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RESEARCH AND DEVELOPMENT SERVICE PROGRAMS

Margaret J. Giannini, M.D., Director

Development and Evaluation
of a New Artificial Larynx

VA Medical Center
Gainesville, Florida 32602

Lewis P. Goldstein, Ph.D., Howard
B. Rothman, Ph.D., and Calvin
C. Oliver, Ph.D.

Continuation and modification of the
prototype artificial larynx is still under-
way. There are no new developments to
report at this time.

Development of a Communication
Control Aid Using Electromagnetic
Tracking Technology

VA Medical and Regional Center
White River Junction VT 05001

lan E. Bush, M.B., B. Chir., Ph. D.

Polhemus Navigation Sciences, Inc.
P.O. Box 298
Essex Junction, Vermont 05452

Jack Scully

Polhemus Navigation Sciences, Inc.
{PNSI) of Vermont, a subsidiary of The
Austin Company, has continually been
developing SPASYN (SPAce SYNchro-
nization), a company-patented electro-
magnetic position and orientation
measurement technique. The SPASYN
concept has been successfully em-
ployed as a head-tracking device which
is used by military pilots as a helmet-
mounted sight system. PNSI has begun
to design and develop a new applica-
tion of this technology: a communica-
tion aid for the handicapped called SPA-
SYN-COM. Originally conceived by
James Krieg, a PNSI systems engineer,
SPA-SYN-COM is envisioned to be a
portable direct-selection device en-
abling even the more severely disabled
person to communicate by either small
natural movements of the head or by
some other controllable part of the body.

When fully developed, SPA-SYN-COM
would offer disabled persons the pos-

sibility of operating a number of useful
devices, ranging from electric typewrit-
ers and voice synthesizers to telephonic
communication systems and environ-
mental controls.

In practice, the user points a head-
mounted sighting device at an adjacent
target board that contains blocks of let-
ters, numbers and symbols for various
control functions. The user’s line-of-sight
to the target board is measured through
the spatial relationship between two
electromagnetic dipole antennas: a fixed
source mounted behind the head and a
sensor mounted on an eyeglass frame.
Measurements of the position and ori-
entation of the user’s head-mounted
sensor can thus be converted into lo-
cations on a passive target board.

SPA-SYN-COM was successfully
demonstrated at the DeGoesbriand Unit
of the Medical Center Hospital of Ver-
mont in Burlington the week of May 19,
1980. :

Based partially on the results ob-
tained in that demonstration, the Reha-
bilitative Engineering Research and
Development Service of the Veterans
Administration, operating through its
Medical and Regional Office in White
River Junction, Vermont, decided to
support the PNSI proposal to develop
the communication aid. A three-phase
program was proposed: in the first
phase a research-grade instrument is
being configured; the second phase will
involve the clinical evaluation of the in-
strument at Trace Research and Devel-
opment Center at the University of
Wisconsin; and the third phase will pro-
vide for the prototype development and
testing.

At present, the VA views successful
completion of the first phase of the pro-
gram as a requirement for additional
funding authorizations. Work on Phase |
began in earnest at PNSI on June 29,
1981 and will continue for one vyear, at
which time the clinical instrument will
be available for evaluation and testing.

The Phase | technical plan calls for the
development of a clinical evaluation in-
strument, which will nct reflect the final
prototype configuration in appearance,
power consumption, portability or size.
Functionally, however, the SPA-SYN-
COM instrument will perform in an
identical manner to the envisioned
prototype.

Essentially, a straight-forward engi-
neering approach is planned to develop
the research-grade communication aid.
There are four major steps to the ap-
proach: System Design, Hardware/Soft-
ware Design, Unit Testing and System
Integration and Test. The System De-
sign process defines the functional ele-
ments of the instrument in terms of their
input, output, transfer, and interface pa-
rameters. This effort will result in spec-
ification documentation sufficient to
design the exact hardware and soft-
modules for system implementation.
The modules will be integrated and the
resulting instrument tested for compli-
ance with the specifications.

In conjunction with the design pro-
cess, equal attention will also be given
to the Cost Benefit Analysis segment of
the program. Any areas of design that
represent. cost trade-offs will be noted
and justified. For example, the size re-
quirement of the microprocessor mem-
ory for the research instrument is a
function of software development rather
than of the computational and/or oper-
ational requirements. Notation and jus-
tification of such cost trade-offs will
enable a more accurate assessment of
the cost of a final configuration. Other
critical areas which will be carefully as-
sessed for cost versus benefit will in-
clude; manufacturing techniques, power
consumption, component availability
and future interface requirements such
as environmental controls, telephone
modems, speech modules, etc.

Documentation of the total engineer-
ing effort and the Cost Benefit Analysis
will be included in the final report for
Phase | of the program.
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Studies of Normal and Abnormal
Motion

Kinesiology Research Laboratory
VA Medical Center
Wood, Wisconsin 53193

Mary Patricia Murray, Ph. D.

During the period from January 1 to
June 30, 1981, the Kinesiology Research
Laboratory continued its investigations
into the nature, rate, and extent of
change in functional performance in pa-
tients with total joint and other recon-
structive procedures in the lower
extremities.

To help determine the duration of
benefits in functional performance re-
sulting from total hip arthroplasty, ki-
nesiologic testing was completed over
a 4-year period on 58 patients with 72
Charnley and Muller total hip replace-
ments (1). The patients, who averaged
62 years of age with a range from 22 to

78 years, were tested before surgery and
2 and 4 years after surgery. None of
these patients had complications re-
lated to the total hip replacement, such
as loosening or infection, and none of
the patients had any neurological dis-
ease or major problems with other joints
in the lower extremities.

The study showed that, on the aver-
age, men and women with these re-
placements were significantly improved
2 years after as compared to before sur-
gery. Improvement was measured in al-
most all of the components of function
tested, including range of hip motion,
hip abductor and adductor muscle
strength, weight distribution between
the feet during standing, and muiltiple
components of walking performance.
During the period from 2 to 4 years after
surgery, the patients tended to maintain
the 2-year level of performance, partic-
ularly as regards range of hip motion

FIGURE 1.

Mean free-speed and fast-walking ve-
locity, stride length (2 successive steps)
and cadence for 25 men and 33 women
before total hip replacement and 2 and
4 years afterward. All patients were
walking without support. Range of nor-
mal variability defined by 2 standard
errors above and below the mean is in-
dicated by shaded horizontal bars for
free-speed walking and diagonally
striped horizontal bars for fast walking
for men and women. Reprinted with
permission from Clinical Orthopaedics
and Related Research, No. 147, June
1981, p. 122.
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and walking performance measure-
ments (Fig. 1). Average hip muscle
strength measurements in the men
showed slight, but not statistically sig-
nificant, declines from 2 to 4 years after
surgery (Fig. 2). For most patients, the
2 and 4 year levels of performance were
still below the normal limits of variabil-
ity for comparable age and sex groups.

Preoperatively, we had tested 110 pa-
tients. Of this original sample, 52 did not
meet the criteria for this long-term study,
either because of inability to follow-up,
complications related to the hip replace-
ment, or severe arthritis of other joints.
From information gathered on these pa-
tients, an estimate was made that ap-
proximately 70 percent of the patients
in the original sample of 110 were still
functioning better 4 years after surgery
than before surgery.
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different surgical procedures in groups
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Mean maximum isometric hip abductor and adductor muscle strength before surgery and 2 and 4 years afterward
for 30 hips replaced in men and 42 hips replaced in women. The shaded area bisected by the horizontal line represents
the normal mean and 2 standard errors above and below the mean for normal men and women. Reprinted with
permission from Clinical Orthopaedics and Related Research, No. 147, June 1981, p. 121.

of patients with the same type of hip
replacement are near completion. These
include a study comparing functional
performance of patients with and with-
out osteotomy of the greater trochanter,
and a study comparing functional per-
formance of patients operated through
an anterolateral as opposed to a poste-
rior approach to the hip.

