to large axial
rotation in the goniometer measurements. The
corrected motion closely matches (the difference in
magnitude was due to initial off set) the true joint

motion measured by the goniometer situated at the
joint center of the experimental model shown in

Fig. 11.
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Fig. 13 - Correction relationship for flexion-extension as
related to internal-external rotation in the
goniometer measurements.
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between the true and corrected values was due to the residual placement
error. The important feature is to observe the nearly identical patterns
exhibited.

The most significant correction is required for the flexion-extension
component with large magnitude of internal-external rotation. The magnitude
of correction (or the cross talk) on flexion-extension as a function of
rotation is plotted in Figure 13, which fits the following linear equation
nicely. '

b5t = bgon * 0-48 dgon
where ’ - )
b3t = flexion-extension occurring at the joint,

¢gon= flexion-extension measured by the goniometer, and

¢gon‘ 1nternal—external rotatlon measured by the gonio-
meter..

When the rotation is external, positive sign should be used in the above
equation and when the rotation is internal, negative sign if applied. From
the results of this experiment, the electrogoniometer is proven to be
adequate and reliable to measure human joint motlon data for functional
evaluation purpose. ,

In normal walking, flexion-extension for all lower extremity Jjoints is
always dominant, which implies that the correction procedure may be avoided
so that the goniometer pots provide the  joint motion data directly. However,
in abnormal subjects and in other activities of daily living where leg joints
would require an excessive amount of rotation, analytical correction, as
presented previously, has to be applied in order to produce accurate results.

PATIENT EVALUATION

Hip, knee and ankle joint motion during walking for a large normal
population was measured to establish a data norm. Typical motion patterns
for these joints in normal subjects are illustrated in Figures 14,15,16.

The mean range of flexion-extension is 55 degrees for the hip, 62 degree for
the knee, and 37 degrees for the ankle. The other two components of motion
are less than 15 degrees for all joints. These motion components would vary
when the subject is climbing stairs, walking on a ramp or side slope and
performing other necessary activities. Under these circumstances, analytical
correction is carried out automatically within the computer program during
data analysis.

Currently, large groups of patients with abnormal lower extremity joints
are being analyzed following the same experimental protocol. Those patients
who are candidates for total joint replacement will be analyzed postoperatively.
These results will be compared with that of the normals for objective .
functional evaluation. Many important clinical implications concerning the
results of such surgical treatment can then be drawn.
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Fig. 14 - (A) Triaxial goniometer installation in the AP view
for hip joint motion measurement during gait. (B)
Lateral view. (C) Typical tracings of the three-
dimensional hip motion measured by the goniometer
system.
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CUSTOM KNEE REPLACEMENT
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Fig. 15 - Knee joint motion measurement of a patient after segmental and
total joint replacement of the right knee due to bone tumor
resection. (A) Patient being instrumented to perform gait
evaluation. (B) Tracings of the patient's right (replaced)
and left (normal) knee motion in normal level walking. The
bottom curves represent the foot-floor reaction forces measured
by the force plate.
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(A)

(B)

Fig. 16 - Triaxial goniometer system used for ankle joint motion evaluation.
(A) Subject performing stair walking. (B) Tracing of the ankle
joint motion during level walking.
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This technique is also being used to analyze the walking patterns of
amputees fitted with different artificial limbs. Quantitative assessments
of the patients and the prosthetic devices are being used to establish the
basis for artificial limb selection and rehabilitation training guidelines.

Modification of the cﬁrrent electrogoniometer is underway so that the
data can be transmitted via telemetry to eliminate cables. Simultaneous

measurement of multiple joints on the same extremity is also being investigated.

Finally, this design concept has now been adopted to measure upper extremity
Joints such as the elbow and wrist.

SUMMARY AND CONCLUSIONS

An instrumented device, the electrogoniometer, capable of measuring hip,
knee and ankle joint motion during normal walking, has been developed. This
instrument is easy to use and reliable. In a large series of normal subjects,
the magnitude and pattern of lower extremity joint motion during walking
and other activities were established. Patient application is underway for
the purpose of providing objective evaluation of the functional effect of
Joint disease and the results obtained from total joint replacement or
artificial limb application.

The error (cross talk) introduced because of the linkage design was
corrected by modeling the entire system as a seven-bar spatial linkage
system and solving it,based on the method of 4 x L matrix. It was found
that if flexion-extension of the joint is the principal model of motion,
with other components remaining small, such correction is unnecessary since
the magnitude of cross talk would be small. However, when axial rotation
became large (greater than 10 degrees) analytical correction is necessary,
particularly to the magnitude of flexion. This correction was found to be
linearly related to the axial rotation; thus meking the correction easily
implemented. ,

ACKNOWLEDGEMENT

This study is supported by NIH Grant No. AM 18029. Credit should also
be given to other members of the Biomechanics Laboratory at the Mayo Clinic.

- 185 -

g e

B



Chao cont.

10.
11.

12.
/1.

1L,

15.

REFERENCES

Arthritis: Out of the Maze. Vol. I: The Arthritis Plan. National
Commission on Arthritis and Related Musculoskeletal Diseases. Public
Health Services, NIH (April) 1976.

Charnley, J.: 1961. Arthroplasty of the hip - A new operation. Lancet:
1129 (May).

Charnley, J.: 1966. Factors in the design of artlflclal hip joint. Proc.
Inst. Mech. Engrs. London. 181:104-111.

Murray, M.P., Drought, A.B., Kory, R.C.: 1964. Walking patterns of normal
men. J. Bone & Joint Surg. L6A:335.

Paul, J.P.: 1966. Biomechanics of the hip joint and *its clinical
relevance. Proc. Roy. Soc. Med. 59:943-948 (October).

Winter, D.A., Greenlow, R.R., Hobson, D.A.: 1972. Television-computer
analysis of Kinematics of human gait. Comp. & Biomed. Res. 5:498-50L.

Cheng, I., Koozekanani, S.H., Olson, K.W.: 19T7L. Computer television analys
of human locomotion. Proc. of the 27th ACEMB Conference. 16:45L
(October). ’

Gage, H.: Accelerographic analysis of human gait. ASME Paper 64 -
WA/HUF-8, 196k,

Smidt, G.L., Arora, J.S., Johnston, R.C.: 1971l. Accelerographic analysis
of several types of walking. Am. J. Phys. Med. 50:285.