During the period covered by this re-
port, the Laboratory aiso published a
book chapter in a text, Clinical Biome-
chanics: A Case History Approach (2).
This book chapter, written on request,
combined information from two pre-
vious works done at the Kinesiology Re-
search Laboratory on the antalgic
maneuvers in the gait of patients with
hip pain and the compensatory maneu-
vers in the gait of patients with hip fu-
sion. in the text, gait information from
these two studies was synthesized with
biomechanical principles in order to elu-
cidate the relationships between gait
deviations, hip-joint loading, and the
mechanical energy cost of walking.

The Laboratory also collaborated with

Dr. Gore in analyzing and interpreting
data and publishing a manuscript on a
project in which 7642 girls and 751 boys
were screened for spinal deformity in a
Wisconsin county of approximately
100,000 persons (3). Two hundred forty-
three girls and 13 boys had scoliotic
curves of ten degrees or greater. Deter-
mination of curves which would prog-
ress was found to be unpredictable.
Identification of progression was pos-
sible only by repeated examinations.

References

1. Murray MP, Gore DR, Brewer BJ, Moliin-
ger LA, Sepic SB: Joint function after
total hip arthroplasty: A fouryear fol-
low-up of 72 cases with Charnley and
Mdiller replacements. Clin Orthop and
Rel Res 157:119-124, June 1981.

2. Murray MP, Gore DR: Gait of patients
with hip pain or loss of hip joint motion,
Chap. 9, pp. 173-200. In Clinical Bio-
mechanics: A Case History Approach
(J Black and JH Dumbleton, eds). New
York: Churchill Livingstone, 1981.

3. Gore DR, Passehl R, Sepic SB, Dalton A:
Scoliosis screening. Results of a com-
munity project. Pediat 67:196—200, 1981.

Remote Control Writing

Ciinical Bioengineering Laboratory
VA Medical Center
West Roxbury, Mass. 02132

P.S. Walker, Ph. D. and
T. Burn, B.S.

This is a pilot study to assess the fea-
sibility of generating “handwriting” by
inputting the motion with the chin. This
may be of particular value to the quad-
riplegic, whose only other method of
written communication is by mouth-
stick or typewriter or video with special
keyboard controls. The advantages of
the system would be speed, versatility,
simplicity and the satisfaction of pro-
ducing script. Funding sources for this
work, in addition to the VA, are the Par-
alyzed Veterans of America, and How-
medica, Inc.

Both mechanical and electronic sys-
tems have been made for the evaluation
process. The former employs a system
of linkages and has been used for on-
site tests where the individual is asked
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to trace standard shapes representing
script, as well as make script which is
compared with a pre-injury sample. A
computer program is now being written
to evaluate tests in terms of accuracy
and speed at the time of the test. A joy-
stick into an a/d converter will be used.
The other electronic tests are to mea-
sure the frequencies and accuracy of up
and down and side to side motions,
based on the coupled oscillation model
of handwriting. A sample of “chin writ-
ing” from a patient is shown (Fig. 1).

Clusse 1

81

ABEDEEGH
KL NOFQ
RETUV WX

Y=

FIGURE 1.

This “handwriting” was generated by a pa-
tient who input the motion with his chin.
The possibilities of both mechanical and
electronic systems are being evaluated.

Quantitative Analysis of the Effect
of Total Hip Arthroplasty on
Stress and Strain in the Human
Pelvis

VA Medical Center
Gainesville, Florida 32602

William Petty, M.D., Gary J. Miller,
Ph. D., George Piotrowski, Ph. D.

The present project is a continuation
of an earlier study (1) investigating the
changes in the strain field in the human
pelvis after implantation of the aceta-
bular component of a total hip arthro-
plasty. The previous investigation utilized
three strain gage rosettes (with three
gage elements each) glued to a hemi-
pelvis which was loaded to simulate
conditions during stance phase of gait
while pelvic strain data were recorded
on a strip chart recorder. Comparative
results using an Austin Moore hemi-
prosthesis and subsequent implanta-
tion of a conventional acetabular
component load with matching Charn-
ley type prosthesis were obtained. Pro-
cessing of the data from 12 such tests
required a minimum of three weeks due

LEFT

HEMI PELYVIS

to the complexity of the computations
involved.

in order to expand the scope of the
project and allow for consideration of
many variables inherent in the place-
ment of acetabular components, a mi-
crocomputer-based data acquisition
system is being developed to increase
the number of strain gage readings that
can be made from each specimen and
to provide for real-time analysis of the
acquired data. This system is described
schematically in the flow chart of
Figure 1.

Cadaveric hemipelves and their
matched proximal femurs are being
procured. Each hemipelvis will be in-
strumented with five strain gage ro-
settes, for a total of 15 gage elements
on each hemipelvis. Corresponding gage
elements for each hemipelvis will be
connected into a half-bridge in the
“pridge completion and calibration” box,
which will also contain the resistors nec-
essary to complete the 15 Wheatstone
Bridges. The signals generated by each
of the 15 strain gage bridges, as well as
the load cell used to monitor the ac-

RIGHT
HEMPPELVIS

BRIDGE COMPLETION
AND CALIBRATION

AMPLIFIERS

16 CHANNEL
A/D CONVERTER

APPLETL

MONITOR

FIGURE 1.

MICRO COMPUTER PRINTER k‘

1

SRS T——

Schematic of microcomputer-based data acquisition system devel-
oped to provide real-time data processing and display.



quired load, are amplified by a bank of
amplifiers which have been especially
designed and custom-built for this ap-
plication. The amplifier outputs are fed
into a 16-channel, eight-bit A/D con-
verter, which feeds the digital represen-
tation of the strain gage signals into the
Apple Il/Plus microcomputer in real time.
In order to accelerate execution time and
provide real time representation of the
strain fields, software is being written
in PASCAL rather than the more cus-
tomary BASIC language used on most
microcomputers. The specially de-

o sl

FIGURE 2

.
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signed program allows calibration and
scaling of all the data channels. Offset
and scaling will be handled by the soft-
ware rather than by manual adjustment.
The program provides for scanning all
channels periodically, translating the
strain readings from each rosette into
the principal strain values and their ori-
entation, and displaying these strain data
on a TV monitor as the test is being run.
Hard copy of the acquired data will be
available via a printer. As of this writing,
all computer hardware has been ac-
quired and/or constructed. Software de-

Lateral view of hemipelvis (HP) bolted, through epoxy block (EB), to the positioning fixture
(PF). A Charnley femoral head prosthesis (FP) is mounted on the loading bar (LB}, along with
cables (C) and hooks (H) which simulate the abductor muscle pull. The load cell (LC) mon-
itors the simulated ground reaction, applied to the other end of the loading bar.

signs have been initiated.

Redesign and fabrication of the load-
ing arm assembly (Fig. 2) is being car-
ried out to allow for more efficient
control of loading parameters. Devel-
opment of the system described above
is intended to allow the evaluation of
the strength and stiffness of the bony
pelvis-acetabular complex under var-
ious situations. These include observa-
tion of strain readings:

1. When there has been no cortical
reaming as compared to reaming
through the outer cortex of the aceta-
bulum—Ieaving the inner or medial pel-
vic cortex intact.

2. Comparison of the use of three
large keying holes as opposed to the
use of no keying holes, and also com-
paring these techniques to the use of
multiple small keying holes.

3. Determination of the effectiveness
of a uniform mantle of cement, estab-
lished by spacers, between the bone and
prosthetic acetabulum in improving the
strength and stiffness of the bone-pros-
thesis complex.

4. Comparison of the use of pressure
injection techniques for insertion of
acetabular cement to that of hand in-
sertion of cement.

5. Comparison of the use of surface
replacement acetabular components
which have a larger diameter and thin-
ner wall to the smaller diameter, thicker
wall, conventional acetabular
components.

6. Comparison of the use of metal-
encased polyethylene acetabular com-
ponents to the standard acetabular
component.

7. Determination of the effect of var-
ious reinforcing techniques used to en-
hance support of the acetabular
components, when there is a deficient
medial wall (these include the use of
protrusio ring, protrusio ring with fem-
oral head bone graft, and wire mesh
reinforcement).
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The Effect of Partial Versus Full
Weightbearing on Late Loosening
After Total Joint Replacements in
the Lower Extremities

VA Medical Center
10701 East Blvd.
Wade Park, Cleveland, Ohio 44106

Case Western Reserve University
University Circle
Cleveland, Ohio 44106

Eugene Bahniuk, Ph. D.,
T. C. McLaughlin, M.D.,
R. Liebelt, B.S.M.E.,
and P. Mirkov, PA.

The objective of our study is to mea-
sure and document in vivo motion of
the cement-bone interface in total hip
and total knee replacements. Four
spherical (1.6 mm) markers are inserted
in cortical bone near each component
of the implant and used as references.
From three to six markers (2.39 mm) are
embedded in cement. A Biplane Radi-
ographic Technique (1) is used to mea-
sure the distance from cement markers
to the bone reference markers. Simul-
taneous Biplane X-Rays in non-weight-
bearing (20 kG force or less) and full
weightbearing are taken on the affected
side. These are taken post-operatively,
before discharge, and 2, 4, 6, 12, 18, and
24 months postoperatively. We gener-
ate, by computer, a report on the Bi-
plane Analysis for each film set taken.
Reported data are the coordinates for
bone and cement markers, intermarker
distances for bone and cement markers,
and any relative motion of the cement
markers with respect to bone (i.e., loos-
ening and migration). Additionally, we
generate a two-dimensional plot of ce-
ment marker motion with respect to
time, as well as a clinical correlation re-
port that is placed in the patient’s chart
for permanent reference.

To date, there have been 50 patients
in our study; of these 17 have been Total
Knee Replacements (TKR's) and 33 Total
Hip Replacements (THR’s). There are two
bilateral TKR's and two bilateral THR's.

We have had 14 patients with mea-
sured cement loosening {range: 0.4 to
6.3 mm) and clinical evidence of loos-
ening (radiolucent line on x-ray and
symptoms); 6 of these have gone to
surgery for revision or fusion (one case
of septic loosening). In all cases the
prosthesis was found to be grossly loose
at surgery, thus supporting our Biplane

Radiography findings. To date, 13 of the
patients studied {(out of a total of 50)
have shown no loosening on all studies
conducted. Thus approximately %5 of all
patients studied have shown some mo-
tion at the bone-cement interface at
some time during our study.

Conclusions

Cement-bone interface motion is more
common than not, even in those pa-
tients who do not present with clinical
symptoms.

References

1. Brown RH, Burstein AH, Nash CL, Shock
CC: Spinal analysis using three-dimen-
sional radiographic techniques. J Bio-
mech 9(6):355-365, 1976.

Evaluative and Corrective
Techniques for Neuromuscuiar
Deficits

Paul Griffin, M.D., and
Richard Shiavi, Ph. D.

and

Biofeedback in Rehabilitation
for Hemiplegia

Richard Shiavi, Ph. D., and
Frank Freeman, M.D.

VA Medical Center
1310-24th Avenue, South
Nashville, Tennessee 37203

The same facilities are utilized for lo-
comotion studies in both projects. Com-
puter software has been recently
developed which enables on-line data
acqusition and subsequent compilation,
averaging, and plotting of information.
This report briefly outlines the function-
ing of the data measurement, acquisi-
tion, and processing systems.

The data handling system is a Digital
Equipment Co. PDP 11/23 central pro-
cessing unit (CPU) with 32K memory, 16
channel A/D converter, 16 bit paraliel line
unit, 2 RLO1 5Mb discs, high-speed
printer, and digital plotter.

Data Measurement and Acquisition—
Data are measured using standard com-
mercial equipment and conditioned with
filters and integrators designed and fab-
ricated locally. Electromyograms {(EMG)

are measured using a Biosentry tele-
metry system incorporating surface or
wire electrodes. Bandpass filters elimi-
nate noise and motion artifacts. They
have a fourth order, one-half dB ripple,
Chebyshev high-pass section with a cut-
off frequency of 40 Hz and a second-
order Butterworth low-pass section with
a cutoff frequency of 400 Hz. They are
a state variable realization (1). Inte-
grated EMGs are formed from the fil-
tered EMG with linear integrators. An
integrator consists of an active rectifier
and a third order Paynter integrator with
a 6-ms time constant (2). Canes or de-
viges requiring force measurement are
instrumented with a strain-gage bridge.
The bridges are powered and forces
measured by the telemetry system. All
other analog signals, such as goniom-
etric measurements, are hardwired. All
analog signals are acquired by the com-
puter via the A/D converter.

Foot contact patterns are measured
using a B&L Engineering telemetry sys-
tem incorporating sensitive switches that
can be taped to feet or footwear. This
system senses the contact of the heel,
fifth and first metatarsals and large toe
of both feet. A special interface has been
built which encodes the on-off contact
information into 8 bits of 16-bit com-
puter word. This pattern is acquired by
the computer via the paraliel line unit.

The data acquisition program sam-
ples all of the data at 250 Hz during the
measurement session and stores this on
a disc file. The start and end of a mea-
surement run are triggered by elec-
tronic eyes which demarcate a 5-meter
section of walkway. Immediately after a
run, the data are displayed on an oscil-
loscope and scanned for accuracy. The
measurements may be remade if
necessary.

Averaging and Plotting—A second pro-
gram forms an average gait pattern from
the sampled data file in several stages.
First, the foot channels are scanned and
the onset and offset times detected.
These channels are displayed on a video
terminal with cursors indicating the de-
tected foot events. An optional editing
mode is available to correct any detec-
tion or recording errors. The average foot
patterns and stride information such as
speed, etc. are then calculated. The av-
erage patterns of all analog channels are
calculated by first demarcating the in-
terval of activity in a full stride, second,



interpolating this single stride data at
256 points, and third, averaging it with
other interpolated data from that chan-
nel (3). The averaged data are then
stored.

A third program plots the signals and
prints the information from the aver-
aged data file. Figure 1 shows an aver-
age gait pattern from a postoperative
gait study of a patient who underwent
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a split posterior tibial tendon transfer:
the stride information is included in the
legend of Figure 1.

References

1. Temes G, Mitra S: Modern Filter Theory
and Design, John Wiley, 1973.

2. Gottlieb G, Agarwal G: Filtering of elec-
tromyographic signals. Am J Phys Med
49:142-1486, 1970.

N

FL

L5

5L

TH

RT

LT

FIGURE 1.

Average integrated EMG from the tibialis anterior (TA), peroneus longus (PL), gastrocnemius
{GS), soleus (SL), and tibialis posterior (TP). Right (RT) and left {LT) foot contact patterns. The

step sizes are: 1 unit = large toe contact; 2, heel; 4, fifth metatarsal; 8, first metatarsal.

Stride information for Figure 1.

STRIDE TIME=1.1760S: STANCE PHASE =68 percent.
SINGLE LEG SUPPORT PHASE= 21 percent: number of strides=9,
STRIDE LENGTH=0.4113 METERS, VELOCITY=0.3497 m/s.

3. Schafer R, Rabiner L: A digital signal
processing approach to interpolation.
Proc IEEE 61:692-702, 1973.

Development of
Upper Extremity Orthoses
Employing Electrical Stimulation

VA Medical Center
10701 East Boulevard
Cleveland, Ohio 44106

Case Western Reserve University

Metropolitan General/Highland View
Hospital

Department of Orthopaedics

3395 Scranton Road

Cleveland, Ohio 44109

P. Hunter Peckham, Ph. D.

Introduction—The purpose of this proj-
ect is to develop and evaluate an upper-
extremity orthotic system, employing
functional electrical stimulation of par-
alyzed muscle, to provide control of
grasp and release. Palmar prehension-
release or lateral pinch-release is elicited
by electrical excitation of forearm and
hand muscles. Eight C5 or C6 quadri-
plegic outpatient subjects are currently
evaluating this system. Various aspects
of these studies are carried out in con-
junction with the Applied Neural Con-
trol Laboratory, the Engineering Design
Center, and the Rehabilitation Engineer-
ing Center at Case Western Reserve
University.