Johnston, R.C., Smidt, G.L.: 1969. Measurement of hip joint motion
during walking. Evaluation of an electrogoniometric method. J. Bone & Join
Surg. 51A:1083-109L4 (September).

Kettelkamp, D.B., Johnson, R.J., Smidt, G.L., Chao, E.Y., Walker, M.: 1970.
An electrogoniometric study of knee motion in normal gait. J. Bone & Joint
Surg. 52A:775-T90 (June).

Karpovich, P.V., Karpovich, G.P.: 1959. Electrogoniometer. A new device
for study of joints in action. Fed. Proec. 18:79.

Lamoreux, L.W.: Kinematic measurement of walking. ASME Paper T2-Mech-
80 (August) 1973.

Chao, E.Y., Rim, K., Smidt, G.L., Johnston, R.C.: 19T70. The application
of 4 x 4 matrix method to the correction of the measurement of hip joint
rotations. J. Biomech. 3:459-LT1.

Gy8ry, A.N., Chao, E.Y., Stauffer, R.N.: 1976. Functional evaluation of
normal and pathologic knees during gait.. Arch. Phys. Med. Rehab. 5T7:571-5T77

- 186 -

R T SR 0 S A L G e T T G S R S e o e e s S



Chao cont.

16. Chao, E.Y.: Functional evlauation of total knee replacement patients
through gait analysis. ASME Publication No. T75-APMB-5, 1975.

17. DeRoos, J.P., Chao, E.Y.: Bicmechanical evaluation of normal and
pathological thumb functions. Proceedings of the 29th ACEMB (Annual
Conference on Engineering in Medicine and Biology). 18:176 (November)
1976.

- 187 -

o—
»Qﬂ”{‘h g LA e ey



NORMATIVE DATA COLLECTION IN ADULTS AND EVALUATION

OF HIP AND KNEE PROSTHETIC REPLACEMENTS¥

M.P. Murray, Ph.D.

Originally the author's primery interests were to study, in depth, the
gait of patients with selected neuro-musculo-skeletal disabilities and to
evaluate the effect of various treatment procedures on walking performance.
Ranges of variability for the walking patterns of normal subjects were not
available, however, and this baseline information was essential for meaning-
ful comparisons of the walking disorders of disabled patients. Accordingly,
evaluations of disabled patients were temporarily delayed so that normal
baselines could be cbtained. The first normative study posed questions
which triggered the necessity for additional studies of different aspects of
normal gait.

A simple, inexpensive and reliable photographic method to record
the simultaneous displacement patterns of walking in two planes of space
was developed (Fig. 1). Silver Scotch-Lite targets were fixed to specific
anatomic landmarks of the patients, and the patients were photographed as
they walked beneath a mirror mounted to the ceiling. The target images which
projected in the overhead view and the targets on the medial and lateral
aspects of the body were registered on the same film. In our original
study we applied this method to establish the ranges of normal variability
for the displacement patterns of 16 body segments during free speed walking
of 60 normal men, divided equally into five age groups from 20 to 65 years,
with equal numbers of men in three height categories from 61 to T4 inches
in each age group (1). This study identified the effect of age and height
on the free-speed walking patterns, and also assessed the reproducibility of
the measurements through repeated trials. A diagram of the experimental
design is shown in Figure 2.

The findings from this original study of free speed walking suggested
that the walking speed selected by individual men influenced the amplitude
of certain movement patterns. Therefore, the next study was undertaken to
identify the means by which normal men increase their walking speed (2).

We learned that one of the many mechanisms of increasing speed is increasing
the amount of transverse pelvis rotation used during walking, as shown in
Figure 3. This study provided information which is particularly useful in
understanding the deficits in walking speed which are characteristic of a
wide variety of disabled patients and which limit the rehabilitation
potential and employment possibilities of many patients.

In our original gait study we also noted that several gait components
of the men in the 60-year age group differed significantly from those of
the younger men, suggesting a "subclinical" presenile walking pattern.
The term "subclinical" is used because all of the test subjects had physical

*These studies were supported in part by grants
from the National Institutes of Health.
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examinations prior to the gait study and all were normal except for a few
who had diminished vibratory sensation. Accordingly, in a separate gait
study of 64 normal men divided evenly into eight age groups, the upper age
limit was extended to 87 years to determine if the previously suggested
presenile patterns were consistent and progressive with advanced age (3).
The subjects were of medium or short height. This study demonstrated that
the amplitudes of many of the gait components of normal elderly men did
indeed differ characteristically from those of normal younger men. For
example, walking speed decreased with advanced age, and this decrease
resulted more from taking shorter strides than from slower cadences (Fig. &)
This study provided realistic baselines for comparing the disordered gait
patterns of disabled men of advanced age.

As we began to record the gait of above-knee amputees and patients
with Parkinson's disease, we noted peculiarities in the vertical pathways
of the heel and toe and also in their arm swing patterns. Since normal
standards for these gait components were not available, tnese additional
normal gait studies were undertaken (L-6).

As our standards became available, we received referrals for gait
evaluations of disabled women as well as men. It was necessary, therefore,
to establish standards of normality for the gait components of women and
to identify the effect of age, height, walking speed and heel heights on
their walking patterns (7). We measured pronounced differences in the
amplitudes of most of the displacement patterns of women as compared to thos
of normal men and also measured pronounced differences in the displacement
patterns when the women walked with different heel heights. This comprehen-
sive study provided necessary baselines since many women with orthopaedic
or neurological disabilities require shoes with a specific heel height in
order to walk comfortably. An example of the effect of heel height on one
of the components of walking is shown in Figure 5.

We believe that this series of normative studies has contributed to
a deeper understanding of the walking act and that we have established
adequate standards of normal variability which can serve as baselines for
comparing the gait of disabled men and women in wide ranges of height and
age, under various conditions of walking, and with various types of shoes.

Examples of the Application of Normal Standards to Evaluate the Functional
Performance of Patients with Hip and Knee Joint Disabilities

Before we started evaluating the effect of different types of total
hip replacement on walking performance, we knew it would be prohibitive, if
not useless, to analyze all of the gait components we were capable of
recording. Accordingly, we expedited two separate studies to give us
insight into the most sensitive gait components to be assessed in patients
with hip disease. One study identified the common pain-avoidance maneuvers
in the gait of patients with hip arthritis,(8) and the other identified
the mechanism by which patients with surgical fusion of the hip compensate
for absence of hip joint motion during walking (9). In the presence of hip
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Murray cont.

pain, patients show many characteristic gait abnormalities. Their excessive
lateral lurching of the head as compared to normal subjects is illustrated
in Figure 6. Figure T demonstrates another characteristic of patients with
hip pain: they use less than normal hip flexion-extension on the painful
side during walking, particularly less hip extension. Even though many of
the patients had hip flexion contractures before surgery, there was no
correlation between the amount of hip extension they had, as measured by
standard methods, and the amount of extension they used during walking.

Figure 8 shows clippings of gait photographs of a patient before and
after total hip replacement and of a normal woman of similar age and height.
Preoperatively, the patient had restricted excursions of the joints of the
lower limb, particularly the hip, during walking. Her excessive and
irregular lateral lurching of the head can be seen in the overhead mirror,
and the side view of the neck target indicates the slow, stop-start type
of forward progression before surgery. Postoperatively, it can be seen
that she walked faster, had more joint mobility and had smoother forward
and lateral motion of the trunk.

/

_ / Figure 9 shows the average amount of lateral lurching before and six
and twenty-four months after surgery for 100 patients with uncomplicated
McKee-Farrar total hip replacement. Although the amount of lateral lurching
was definitely decreased after surgery, the patient groups did not reach
the limits of normal variability by the second postoperative year. The
greatest improvement was made during the first six months after surgery,
with lesser but continued improvement between the sixth and twenty-fourth
postoperative months. These statements apply not only to lateral lurching,
but to most of the measurements of walking performance which we made during
this study (10).

In contrast, Figure 10 shows examples of declines in functional
performance which were measured in this same study in seven patients who
had operative or postoperative complications, mainly infection or prosthetic
component loosening. Here the declining performance of the patients with
complications is compared to the average improvement of the group without
complications.

Our normal studies have also been used to provide standards in studies
comparing groups with different types of total hip replacement (11). For
example, Figure 11 shows the average improvement in the amount of hip
flexion-extension used during walking by three groups of men before and
six months after different types of hip replacement as compared to normal
men. The average measurements were similar for the three groups six months
after operation; however, we found that the patients with bilateral disability
improved much more than those with unilateral disability in this particular
component of function. Whether these trends will persist or change with
time is the subject of a future longitudinal study.

Imprevement toward a more normal gait has also been measured in
patients with Geometric knee replacement (12). Figure 12 shows average
patterns of knee flexion-extension throughout the walking cycle for patients
before and three, six and twelve months after knee replacement as compared
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Murray cont.

to normal. The knee motion of the patient groups was strikingly different

from normal before surgery, particularly for the group with rheumatoid arthritis.
Although the group with rheumatoid arthritis improved considerably, their
average knee pattern was still more abnormal than that of the group with
osteoarthritis one year after operation.

Although this paper was to address itself to gait, it is important to
note that we take a multifaceted approach and measure various components of
function in the different joint replacement studies. As an example, if
the patient uses an assistive device during walking, we monitor the thrust
force applied to the canes or crutches simultaneously with foot-floor contact
times from our electronic walkway (13-15). Portions of the records of a
patient before and after total hip replacement are shown in Figure 13. The
dark horizontal bars under the force pattern indicate the durations of
the right and left stance phases. For joint replacement studies, we have
chosen to report the mean integrated area under the force curve which occurred
during the stance phase of the operative limb, and we believe that this
provides an additional sensitive measure of change in functional performance.

We also measure strength of particular muscles which span the joint to
be replaced. In Figure 1L, average gains in strength of the hip adductor
muscles from before to six months after surgery are shown for groups of men
and women with three different types of hip replacement. The standards for
normal subjects were obtained prior to beginning the hip replacement studies
(16). While these preliminary findings of differences among the groups are
fascinating, they should not be regarded as conclusive since our previous
studies have demonstrated that further improvement in functional performance
occurs in many patients after the sixth postoperative month.

As a final example, we also measure weight distribution between the
feet during one-minute periods of comfortable standing. Figure 15 shows
patients with hip and ankle disabilities standing on the platform (17).
These platform measurements are also extremely useful in our pre-~ and
postoperative studies of functional performance of patients with hip and
knee disabilities.

Although patients' subjective impressions are important, they are of
little value in a critical evaluation of a given procedure or in comparing
the results following different types of procedures. It is hoped that
this type of quantitative information will lead to a deeper understanding
of the manifestations of the various disease processes and to optimal
therapeutic efforts directed toward restoring functional performance.
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Murray cont.

Figure 12.

Mean patterns of knee flexion-extension throughout the walking
cycle for patients with rheumatoid and osteoarthritis before

and at .intervals after Geometric knee replacement. The shaded
area represents the mean pattern and two standard errors above

- and below the mean for normal men of similar age and height.

Figure 13.

Figure 1k.

Figure 15.

Polygraph records showing forces a patient applied to axillary
crutches before hip replacement and to a cane six months after
hip replacement. Foot-floor contact times are indicated by the
dark bars below.

Mean maximum isometric torque of the hip adductor muscles

before and at six months after surgery for groups of men and

women with Muller, Charnley and McKee-Farrar total hip replacement.
The dots and vertical bars indicate the means and two standard
errors above and below the means for normal men and women.

Photographs of disabled patients on a force platform device as
weight distribution was being monitored. ’
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CLINICAL USE OF GAIT ANALYSIS

Jacquelin Perry, M.D.

Pain deformity, and paralysis may all create difficulties in walking
sufficient for the patient to seek medical care. Traditionally the clinical
characteristics of physical impairment have been the only means available
to physicians and therapists for predicting the functional gains from
therapeutic intervention. The wide variety in results, however, indicates
there is not a direct relationship between physical impairment and functional
loss. A basic reason for this discrepancy is the varying significance of
different types of impairment combined with the ability of patients to
substitute. Thus the therapeutic world would profit from an objective means
of measuring disabled function. Predictions and confirmation of therapeutic
effectiveness would be more specifically determined. Gait analysis can do
this for limb impairments leading to difficulties in walking.