Laboratory Development—A flexible
laboratory stimulation system has been
developed to provide versatility in stim-
ulation and control functions. This sys-
tem allows us to specify stimulus
parameters and the type of controller
for a specific patient to be used with the
present portable stimulation hardware.
The system is capable of processing pa-
tient-generated input commands from
a number of sources, and of regulating
the output stimuli to provide the desired
coordinated movement in the electri-
cally stimulated muscle. Ongoing stud-
ies of these techniques employing the
computer to furnish the laboratory with
greater flexibility wiil allow us to design,
model, and specify the criteria for future
stimulation units. This system is in rou-
tine usage in our FES laboratory for es-
tablishing proper stimulation parameters
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and coordination algorithms, described
below. This aspect of the project is sup-
ported in part by NIH-NINCDS Neural
Prosthesis Program for software devel-
opment and the VA RER&D program and
NIHR for aspects of the hardware
development.

Wrist-Hand Orthosis Development—
Orthoses are under development to sta-
bilize wrist position for the C5 quadri-
plegic to use in conjunction with the FES
system. The objective is to fabricate a
cosmetic appliance which serves the
function of conventional devices, but
does not encumber the subject during
movement generated by FES. Designs
of two alternative devices have been
completed and are being evaluated.
They are fabricated from polypropylene
and utilize either a spiral design or a
more conventional structure positioned
along the radius.

Electrode Evaluation—The percuta-
neous wire electrode is used exclusively
in these studies for excitation of para-
lyzed muscle. This electrode is fabri-
cated from 10 strand Teflon-insulated
wire, as described in previous reports.

Over the period of the past 28 months,
75 multistrand wire (MSW) electrodes
have been implanted, and previous to
that 103 of a single strand configuration.
Of the MSW electrodes, 72 percent are
still intact. Of the remaining 28 percent,
only eight electrodes were broken (three
in one subject after less than 100 days);
the remainder were removed intact be-
cause of a change in the contractile re-
sponse which rendered them
nonfunctional. Of 24 implanted for at
least eighteen months, 17 (71%) were
operational, 3 {13%) broken, and 4(17%])
removed intact.

The use of percutaneous electrodes
has been a safe, reasonably reliable, and
extremely valuable technique for exci-
tation of paralyzed muscle for periods
of up to several years. This technique
enables one to develop functional stim-
ulation systems for subjects to utilize
outside the hospital, and for research
and development of new concepts of
functional electrical stimulation. In the
future, we anticipate -that the percuta-
neous electrode will continue to play an
important role: (i) in the investigation of
new systems, which can be imple-

mented in human subjects without sur-
gery; and (ii) for enabling subjects to
utilize functional systems as outpatients
to insure that they are candidates for a
totally implanted system. Ultimately, in
an appropriate subject, the percuta-
neous system will be replaced by a
totally implanted stimulator, as de-
scribed below.

Electrode Connector Development—A
new electrode connector has been de-
veloped for covering the site at which
the electrodes enter the skin. The con-
nector serves a dual purpose of pro-
tecting the area where electrodes pass
through the skin and for electrical con-
nection to external apparatus (see pre-
vious reports).

The new connector has been in use
for the last year with all of our subjects.
The new design enables the patient’s
attendant to maintain the electrode site
without technical supervision. Changing
the connector at 2 to 3 week intervals
results in a clean, long-lasting site, which
can now be accomplished without need
for the patient to return to the hospital
for routine connector maintenance.

QOutpatient Evaluation of Functional
Systems—Functional electrical stimu-
lation systems have been developed to
supply functional control of grasp and
release in nine C5 and C6 quadriplegic
subjects. The type of grasp provided was
either lateral pinch (key grip) or palmar
prehension (three jaw chuck grip). The
patient obtained proportional control of
grasp/release via one of the several
available sources. Eight of nine subjects
who have been fitted with this system
continue to utilize it on an outpatient
basis.

The systems that we have developed
for control of hand function utilize a sin-
gle proportional command signal, gen-
erated by the patient, to grade the
coordinated movement of four electri-
cally stimulated muscles. In our sys-
tems, we have developed a special
purpose controller/stimulator which re-
ceives external inputs from one of a va-
riety of sources and delegates
appropriate strength stimuli to the mus-
cles at the appropriate time. The con-
troller/stimulator is configured modularly
to provide for versatile use of the basic
system with minimal hardware varia-

tions to tailor it specifically to individual
subjects (see previous reports).

Six C5 and three C6 quadriplegic pa-
tients have been supplied with this sys-
tem. Only three systems have exactly
the same control figuration, demon-
strating the individuality, based on the
subject’s performance and/or prefer-
ence, that must be provided. To produce
the same general type of grasp in dif-
ferent subjects, different muscles fre-
quently were used. These differences
enabled us to correct for problems such
as unstable joints and denervated
muscles.

C5 subjects were required to wear an
external orthosis. For lateral prehen-
sion, this orthosis stabilized the wrist
only. For palmar prehension, the splint
was used for wrist stabilization only in
one subject, with finger and thumb co-
ordination supplied by the stimulated
muscle; in two different subjects the
splint stabilized the thumb and finger in-
terphalangeal joints as well. C6 subjects
required no orthosis. This enabled them
to use the grasp generated by muscle
stimulation as an adjunct to their teno-
desis grasp, which generally is weak.

Our subjects have been involved in
evaluation of the systems, primarily on
an outpatient basis, for up to 2'4 years.
We have a total of 146 patient months
of experience with the system. Of the
nine subjects fitted with the system,
eight are still in the evaluation program.
Three use their system regularly; three
use it irregularly, primarily for special
functions; two are less than four months
with the system; one was discontinued.
Generally the most active subjects uti-
lize their system more frequently.

Donning of the systems requires less
than two minutes if put on while dress-
ing; otherwise lead wires must be
threaded beneath the clothing. The pa-
tient must have assistance in putting on
the system.

The primary problems encountered
generally have not been technical in or-
igin. In response to patient suggestions,
new command sources have been mod-
ified or generated to solve specific prob-
lems. Generally the electrodes produce
sufficiently reproducible response so
that modification of stimulation param-
eters is rarely required. Thus, no adjust-
ments of any kind are available
externally on the patient stimulator. Bat-
tery lifetime (approximately two months)
is generally sufficient for intervais be-



tween visits by users to the hospital;
batteries are not changeable by the user.

Implantable Stimulator Development—
The purpose of this study is to develop
and evaluate a multi-channel implanta-
ble stimulator for electrical stimulation
of paralyzed muscle. The implantable
unit has been specified to be sufficiently
versatile for use in applications in the
upper or lower extremity. The implant
is a slave receiver/stimulator which pro-
cesses information received from an ex-
ternal transmitter and directs the
appropriate strength stimulus to the
proper electrode at the desired time. Two
models of the implant have been de-
veloped. Both models are totally pow-
ered and controlled by an externally
induced radio-frequency (RF) signal. This
design provides for long life expectancy,
since no battery is utilized. The original
model of the stimulator is a four-chan-
nel device which generates stimuli in a
format identical to the present genera-
tion patient stimulator (see previous re-
ports). This stimulator has been
fabricated using thick-film hybrid circuit
technology. A packaging technique uti-
lizing a glass-ceramic material (Macor)
has been developed. The package con-
sists of Parylene coating of the circuit,
hermetic feedthrough connections pro-
vided by a solder/glass seal, and an
epoxy seal between the capsule lid and
body. Three stimulators have been im-
planted in animals to evaluate circuitry,
packaging, and electrode performance.

The implant circuitry has been rede-
signed to increase its versatility of op-
eration and its reliability. The second
generation has been designed and im-
plemented in a semi-custom CMOS in-
tegrated circuit (Monochip-Interdesign).
This revision has doubled the number
of output channels to eight and allows
independent activation of each channel,
while substantially reducing the com-
ponent count. A pulse-coded RF signal
provides the implant with (i) power for
circuit operation and stimulation; and
(i} coded information regarding chan-
nel selection and stimulator output
parameters.

Major support for this aspect of the
project has been through the NIH-
NIGMS, and work is performed in con-
junction with the Engineering Design
Center at Case Western Reserve
University.
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A Single Unit Study of Muscle
Afferents in Human Movement

VA Medical Center
Richmond, Virginia 23249

Charles R. Lamb, M.D., and
Alfred J. Szumski, Ph. D.
co-principal investigators.

In the past 6 months, a laboratory at
the McGuire VA. Medical Center has
been established with electrophysiolog-
ical capabilities to monitor and record
single unit afferent nerve potentials from
muscle receptors in the awake, una-
nesthetized human. The major receptor
presently recorded is the muscle spin-
dle, most specifically the primary sen-
sory receptor, although cutaneous
receptors such as touch and pressure,
and joint receptors, are readily re-
corded. Potentials are recorded from the
median nerve at the elbow and mid-up-
per arm and the posterior tibial nerve in
the popliteal space.

Electrical stimulation through the re-
cording electrode allows for muscle af-
ferent nerve fascicle isolation, which
results in a more rapid muscle spindle
nerve fiber location.

Single unit action potential activity is
recorded using manually inserted elec-
trodes of insulated tungsten wire, elec-
trolytically tipped and impedance
measured at 35-50 k() at 1.0 kH. These
electrodes are superior to electrodes
with an impedance of 100-150 k) as
originally reported. Electrodes are fab-
ricated by Frederick Haer and Co.,
Brunswick, Maine.

Preliminary recordings in normal sub-
jects allow criteria to be developed for
receptor identification and basic unit ac-
tivity during rest, passive stretch, mus-
cle twitch, reflex activity and voluntary
movement. Techniques for recording
and quantitation of range and velocity

of movement are being developed, as
is a system for computer evaluation of
results. Recording devices are being
custom designed in cooperation with the
Bioengineering and Orthotics
Departments.

Monitoring muscle afferent activity in
patients with hyperactive syndromes
and phasic movements (especially ce-
rebral vascular accident and Parkinson-
ian patients} is projected for the
immediate future. The overall objective
of the program is to study the role of
the alpha motor-fusimotor system in hu-
man normal and pathological
movement.

Functional Spinal Cord
Regeneration

VA Medical Center
Gainesville, Fiorida 32602

University of Florida

College of Medicine, Departments

George W. Sypert, M.D., and
John B. Munson, Ph. D.

Gainesville, Florida 32610

George W. Sypert, M.D., and
John B. Munson, Ph.D.

In order to investigate the capacity of
the adult mammalian spinal cord to re-
cover function after injury, it is impera-
tive that an understanding of the central
segmental (spinal cord) synaptic orga-
nization of motor control is accom-
plished. Since the last progress report
{BPR 10-35) substantial progress in this
laboratory has been made in under-
standing the organizational principles of
the monosynaptic projections of spin-
die afferent fibers onto spinal
motoneurons.

Mammalian muscle spindles (muscle
stretch receptors) give rise to two groups
of afferent fibers, both activated by
muscle stretch: (i) rapidly conducting
group la fibers and (ii) slowly conduct-
ing spindle group Il fibers. Since the in-
troduction of the powerful technique
termed spike-triggered computer aver-
aging (STA), the central synaptic actions
of single group la and group Il spindle
afferents have been the subjects of con-
siderable experimental interest (11, 13—
16, 18-20, 22, 25, 26). However, few
studies have directly examined the gen-
eral principles of organization observed
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by these two muscle spindle afferent
systems. In recent studies of this labo-
ratory, the synaptic actions of single

medial gastrocnemius (MG) group la and .

spindle group Il afferents in triceps surae
motoneurons have been compared in
great detail leading to new hypothesis
regarding the organization principles of
the spindle afferent system (17, 24).

Using STA methods and intracellular
micropipette electrodes, the monosy-
naptic excitatory actions of 67 MG la
and spindle group Il afferent fibers on
1,027 triceps surae motoneurons were
investigated in cat lumbar spinal cord.
The results of these studies allowed
comparisons of both la versus spindle
group Il afferents, and rapidly versus
slowly conducting fibers, within each
spindle afferent group with respect to
conduction velocity in the dorsal funi-
culus, projection of major collateral
branches to triceps surae motoneuron
pool, ramification of major collateral
branches within the pool, functional
connectivity with triceps surae moto-
neurons, and parameters of monosy-
naptic excitatory postsynaptic poten-
tials (EPSPs) elicited in triceps surae
motoneurons.

Based on these data, the functional
organization of the MG groups la and Ii
spindle afferent projections to the tri-
ceps surae motoneuron pool is sum-
marized in the schematic diagram of
Figure 1. The stem axons in the dorsal
funiculus (including the caudally di-
rected branches) of both groups la and
Il spindle afferent fibers give up to nine
major collateral branches into the tri-
ceps surae motoneuron pool (13, 14).
These major collateral branches de-
scend from the stem axon into the moto-
neuron pool at about 1.0 to 1.5 mm in-
tervals. Within the motoneuron pool,
terminal branches extend both rostally
and caudally (13, 14). These rostro-cau-
dal terminal arborizations are much
more extensive for group la afferents
than for group Ii afferents. Moreover, our
evidence indicates that the spindie
group Il afferents with faster conduction
velocities have more extensive terminal
arborizations than spindle groupll af-
ferents with slower conduction
velocities.

The samples of group la and spindle
group Il single fiber EPSPs were each
divided into a fast conducting subgroup
and a slow conducting subgroup using
the observed mean conduction veloci-

ties of the respective spindle fiber
groups: fast group la afferents (= 98 m/
s); slow group la afferents (< 98 m/s);
fast spindle group Il afferents (> 52 m/
s); slow spindle group il afferents (< 52
m/s). Functional connectivity was found
to be greater with homonymous than
heteronymous motoneurons (group la;
86% vs. 57%; group ll: 50% vs. 17%);
greater for the combined la sample than
the combined group Il sample (78% vs.
42%); and greater for fast than for slow
afferents of each type (group la: 84%
vs. 75%; group ll: 57% vs. 23%). The
mean amplitude of single fiber EPSPs
elicited by spindle afferent fibers was
also found to be greater in homony-
mous than heteronymous motoneurons
{group la: 88 uv vs. 67 uv; group Il: 24
nv vs. 17 wv, not significantly different
at the 0.01 level); greater for the com-
bined group la sample than the com-
bined group 1l sample (82 uv vs. 23 uv);
and greater for fast spindle afferents than
slow spindle afferents (group la: 97 pv
vs. 74 pv; group 1: 24 pv vs. 21 pv, not
significantly different). The 10-90% rise
time and half-width of single fiber EPSPs
elicited by group la afferents were not
significantly different from those elic-
ited by spindle group ll afferents. These
data are taken as evidence that the dis-
tribution of active terminals of single
spindle afferent fibers on the surface of
the motoneuron is largely unrelated to
the type or size of the afferents. The
mean EPSP latencies {measured from
the terminal potential) were signifi-
cantly longer for single fiber EPSPs elic-
ited by spindle group H fibers (0.57 ms)
than group la fibers {0.50 ms). However,
amplitude-matched subsamples of sin-
gle fiber EPSPs elicited by la and group I
spindle afferents demonstrated no sig-
nificant difference in EPSP latency. Rise
time and half-width also did not differ
between these subsamples. These data
lend further support to the hypothesis
that la and spindle group |l afferent fi-
bers have similar distributions of active
terminals on the motoneuron soma-
dendritic membrane. Overall, these
findings indicate a similarity in the cen-
tral organization of la and spindle
group Il afferents.