Rancho Los Amigos Hospital has a large county rehabilitation program.
For a research program to survive in this environment, clinical effectiveness
had to be demonstrated early. This led to a selection of techniques that
could handle large numbers of patients in an effective manner

Four techniques have been emphasized: <footswitches, dynamic electro-
myography, energy cost measurements, and electrogonlometry. Each offers its
own type of clinically useful information.

Footswitches provide a simple and direct means of defining a person's
basic stride characteristics. While applicable to all patient groups with
walking disability these measurements are particularly useful in those with
degenerative joint disease. Their physical deterrents are pain and lack .
of mobility. )

METHOD

These data are obtained with contact closing insole footswitches placed
in each shoe to identify the swing and stance time, rate of travel, and foot
support pattern. As the patient traverses a 10 meter course, the middle 6
meter walk is defined electronically. The electronic data are stored on analog
tape for subsequent computer or visual interpretation of a printed record.
Video tape also documents both the patient's gross performance and the
electronic data.

Location of the switches within the insoles combined with electronic
coding displays the normal sequence of foot support as an easily recognized
staircase. The steps serially represent heel only support, lateral foot flat
(heel and fifth metatarsal), total flat foot (heel, first and fifth metatarsal)
and heel off (first and fifth metatarsal). The period of toe contact is a
widening of the horizontal bar. No switch activity represents swing. Devia-
tions from this pattern readily identify the patient's variation from normal
performance. In addition by relating the swing and stance pattern of the
two limbs and the time taken to cover the measured walkway one can calculate
seven different stride characteristics. Of these, two have been selected
as being clinically the most significant; these are velocity and single
1imb support time.
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Perry cont.

Velocity represents the distance a patient can cover per unit of time.
It is the product of stride length and cadence. In 90 percent of the patients
with hip pathology all three factors tend to change in the same direction
thus one can consider velocity representative of all three. Stride length
is slightly more reliable as some patients hasten their cadence to accommodate
a shortened stride length. Velocity, however, offers the convenience of being
readily measurable in any environment where there is a long hall and a stop
watch available. These data are used to make several types of clinical
decisions. One example is the determination of surgical candidacy in doubtful
cases. This woman complained of hip pain after walking five blocks. She
had some x-ray changes but appeared to walk well. When tested in the
laboratory her initial records were normal, but after walking half a mile
around our outside track all three gait values dropped significantly. Her
surgeons used these data to confirm her complaints of functional loss, but
felt it was insufficient to justify the risk of total joint replacement at
that time. One year later (when the surgical program was better established)
retesting reaffirmed the patient's endurance disability and surgery was
performed with good functional gain.

Single 1limb support is a more sensitive measure of the patient's limb
disability than velocity. It also correlates well with the clinical assess-
ment of walking impairment (by the Harris criteria r=.76, for velocity r=.66).
Single limb support time is that portion of the total stance period during
which the other limb is in midair (contralateral swing). During this
interval the stance limb is obligated to support the entire body weight and
at the same time accept the momentum of the forward traveling trunk. In
contrast, the total stance time may represent a large period of double
support with both feet on the ground and almost all the weight on the sound
limb, hence it is not clinically significant.

The difference in information provided by the velocity and single
support time measurements is readily demonstrated by & study that compared
the influences of walking aids. It was found that none of the aids, canes,
crutches, or walkers change the patient's velocity either pre or postoperatively.
Yet these devices significantly altered single limb support duration. Pre-
operatively canes increased the patient's single limb support 10 percent,
with crutches the gain was 30 percent, and 120 percent by walkers.

The footswitch analysis of 150 patients showed that the functional gains
from total hip joint replacement varied with the balance between pathology
and surgery performed. All the patients with unilateral hip disease (105)
and, therefore, a single joint replacement showed improvement unless there
was a medical complication. They averaged a 24 percent improvement in velocity
and 23 percent in single limb support time. Twenty-five percent showed less
than representative gains and these were found to have unrecognized disease
in the other hip. In the patients with bilateral joint disease the gains
varied both with the degree of their impairment and whether one or both hips
were replaced. All the patients with bilateral joint replacement experienced
good improvement, at least a 50 percent in both velocity and single support
time. If, however, only one of the two painful hips was replaced with a
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new joint, fewer patients improved their single limb support capability
though modest gains in velocity were seen. A logical explanation for this
difference is that the mobilities gained with the artificial joint improved
stride length but the limited capability of the other hip continued to
restrict walking endurance and vigor. Consequently the muscles could not
strengthen enough to give good single limb support. These data convinced
the surgeon that early bilateral hip replacement was clinically important.
As a result we no longer see this semi-improved patient.

Stride characteristics also have helped us evaluate some aspects of
surgical techniques. For instance, the most complete exposure of the hip
Joint is gained by a lateral approach that includes dividing the greater
trochanter. The latter technique makes it possible to 1ift the abductor
muscles out of the way. While heavy wires are used to reattach this bony
segment, healing has been difficult to obtain since patients now have gotten
up and walked in the immediate postoperative period. The question has
been whether or not x-ray changes of incomplete union and broken wires were
significant of functional loss. The stride characteristics demonstrated
that both velocity and single 1limb support were good if no complications
‘arose, whereas single limb support was poor if there were non-union of the
greater trochanter or pain from the wires or calcifications. This informa-
tion has encouraged surgeons to be more selective as to when they use this
approach, reserving it only for those situations where the potential
complications would be justified.

A common means of relieving a contracted adducted posture of the hip
Joint is to divide the abductor tendon. This has always been considered
a very innocuous procedure because in the. paralytic it commonly improves
their ability to walk. However, measurement of the stride characteristies in
the patient with total Joint replacement demonstrated that both velocity
and single limb support time averaged less than was found in those who did
not have this procedure. Hence it is not totally inconsequential and will
be done more selectively. The reason probably is that the patient
substitutes for wesk hip abductors with a lateral trunk lean. This pulls
on the adductor area, which following its release, is less strong than
previously.

Having demonstrated that measurements of patient's velocity and single
limb support time have clinical value, a second project undertaken by our staff was
make them measurable in any clinical environment with a hallway at least
35 feet in length. This effort focused on developing a portable footswitch
system. Basically, it consists of a memory unit and calculator. The memory
packet worn at the patient's waist stores the footswitch data generated as
the patient walks. These data are then translated into veloecity and right
and left single stance times at the end of the run by the calculator. Lights
set at the end of the measured walkway triggers a switch to active the system.
This equipment is now being used routinely in our total joint and amputee
clinics. It is gradually being made available to other centers.
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Perry cont.

Electrogoniometry is a convenient way to measure joint motion during
walking. Its clinical value is readily demonstrated by the findings in
patients with total knee replacement. In our laboratory we use a
parallelogram type single axis goniometer to record the relative ranges and
rates of flexion/extension occurring during walking. Customarily physicians
Judge the Joint mobility by measuring the passive range of motion. Patients
with severe knee degeneration usually walk with a relatively stiff knee.
Improved motion is thus a significant gain from the total joint replacement.
Surgeons, however, have been disappointed by the finding that following
total Joint replacement the average passive range is not significantly
greater than it was pre-operatively (78° vs 82°) even though the patients
appeared to walk better. By measuring the knee motion during walking it
became evident that the range of motion used during swing was more than
doubled over that employed pre-operatively (49° vs 22°). The difference
in results is one of timing. During walking the knee must be flexed rapidly
whereas the passive range of motion is obtained slowly. Swollen painful
tissues will not change their length with sufficient speed to meet
functional demands. In normal gait the knee reaches the needed 70° by
flexing 300° per second whereas in pre-operative patients this rate was
only 10° per second, forcing them to walk more slowly and with a relatively
stiff knee.

ENERGY COST

The amputee population probably best presents the clinical gains that
can be accomplished with this technique. One limitation, however, is the
fact that a person must reach a steady aerobic state in order to make the
measurements valid. This requires the patient to walk approximately three
minutes to reach his measurable condition and then continue another two
minutes for adequate gas samples to be obtained. The patient's physiological
tolerance of this effort is identified by simultaneously recording their
heart rate and respiratory rate. At the same time, work is indicated by
recording the patient's velocity using a heel switch. To have the patients
walk in their customary manner, a sixty meter concrete track is used with all
the data being telemetered into the laboratory.

Gas is collected in a light plastic bag and analyzed at the end of the
test. The amount of energy consumed is indicated by the amount of oxygen
extracted from the air. This extent of oxygen consumption may be related
to three base lines: time, distance walked, and maximum energy production
capability. Energy cost per minute expressed as milliters per kilogram
body weight per minute is the most common measure. This is an index of the
person's immediate physiological experience. All the amputees except the
youngest and huskiest, i.e. traumatic below-knee patients have a minute
oxygen consumption slightly less than normal. They. averaged. 12 vs 13 ml/kg/min
while the traumatic BK used 15 ml/kg/min. This latter value, however, did
not represent excessive use but good physical conditioning. They were able
to expend this much energy (and hence walk faster) while using only the
normal 35 percent of their aerobic capacity (i.e. the maximum minute oxygen
exchange possible). All the other patient groups stayed within the normal
limit except the diabetic above knee amputees who required 63 percent of their
aerobic capacity in contrast to the normal 43 percent for their aged group.
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Heart rate confirmed this indicated level of stress. It was close to the
normal 104 for all the patients except the same diabetic group with the

above knee amputations. Age proved to be the significant differential

with the diabetic patients averaging 60 years and the traumatic amputee groups
only 30 years. This difference in age was reflected in the patient's
velocity. Hence both age and amputation were functional determinants.

Correlation of energy cost per minute and gait velocity gives the energy
cost per meter traveled. This is a very significant functional measure
because the object in limb management is to allow the person to travel the
distances necessary for self-care, vocational, or advocational pursuits.

Both the two traumatic groups (AK and BK) and the two elderly diabetic
populations who had retained their knee joint (BK and Syme). had an average
penalty of approximately 50 percent above the normal requirements. However,
the diabetic above knee patient showed a much greater deficit. Theirs was
more than double that of the normal requirement (220 percent). These data
very clearly identify why gait training has been universally successful

with most patients, yet so ineffective for the elderly (diabetic or vascular)
patients with above knee amputations. Their failure to become ambulatory
commonly has been blamed on lack of motivation. It is now well documented

by the energy cost studies that the degree of exertion necessary for these
persons to accomplish an effective gait is almest physiologically intolerable.
The clinical response to these data has been a more intense drive by our
surgeons to preserve the knee, even to accept slower healing rates because
the social outcome is so different. A second clinical response has been

more realistic planning for those elderly patients who must have an above
knee amputation. Their preference to walk with crutches rather than
prostheses is now accepted by the clinical staff. For comparable energy

cost values both the traumatic and diabetic above knee amputees walk faster
with crutches (and no prosthesis) than when wearing their prosthesis. Such
is not true in those patients who have retained their knee. In addition,
heart rate in all patients depending on their arms for walking was high
regardless of their limb capabilities. This rate, however, did not exceed
that which elderly, above-knee patients experienced in the attempt to

walk with a prosthesis. Thus with no increase in energy they could experience
a faster gait and therefore be more effective. The rationale of this finding
is supported by other energy cost studies which show that upper 1imb function
is 30 percent less efficient than lower limb function.

Another question investigated by energy cost measurement was the
significance of carpeted surfaces in comparison to concrete. In patients
minute energy cost was increased 25 percent while their velocity was
decreased 30 percent by the carpet. Comparable values were obtained for
normal persons using a wheelchair. As a result, the oxygen uptake per
meter increased 37 percent for normals and 56 percent for patients. This
indicates that in areas where disabled patients walk or push wheelchairs
carpet should be avoided so that the patient can function most easily.