Of the variables studied which may
discriminate between the central ac-
tions of spindle groups la and Il affer-
ents, single fiber EPSP amplitude may
be the most significant, since virtually
all spindle group Il single fiber EPSPs

are less than 70 uv whereas only about
one-half of group la single fiber EPSPs
are less than 70 uv. The differences be-
tween the actions of the two spindle
afferent systems appear to be largely
quantitative (peripheral conduction ve-
locity, functional connectivity and single
fiber terminal potential (TP} and EPSP
amplitude). Based on our analysis of the
central actions of slowly and rapidly
conducting fibers of the two spindle af-
ferent groups, it appears that these
measured differences are strongly re-
lated to peripheral afferent conduction
velocity and, hence, to the diameter (size)
of the afferent fiber.

ldentification of abiding general prin-
ciples of organization in the central ner-
vous system has been exceedingly
difficult. Henneman and colleagues (3,
4, 10, 21, 27) have found evidence that
the neural “energy” necessary to dis-
charge a cat lumbar motoneuron, the
energy the motoneuron transmits and
releases through the muscle cells it in-
nervates, the motoneuron’s mean firing
rate, and its excitability and inhibitabil-
ity are all correlated with the motoneu-
ron’s size. Based on such correlations,
Henneman and colleagues (3) devel-
oped the concept of “the size principle”
to describe the influence of cell size on
the functional properties of motoneu-
rons. More recently, Luscher et al. (7)
have extended the application of the size
principle to the la and spindle group |l
afferent systems. Our data lend strong
support to the hypothesis that the dis-
tribution and density of functional con-
nections of both groups la and Il spindle
afferents are dictated, in part, by affer-
ent size. The larger the spindle afferent
fiber, the greater the functional connec-
tivity and the magnitude of the mono-
synaptic excitatory effect on spinal
motoneurons. Contrary to the conclu-
sions of Luscher et al., however, our data
indicate that the size of the sensory neu-

ron bears no relation to the location of
its active synaptic terminals on the
soma-dendritic membrane of spinal
motoneurons.

Relationship of M and § boutons to
group la and spindie group H termi-
nals:—The present data indicate that the
two central actions that best distinguish
between group la and spindle group i
afferents are single fiber EPSP ampli-
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A schematic model of the functional organization of the overall projection of single medial gastrocnemius (MG) group la fibers (above)
and single MG spindle group Il fibers (below) to homonymous and heteronymous motoneurons. Open triangles represent homonymous
motoneurons, and filled triangles represent heteronymous motoneurons. The relative density of active terminals (open circles) is esti-
mated, based on the mean amplitude of single fiber EPSPs. DR refers to dorsal root. (Reproduced from ref. 24; copyright 1980 J.
Neurophysiol., The American Physiological Society.)

tude and single fiber TP amplitude. Sin-
gle fiber EPSP and TP amplitudes of
group la and spindie group ll fibers are
significantly different. The mean group
la EPSP amplitude is about three times
as large as the mean spindle groupli
EPSP amplitude and the mean group Ia
TP amplitude is about twice as large as
the mean spindie group Il TP amplitude.
Only group la fibers appear to be ca-
pabie of generating large amplitude sin-
gle fiber EPSPs (> 150 uv) and large
amplitude single fiber TPs (> 20 uv) (14,
16). In contrast, spindle group |l affer-
ents appear to elicit many more small
amplitude single fiber EPSPs {< 10 uv)
and TPs (< 5 uv) than do group la af-
ferents (13). Furthermore, in single fiber
EPSP amplitude-matched samples, a
significant difference persisted in the
mean amplitude of single fiber TPs of
the two spindle afferent types (13}). In
fact, the amplitude difference between
group la and group ll-elicited TPs in the
matched samples was almost as great
as in the parent samples. It is possible
that these physiological differences may
reflect anatomical differences in the
central terminations of group la and
spindle group Il afferent fibers.

Conradi (1) has shown that two types
of presynaptic boutons terminating on
spinal motoneurons disappear follow-
ing dorsal rhizotomy in cats: type M
boutons and a subclass of S boutons
which are characterized by their rela-

tively large size and by the apposition
of P boutons. Certain evidence is con-
sistent with the hypothesis that group
la fibers may terminate as M boutons
and spindle group Il fibers may termi-
nate as S boutons. Firstly, the rapid dis-
appearance of both bouton types
following dorsal rhizotomy indicates that
both are primary afferent terminals that
monosynaptically contact motoneu-
rons. Secondly, these large S boutons
are smaller than M boutons. Although
there are no anatomical data on the rel-
ative number of terminals ending on
motoneurons from la and spindle
group Il fibers, this difference in bouton
size is consistent with our findings that
spindie group Il single fiber EPSPs and
TPs are generally smaller than those of
group la fibers. Finally, the majority of
both M and S boutons are located on
the proximal parts of the motoneuron
dendrites often close to the cell body
{1). This anatomical finding predicts that
M and S boutons should elicit EPSPs
with similar temporal parameters. Our
observations for group la and spindle
group Il afferent single fiber EPSPs are
consistent with this prediction. Critical
testing of this hypothesis must ulti-
mately depend on ultrastructural ex-
amination of labelled {(e.g. horseradish
peroxidase) and physiologically identi-
fied group la and group Il spindle affer-
ent terminals in contact with alpha
motoneurons.

Spindle afferents: One system or
two?——In working with these data on
the central actions of spindle afferent
fibers, one is struck more by the unity
of the two spindle afferent systems than
by their divisibility. Peripherally, the an-
atomical and functional properties of the
primary and secondary spindle afferent
endings are clearly distinguishable (2, 5,
8, 9, 12, 23). Both receptors are sensitive
to tonic stretch of the host muscle, but
primary and secondary spindle affer-
ents are differentially responsive to the
dynamic aspect of muscle stretch. Even
dynamic sensitivity, however, has been
found under certain experimental con-
ditions to exist as a continuum, pro-
gressively increasing from fast group li
through slow la spindle afferents (8). In-
terestingly, Loeb and Duysens (6) have
characterized one spindle afferent con-
ducting at 70 m/s as a group la, and an-
other conducting at 85 m/s as a spindle
group ll. Like Matthews (9), these au-
thors consider conduction velocity unre-
liable for spindle afferent classification in
the range from about 65 m/s to 85 m/s.

Single-fiber EPSP amplitude and
functional connectivity for the spindle
afferent systems decrease according to
afferent conduction velocity, from fast
group la through slow group Il affer-
ents. There are no systematic differ-
ences in the location of afferent
terminals on the motoneuron that are
related to the major spindle afferent
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classification. Since both afferent sys-
tems observe a number of common or-
ganizational principles in their
monosynaptic excitatory connections
with motoneurons, differing in the num-
ber of motoneurons contacted and the
amplitude of the EPSPs generated, group
la and Il spindle afferents may comprise
one continuous functional system that
is organized in adherence to a size prin-
ciple (17).
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Studies for the Design of a New
System for Stabilization of the
Cervical Spine

Clinical Bioengineering Laboratory
VA Medical Center
West Roxbury, Mass. 02132

P.S. Walker, Ph. D., R.W. Hussey,
M.D., A.B. Rossier, M.D., D.
Lamser, J. Dietz, M.D., and
A. Farberov, Ph. D.

The initial aim was to determine the
forces and moments acting in the cur-
rently used halo-vest systems. As a pre-
liminary study, to determine the upper
bounds of linear forces, an apparatus
was constructed to immobilize the torso
of a seated subject. Force transducers
were used to measure maximum head
forces. Normals produced 177 Newtons
(N) to the right, 161 N to the left, 126 N

forwards and 148 N backwards.

shown in Figure 2.

Gauges |

FIGURE 1.

Axis system defined in the halo-vest, spec-
ifying the three forces and three moments
acting on each side at the halo vertical rod

connections.

An axis systern was defined in the
halo-vest, which specified the three
forces and three moments acting on
each side at the halo vertical rod con-
nections (Fig. 1). To determine some of
these forces and moments, clip-on in-
ductance type strain gages (Hottinger-
Baldwin) were used. Use of a clip-on
system allowed versatility in dealing with
the various designs of halo-vest, and
avoided permanent attachment. The
gages were connected to carrier de-
modulator units (Celesco), thence to a
chart recorder {Gould) for recording and
amplification, and finally through an a/
d converter to an Apple Plusll com-
puter. An intrumented halo device is



Equations were written to relate the
strains, at points on the various metal
rods connecting the halo and the vest,
with the forces and moments and with
various dimensional constants and ma-
terials properties.