DYNAMIC ELECTROMYOGRAPHY

. The objective definition of muscle action during walking in patients

with hemiplegic, cerebral palsy, and head trauma has been a particularly
rewarding clinical contribution. Muscle action with these pathologies
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Pefry cont.

is a mixture of voluntary control, stretch reactions, and primitive
patterning. As a result, performance cannot accurately be predicted by
static testing despite many years of effort to do so. For example, the
"prone rectus test" was designed to differentiate excess tightness
(contracture or spasticity) in the rectus from that in the hip flexors.

It depends on the anatomical fact that the rectus femoris muscle crosses
both the hip and knee where as the other relate to the knee. For the test
the patient is prone with limb extended. If the. hip flexes as the examine
passively flexes the knee, it is assumed that there is tightness of the
rectus muscle and this musecle should be surgically released to improve the
patient's gait. Dynamic EMG has demonstrated that the major hip flexor
also may equally react to this test and thus the desired differentiation
will not result. Similar ambiguity has been demonstrated in the majority
of the other stretch tests.

To overcome this limitation our laboratory has been using wire (50 u)
electrodes inserted in the significant muscles to identify thier activity
during walking. The phases of gait are determined with the insole foot-
switches differentiating swing and stance. Telemetry transmits the signal
to the recording equipment where permanent storage is by both video and an

~tape. A printed record provides the immediate source for visual qualitati
" analysis.

Management of the cerebral palsied child's flexible varsus (internall
twisted) hindfoot demonstrates the value of EMG over customary clinical
testing. When a foot twists in during walking but is manually correctable
vwhen standing, it is due to excessive or inappropriate muscle activity.
Surgical correction focuses on the two primary foot inverters: the tibial
anterior which is normally active during swing to pick-up the foot and the
tibialis posterior which contributes to foot stability during stance. Thr
variations in normal muscle function has been identified by dynamic electr
myography in the cerebral palsy child. One type is the tibialis posterior
changing its phase from stance to swing so that it functions at the same
time as tibialis anterior. This makes available a muscle that can be move
anterior to pull up the lateral side of the foot at the same time the
tibialis anterior is raising the medial side. The results postoperative
has been good correction with a balanced foot. Postoperative EMG studies
have confirmed that the muscles continue their same pattern of action.
Clinical type two consists of persistent tibialis posterior activity in
all phases of gait. The surgical management of this problem has been to
release the tendon so that the muscle no longer can create an adverse pull
In this way the other muscles are allowed to function in an uninhibited no
fashion. The third situation is to have the tibialis anterior display
continuous activity throughout both phases of gait. The foot is balanced
by splitting this muscle's tendon and putting half of it laterally so that
the continuous activity is now balanced with equal pull on both the medial
and lateral side of the foot. All three of these procedures are common
throughout the country but rather than being selected on a muscle activity
basis, operations have a geographical distribution depending on which one
procedure has been most effective in the senior surgeon's hand. Through
dynamic electromyography, we have been able to match the surgical choice
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Perry cont.

to the individual patient's muscle pattern and therefore have consistently
good results in all patients rather than having to accept many undesirable
outcomes. The same type of analysis has been done for the reverse deformity
of valgus foot or the internal rotated. hip.

Thus in summary, several examples of the way gait analysis have been
used to make surgical decisions have been discussed. Preliminary experience
confirms that these same analytical techniques also provide objective means
for determining the relative effectiveness of different orthosis or
physical therapy techniques.

Both instrumentation and testing techniques still require considerable
development. Reliability, patient convenience, universality of measurement,
and proper results are the goals. Some functions still do not yield to
ready measurement. Equipment is bulky: it has the unrelisbility of prototypes,
and requires considerable staff invelvement for operation. Data analysis
remains time consuming, either because of staff involvement or the lack of
routine on-line (or immediate) computer processing. The research aura must
be transformed into the production demands of routine patient care if clinical
staffs are to profit from the assistance objective gait analysis can provide.
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DISCUSSION OF MORNING PAPERS

Dr. Basmajian: Let's start the discussion by addre551ng any questions that
you have for the speakers.

Kellx I'd like to direct my question to Dr. Sutherland. Number one,
if you're going to do this sort of analysis, can you comblne it with evalua-
tions of the muscular 1nvolvement7

Dr. Basmajian: I think all three speakers (Milner, Simon, Sutherland) can
answer this question after David leads off.

Dr. Sutherland: We do simultaneous electromyography along with movement
measurements and force plate recording. We use surface and internal electrodes
and our attention is directed primarily to obtaining the off and on time of
selected muscles. There is a great value to knowing the timing of muscle
contraction as it relates to the events of gait, but I think that we cannot
rely upon the electromyograms as we now do them to give us quantitative infor-
mation about the force of muscle contraction. As you know, Dr. Perry is
doing work on quantitation of the electromyograms utilizing a computer
program to measure the area under the curves of the muscle action potentials.
We are investigating the relationship of intramuscular pressure to muscle
tension and are currently testing & miniature solid state pressure transducer
which can be inserted percutaneously into the muscles. But even if we do
develop a satisfactory method of assessing muscle tension, there are still
many problems. The absence of action potentials during the performance of

a movement is good evidence that the muscle is not contributing to the
movement, but the presence of action potential or recordable tension in

the muscle only tells us that this muscle is activated during the time that
movement occurs and possibly the degree of activity or tension. To obtain
the full picture we must have knowledge of all the other muscles that might
affect the movement and inertial and gravity forces which affect the

movement must also be considered.

Dr. Basmajian: Thank you. Are there any other comments along this line?
Those of you who have seen and heard Paul Brand lately perhaps know that he
is emphasizing muscle bulk in evaluating its potential usefulness in muscle
transfers. He shows slides of practically every muscle in the body laid out
to show their variation in size, the characteristic of the direction of
fibers of the muscle, and the potential usefulness of this in determining the
force that the muscle would exert--or at least the force that muscle would
exert at a particular joint.