Computer programs were produced
for various locations of the four gages
on the rods of the different halo-vest
designs. (The designs included the Ace
MKI, MKl and MKIll and the Pope). At
the start of each test session, the gages
were attached, their locations measured
and keyed into the computer, along with
the material (steel or aluminum). The

N

FIGURE 2.

the various halo-vest designs tested.

TABLE 1.

Maximum forces {in Newtons) obtained from 3 normals and 4 patients for various activities.
Forces, shown for one side of the halo-vest, are not absolute relative to zero frame loading,

Clip-on strain gages in use. These allowed versatility in dealing with various designs. Com-
puter programs were produced for the differing locations of the four gages on the rods of
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test subject then relaxed and the gages
were balanced.

The particular activity was then car-
ried out while the computer continu-
ously sampled and stored the strain data.
The program computed the forces and
moments for each set of data, and de-
termined the maximum values. (The
maxima did not necessarily occur at
maximum strains). These maximum
values were then displayed and printed.
When they were satisfactory, the next
activity was carried out.

A selection of the maximum values
obtained from three normals (using rub-

i

but are relative to those at the “relaxed” position.

Activity Normals Patients

F, F, F, Fy

Reaching forwards or upwards 40 10 26 —
Reaching arms across chest 43 46 — 51
Bending to floor from seated 28 17 18 93
From lying to seated or vice versa 80 45 40 -
Looking left to right —_— 25 60
Looking up and down 47 14 8 —
Crouching down 42 — 19 —
Pushing up from seat 60 — — 79

ber pads between the head and the halo
ring instead of pins into the skull) and
four patients is shown in Table 1. Note
that the values obtained are for one side
of the apparatus. Assuming symmetry,
the total F, would be double, while F,
would be double, or plus and minus in
turning activities. The limited data avail-
able show patients to be similar to nor-
mals. Activities not shown in the table,
such as walking up and down steps,
gave generally lower forces. The force
values are all relative to the relaxed po-
sition and do not necessarily represent
absolute. forces relative to zero frame
loading. Forces in the horizontal direc-
tion F, were significant as well as the
vertical forces F,.

It appeared that the most important
factors in generating large forces were
gravity (the weight of the head) and
geometrical changes of the body such
as when pushing upwards from seated,
or shrugging. Muscle forces and inertia
forces were probably contributory but
apparently to a lesser degree.

Our studies are providing the data to
enable an analysis of new design con-
figurations, which will be the next phase
of the work.

Development of a Wheelchair
Using a Myolectric
Control System

VA Medical Center

1400 Veterans of Foreign Wars
Pkwy.

West Roxbury, Mass. 02132

Alain B. Rossier, M.D., and
Mehdi Sarkarati, M.D.

Neurocom
Frankiin, Mass.
George Crawford, Ph. D.

Progress has been made in both: (i}
the investigation of the rate at which in-
formation can be transferred over a sin-
gle myoelectrical channel with temporal
patterns of minute all-or-nothing pulses,
and (ii) the development of a myoelec-
tric command code for wheelchair con-
trol. The requirement for automated
experimental facilities to perform the
myoelectric information rate investiga-
tion was presented in the last progress
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report (BPR 10-35). This equipment is
now fully functional. It monitors the
temporal pattern of myoelectric activity
and provides on-line feedback that dis-
plays the different types of errors made
by an experimental subject when at-
tempting to generate specific myolectric
patterns. The two patterns currently
used are a single myoelectric pulse (P1)
and two distinct sequential pulses (P2).
This equipment makes possible at-
tempts to train subjects to generate such
patterns in time frames that are too short
for conscious attention to the genera-
tion of the fine structure of the patterns.
For example, P2 is to be generated in a
time duration that is too short for two
distinct attention states, one corre-
sponding to the generation of the first
puise and the other corresponding to
the generation of the second pulse. Ini-
tially a pulse-pair spacing of 500 milli-
seconds (easily generated with
conscious attention to each of the dis-
tinct pulses) is used to familiarize the
subject with the feedback for different
types of errors and then the pulse spac-
ing is decreased in steps to 50 millise-
conds. Experimentation to obtain data
pertaining to human error rate when
generating such pulse pairs in a short
time frame is currently underway. The
ability to use either P1 or P2 in a time
frame that is less than twice the time
that is normally required for a simple
myoelectric response will increase the
rate of information flow over a single
myolectric channel.

The myoelectric command code for
wheelchair control that was described
in the last progress report (BPR 10-35)
has been implemented. A microproces-
sor program has been written to pro-
vide the required decoding for the
experimental myoelectric wheelchair in
operation at the West Roxbury VA Med-
ical Center. The program resides in an
EPROM, an integrated-circuit memory
that is capable of storing computer pro-
grams. The EPROM is installed in the
microcomputer that has been especially
designed for operating the wheelchair.
This decoding system is in operation and
performs well. The decoded myoelec-
tric signals activate relays that perform
functions identical to the functions per-
formed by the microswitches in the
joystick assembly of the Everest and
Jennings type 34 control unit.

Experience with myolectric wheel-
chair control has led to the conception

of a technigue for upgrading the my-
oelectric system from switched control
(E&J type 34) to proportional control.
This technique will be implemented be-
fore extensive testing of the current sys-
tem with patients. Two myoelectric
channels will be used. The right and left
occipitofrontalis muscles have been
chosen for the initial experimentation.
In high level quadriplegics these mus-
cles are both fully innervated and not
spastic. They can be used conveniently
with electrodes that are built into a
headband.

Right occipitofrontalis muscle my-
olectric activity will operate the right
wheelchair drive motor. The speed of
this motor will increase with the firing
rate of motor units of the muscle. The
left occipitofrontalis muscle will be used
for similar control of the left drive motor.
A specific combination of activity levels
in the two occipitofrontalis muscles will
map into the coordinates of a corre-
sponding position for the joystick of a
proportional control system. This map-
ping covers all possible joystick loca-
tions that correspond to various forward
speeds for the two drive motors.

Provisions are also made to cover all
joystick locations that correspond to
various reverse speeds for the two drive
motors. A rapid twitch of the right oc-
cipitofrontalis muscle will change the
state of the right motor reversing relay.
A rapid twitch of the left muscle will re-
verse the direction of the left drive mo-
tor. The reversal mechanism will be
automatically disabled during operation
at moderate and high speeds to avoid
accidental whiplash. The wheelchair can
be rotated in place by reversing only
one of the motors.

Preliminary experimentation has been
performed to assess the practicality of
using the occipitofrontalis muscles for
the proportional control technigue de-
scribed above. Both myoelectric activity
of the right occipitofrontalis muscle and
myoelectric activity of the left occipito-
frontalis muscle were simultaneously
observed on a two-channel oscillo-
scope. It is apparent that a large per-
centage of wheelchair operators will
require practice in order to directly con-
trol their right and left occipitofrontalis
muscles with adequate selectivity to
make sharp turns. A technique has been
found to achieve the desired control in-
directly, eliminating the need for such
practice. This technique is based upon

the neural interconnection that results
in activation of the occipitofrontalis
muscle when the eye is closed tightly.
Closing the right or left eye indepen-
dently activates the corresponding oc-
cipitofrontalis muscle.

The following example illustrates the
use of this indirect but independent con-
trol. An operator is initially traveling for-
ward. He desires to make a very sharp
left turn. He transfers control of the right
occipitofrontalis muscle to the indirect
mode by closing his right eye. This al-
lows him to keep the right wheel turning
at any desired speed while reducing or
eliminating left wheel drive in order to
execute the sharp left turn. Note that the
code is structured in such a way that the
left eye is open when making the sharp
left turn. If the code had been structured
so that the left occipitofrontalis muscle
controlled the right wheel, this sharp left
turn would have been made with the
teft eye closed.