These are very contentious issues. It is true that electromyography is
relatable to force, and yet the problem has arisen repeatedly that forces
have been measured only in an isometric fashion; 211 that tells us is that
this muscle is bigger than that muscle. These are facts we have known
anyway. So the ability of gait laboratories to come up with a diagnosis of
the contribution that a muscle is making to a particular action in normal
or abnormal gait, is going to be very, very difficult.
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Dr. Burstein: Let me ask a question. There are several gait laboratories
now in existence that have devoted considerable time to measuring parameters
from which they can calculate muscle force during various activities. There
are several calculation schemes that look very promising, the University

of Iowa, for example has developed an interesting optimization method. It
now becomes a matter for the investigator to put together a clever test in
which he can then evaluate the capability of the performance of a particular
muscle or muscle groups. For example, if he is to do a transplant on a
particular muscle, then he would have to require the patient to perform

a task utilizing that particular muscle. The experimental and analytical
techniques do exist but are not being employed. One reason that nobody

is dealing with it, to my knowledge, is that nobody's trying to evaluate
performance by imposing a particular path. Most of us are interested

in the problems of walking, running, climbing up and down stairs. But we
haven't progressed far enough in terms of the sophistication of our
experiments, not necessarily in terms of the sophistication of our measuring
technique, or in terms of the accuracy of the data we collect.

Dr. Basmajian: Dr. Burstein, are there two ways then .of approaching the
problem? Is the first gait recording, and the other, biomechanical and
electromyographic techniques, divorced from the gait training?

Dr. Burstein: Yes, there really are two ways. When Dr. Milner spoke, he
showed us a table of information. I would like to bring up one point:

i.e. the concept of linear force in joints. He emphasized it; he talked
about forces in bones, forces in joints, forces in muscles. These forces
aren't measured in any of those laboratories; they are all calculated. We
do have the capability of calculating them; they are a mathematical imprint.
Some special assumptions have to be made of course, but we have ways of
verifying these assumptions and we are turning out some reasonable numbers.
The "direct measurements" are EMG or muscle pressure, those phenomena
related to muscle activity in functions that we're trying to relate to the
occurrence of the force, or to the magnitude of the force. The EMG signal
is obviously responsible for producing the force. On the other hand, the
internal muscle pressure is a direct result of the force. Those are
different kinds of measurements, and we hope that we can get direct
transducer measurements that have a straight line output/force relationship.
This development is in the future. The approaches we already have, do have
the capability of quantitating the force.

Dr. Basmajian: Ed Chao, do you have a comment to make on that?

Dr. Chao: Direct and indirect verifications of theoretically calculated

joint and muscle forces are possible. The use of instrumented joint

prostheses to monitor the joint contact force and compare it with the
theoretically predicted force would be classified as a direct verification
method. There are other direct ‘methods too. These methods include

measuring hand flexor tendon tension using strain gauges in patients undergoing
carpal tunnel release under local anesthesia; using muscle force transducers

or applying strain gauges to bone in experimental animals and measuring intra-
muscular pressure to relate to contractive force. However, these direct
methods lack reliability, repeatability, and they are impractical for human
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use. The instrumented prosthesis has yet to produce any realistic results.
Using animals as models requires a separate mathematical analysis, since

the structure and behavior of enimals would be different from that of man.
These problems lead to the need of an indirect method to verify the analytical
results.

The use of quantitative EMG to correlate with the theoretically determined
force can serve as an effective qualitative verification provided that

the function involved will be primarily isometric. The literature in the
past has documented that there is certain correlation between muscle force
and its rectified and integrated EMG. If the externally applied force
during isometric function is increased incrementally, then the subsequent
increase in measured EMG response should provide certain qualitative
verification. However, if the function involves Joint motion then the
muscle contraction force will be difficult to correlate with integrated EMG
since muscles will have different functional lengths and their fiber
response will be different.

In talking about verification, one important aspect has to be remembered.

The advantage of analyzing biomechanical systems through theoretical modeling
is not to achieve a precise description of the realistic biological system.

In fact, it is nearly impossible to do so. However, the main goal of

doing so is to provide a reliable trend so that results on a comparative basis
can be objectively assessed. Through such analysis, upper and lower bounds

of results can also be established which will be extremely useful in providing
safety limits and minimum requirements of therapeutic treatments in joint
disease patients. In this case, an exact experimental verification is not
necessary.

Dr. Basmajian: Jacqueline Perry wants to speak next.

Dr. Perry: The EMG represents the intensity of the signal stimulating a
muscle to contract. There now is good evidence this is proportional to the
intensity of the muscle's contraction, i.e. its level of activity. Hence

we can identify when and how much a muscle is working but not its resulting
force. To learn the percent of intensity the muscle is working from the

EMG signal, one must have a base line test relating EMG to measure maximum
effort. There are several variables alerting this relationship, however.

(1) The fact that shortening contractions accomplishes 30 percent less force
than isometric or eccentric (yielding) types of activity. (2) Velocity of
contraction reduces the muscle efficiency. (3) The three muscle fiber types
have different capabilities of exhibiting force and different endurance
tolerances. Hence to determine the force from an EMG requires a very complex
mathematical model of which several factors still need more definition.

Dr. Basmajian: Jacqueline's remarks lead to a neurophysiological considera-
tion. Before I call on Dick Stein, I might mention that underlying all this
is the fact that active muscles may be playing no efficiency role--that is,

muscles in children may be acting, but no demonstrable role can be assigned
to them in the achievement of a movement through space. This has been shown
over and over by electromyographic studies of youngsters in whom there is an
excessive activity in muscles that are unrelated to what we would consider
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to be a useful achievement. This is part of the pattern of growth; there

is an excessive activity which is almost spastic in some babies, and this
continues late into childhood, as late as junior high school age. And no
one can assign any particular use to it. Czechoslovakian investigators have
shown that when you ask a child to extend his knee while sitting on the

edge of a table, for example, that the adductors of the hip joint act very,
very strongly; but with growth this gradually disappears. By the time

they are adults, or young adults, they are no longer using those muscles

in extending the knee or in walking.

So you will find that there are EMG activities that cannot be related to
purposeful movement, and this is all related to the maturation of the
central nervous system and its control mechanisms. Dave Sutherland showed
us slides of a number of graphs that he provides to surgeons, with an
explanation of what they all mean. He has brought this work to the
practical level, so that the surgeon, looking at the gait analysis can
make judgments which are superior, we hope, to simply looking at the
patient walk.

Dr. Simon, would you like to comment?

Dr. Simon: Dr. Sutherland, Dr. Perry, and Ms. Murray are notable in their
achievements in illustrating not only how certain measureable parameters
of gait can be clinically useful, but in presenting them in a form that

is easily understood. There remains a considerable body of measureable

or calculable information, whose value in assessing a variety of gait
disorders is yet to be determined. In the past when they have been
obtained, quantities such as angular and limb segment velocities, accelera-
tions and energies, and joint forces, have all been considered to be
important and useful. But these instances have been few. We are now in

a favorable position to present these parameters in a clinically palatable
-form, and apply them to a wide variety of pathological disorders. I

think some of our attention should be focused on doing this and ascertain
in what instances information so derived is inherently useful and in what
instance it is of more importance than simpler quantities.

Dr. Basmajian: 1I'd like to draw Dr. Houk into this conversation now.

Dr. Houk: I'm impressed by the technology that is being used to record
many important variables, but I would like to question the use to which
this technology is being put. I don't think enough thought has been given
to the design of experiments that are capable of revealing important
principles and concepts concerning the mechanisms by which gait and posture
is controlled by the central nervous system.

Dr. Basmajian: Al Burstein has a further comment.

Dr. Burstein: We've had some pretty good descriptions of some of the major
gait labs in the country. We then went into what I consider the major topic,
first, the desire for normative data, and second, the need for scientific
experiments. Then we started getting into the topic of how one uses these
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tools in terms of clinical diagnosis. I think we've bounced back and
forth, and, in my mind, I think we have to keep these topics separated.
One seeks a collection of normative data as a scientific data base from
which you can either do scientific experiments or develop new clinical
diagnoses. One does a scientific experiment only if you have a hypotheses
to test. But I think that if we keep going through the cycle as to what
constitutes an experiment, what constitutes diagnosis, and where are we in
the state of the art of instrumentation and normative development, we are
going to become very confused.

What can we do in the gait laboratories? Obviously we can observe the limb.
But we also have the capabilities of going within the limb, of looking at, for
example, different stage of activity--basic activities. This tells us that
they're part of the problem, different muscle forces being applied. We

can diagnose specifically what the detailed differences are, and these are
reflected grossly in the fact that what we have is an output--a limb motion.
We must always remember of course, that we have an equilibrium . system--we

push it off equilibrium in one way, it tries to come back, and depending

on how hard we push it, it may not come all the way back. .

I also think that we can address ourselves to what kinds of serious scientific
experiments can be performed in a gait laboratory. I think that's very
germane. But you must pose a question. If you want to get right down to it
you can write a proposal which says, I have a question that needs answering;
it is Justified on clinical grounds. I have to use a gait facility in order
to obtain the information that will answer the question.

Question: Are serious experiments being done?

Dr. Burstein: Yes, I have spent some time talking to people who have gait
laboratories and asked them what kinds of experiments they were doing.
There are a good number that I would consider good scientific experiments.

Dr. Basmajian: I've introduced a simple hypothesis in recent years which
everybody has ignored; that is, that human gait on a flat surface--walking
gait--is bicycling--and has many of the characteristics of simple bicycle
riding. I also think that footfall is really a portion of the circle of the
wheel-~a very large wheel in the case of human gait, that's rolling along
in a two-wheel fashion. I would welcome anybody testing that hypotheses:

I don't know how to do it myself. 1It's a concept rather than a hypothesis,
perhaps. And remember, when we talk about locomotion, that walking on a
surface is only a small portion of the capability of the human anatomy to
move across the ground. There are many other aspects of gait--both human
and vertebrate, that we have not addressed in the discussion so far.

Dr. Childress: Two or three statements have been made about the usefulness
of optimal control theory in understanding gait. I should like to caution
against being overly optimistic about the value of optimal control solutions.
Experimentalists and theorists working on joint motion have been forced to
consider optimal control because they have an indeterminate problem; many
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more forces are developed by the musculaturé than are actually needed. The
question then is what pattern of forces is developed in these muscles.

One approach to solving this problem is to assume the pattern used by the
body is one which actually tries to minimize some performance index. However,
this of itself is a problem because the performance index (if there is one)

is unknown. Therefore, the procedure is to select some logical performance
indices and see if the solutions agree in any way with those expected.

This is the crux of my thought. The forces must still be measured to show
that an assumed performance index is indeed correct. Consequently, optimal
control tends to avoid the problem of verification. If the forces must be
measured to verify theoretical results why not emphasize the development

of instrumentation to measure muscle forces. Then we would obtain the
information desired and even a good approximation to the performance index
could be determined by solving the inverse optimal control problem.

Even muscle measurements may not be sufficient because a very complex system
is being studied. Each person may solve the problem of walking in a slightly
different way, even though gait may be generally similar in different people.

Dr. Basmajian: Before concluding the morning session, perhaps we ought to
come back to the question of costs, although we're not here to establish
norms for the nation. What is the outlook for support in the immediate
future for the kinds of research that are needed and the total cost to at
least achieve these goals satisfactorily? Dr. Milner, you had an estimate--
do you want to expand on that estimate? What would an adequate center cost?

Dr. Milner: Approximately $100,000 for equipment alone. Depending on the
nature of the study undertaken, pertinent staff skills would have to be
provided. Also amortization of equipment must be accounted for realistically.

Dr. Heiple: I think that cost is one question we have to address. The
economic cost benefit rate does enter a Study Section's considerations, along
with the scientific merit of a project. The cost benefit is often reflected
in the priority score. We all make some kind of value judgment related to
the expensiveness of propositions, as opposed to subjective judgment of

the value of the data to be obtained to scientific knowledge, or possible
clinical usefulness. I do not think that we're going to arrive at any
qualitative answer to this today. If we simply refine our understanding

of what the problems are that are being raised, and the kind of questions
that need to be answered, I think it will have been worthwhile.

Dr. Childress: Dr. Milner has indicated his list of gait laboratories

is not exhaustive. As we have several people here who are well acquainted
with this field it would perhaps be appropriate to attempt to complete the
list. Two gait labs in Boston are'not listed ant there is another at
Presbyterian St. Luke's Hospital in Chicago. Are there others?

Audience: Vanderbilt has one.
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