Rotating in place represents another
case where the high right-left selectivity
that is easily achievable with eye closure
can be used. Rotating in place, with the
wheels turning in opposite directions,
corresponds to a sidward movement of
the joystick of a manually operated
wheelchair. A rapid closure of one eye
will result in reversal of only one drive
motor. As a result, an operator not pro-
ficient at independently activating his
right and left occipitofrontalis muscles
could rotate in place. It has been ob-
served that normal automatic eye blinks
do not produce significant occipitofron-
talis activity, thus they will not interfere
with this mode of myoelectric wheel-
chair control.

Seat Cushions for the Paralyzed

VA Medical Center
Castle Point, New York 12551
Bok Y. Lee, M.D.

VA Rehabilitation Engineering Center
252 Seventh Avenue

New York, New York 10001

Leon Bennett, MAE

An evaluation of the skin loads during
sitting, and corresponding blood flows
as measured in geriatric hospitalized pa-
tients, has been published in the Ar-



chives of Physical Medicine and
Rehabilitation.

A similar evaluation of paraplegic
subjects is currently in progress. Re-
sults to date suggest that the paraplegic
sitter resembles the geriatric. Sitting
loads can be far higher than those de-
veloped by the normal, and associated
skin blood flows (in the vicinity of the
ischial tuberosity) can be considerably
smaller. Thus we conjecture that the high
rate of pressure sore incidence in para-
plegic and geriatric patients reflects not
only lessened mobility and insensitivity
to load, but also a decreased perfusion
capability.

Foot Biomechanics: Force and
Pressure Distribution in
Health and Disease

Rehabilitation Medicine Service
VA Medical Center
lowa City, lowa 52240

Reginald R. Cooper, M.D., Chief

We have submitted our study on the
stress distribution on the plantar as-
pects of the foot for publication. The
study used a finite element analysis of
the foot within the shoe to determine
the effects of shoe sole elastic proper
ties upon pressure. This revealed a sig
nificant dependence of the stress on the
stiffness of shoe sole material. Shoe
soles of intermediate stiffnesses low
ered stresses.

We have calibrated thin pressure
transducers and are starting to apply
them to the feet of healthy subjects and
those with foot diseases and disorders

We have developed a lighted walk
way in the floor to record pressure im-
ages during gait, and this is ready to use
on patients with a variety of foot disor-
ders both before and after treatment.
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Interdisciplinary Development and
Evaluation of Externally Powered
Upper-Limb Prostheses and
Orthoses

Applied Phsyics Laboratory
The Johns Hopkins University
Johns Hopkins Road

Laurel, Maryland 20810

Woodrow Seamone and Gerhard
Schmeisser, Jr., M.D.

The research program at Johns Hop-
kins for the Veterans Administration
continues to be focused on the devel-
opment and evaluation of assistive de-
vices for the high spinal-cord-injured
person. mprovement of interface de-
vices, and clinical evaluation of the ro-
botic arm/worktable system and chin
controlled wheelchair, were the princi-
pal activities of the project during the
reporting period. Progress and accom-
plishments during the January—-June
1981 period are summarized below.

Chin Controller for Wheelchairs

Evaluation is continuing on the low-
profile chin controller compatible with
the E&J Model 3P Wheelchair. Seven
E&J wheelchairs equipped with this sys-
tem are currently being evaluated by
volunteer quadriplegics. Testing periods
range from a few months to over 3 years
in daily living environment. Test models
include both open-loop torque control
and closed-ioop velocity control. Overal
results to date indicate that, while closed-
loop control with its self-braking char-
acteristics and adjustable velocity limits
contributes to wheelchair safety, such
features are important only in an out-
door environment. The features do not
appear to be required in indoor or insti-
tutional environments.

The latest volunteer to receive a chin-
controlied wheelchair is a well-educated
35-year-old quadriplegic with neuro-
myelitis optica of 16 years duration. His
only useful upperlimb function derives
from a small unilateral remnant of ac-
tive shoulder musculature. This mus-
culature produces a very weak and
limited motion of the hand when appro-
priately supported. Residual head-neck
motion is about %5 of normal and is also
wealk and poorly coordinated.

Prior to participation in this project,
this individual had been provided with
an E&J non-proportional electric wheel-
chair with a conventional hand-oper-

ated joystick controller and a wrist-hand

orthosis designed to assist joystick con-

tact and manipulation. With this equip-
ment he was able to travel independently
about the unobstructed corridors of the
nursing home in which he resided. His
wheelchair control was jerky and erratic.
He was obliged to travel very slowly. He
could not negotiate narrow places or
back up without risk of collision. He could
not handle elevators, inclines, irregular
surfaces or outdoor terrain. Due to these
problems, a non-motorized wheelchair
propelled by an attendant was fre-
quently used in preference to the mo-
torized one in order to move him about.

This individual was invited to partici-
pate in this program in order to com-
pare his performance using the older
wheelchair, manual joystick and control
system with that using the new wheel-
chair with advanced chin controller and
closed loop velocity control system. Fol-
lowing equipment delivery and patient
orientation, he used the new equipment
exclusively for several weeks.

At the end of the test period it was
felt by the operator and various knowl-
edgeable observers that his perfor-
mance with the new system
approximated that with the old one and
offered no significant advantages. Due
to his poorly coordinated head and neck
motions, he operated the new propor-
tional wheelchair in a non-proportional
mode. He had difficulty switching be-
tween reverse and forward. He could
not use the high-speed capability or
handle the wheelchair safely on ramps
or outdoors, regardless of the closed-
loop velocity control feature.

it was felt that evaluation by this
quadriplegic had enabled better identi-
fication of the limits of usefulness of a
high technology wheelchair controller.
With due consideration of this opera-
tor’s limited cervical spine range of mo-
tion and his poor coordination, it was
decided that further testing by him
would be unproductive. The test equip-
ment was therefore withdrawn for fur-
ther evaluation by other types of
quadriplegics.

In contrast, during 3 years of evalua-
tion of the chin controller in which the
majority of instances have yielded highly
successful resuits, most of the users
have possessed better cervical spine
range of motion and reasonably good
coordination of head and chin motion
(see BPR 10-34). Accordingly, discus-
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sions are being held with potential man-
ufacturers to try to bring these
wheelchair controllers to the market
place.

Robotic Arm/Worktable System

Research on the robotic arm/workta-
ble system during the reporting period
was primarily concentrated on evalua-
tion testing by a quadriplegic volunteer
in his home environment which is also
used for the family-owned business. This
individual was furnished a complete
system which consisted of a dual-pur-
pose chin controlled wheelchair and a
robotic arm/worktable system. For a de-
tailed description of each of the subsys-
tems, see BPR 10-35, 10-34 and earlier
issues.

The worktable was configured with a
low-cost personal computer system lo-
cated in the main work area of the table
and a self feeding arrangement at one
end of the table. This quadriplegic vol-
unteer is shown in the self feeding lo-
cation in Figure 1. Food is placed in three
bowls and the robotic arm is pro-
grammed to allow self feeding capabil-
ity with minimal assistance. A typical
meal required 30 to 40 minutes to
complete.

On the left side of the worktable, a
personal computer system is set up to
atlow handicapped individuals to use a
computer with minimal additional help.
One feature of this equipment arrange-
ment is the tilted keyboard to allow good
mouthstick accessibility. The robotic arm
is utilized to insert into and remove the
program diskettes from the disk drive.
A reading stand permits use of written
materials (mouthstick used for page
turning) when working with the com-
puter. A telephone located on the table
is manipulated with the robotic arm.
Figures 2 and 3 show the guadriplegic
volunteer in his wheelchair located in
the normal work position in front of the
computer.

The worktable is designed to permit
self docking so that the individual may
come to or leave this work area without
assistance from an attendant. This fea-
ture has worked very well. All control
inputs to the robotic arm are via the
wheelchair chin controller inputs. Shown
in Figure 2 is the robotic arm placing a
diskette into the disk drive under robotic
arm program control. Provisions are
made to store four diskettes in the rack
above the disk drive. Figure 3 shows the

telephone held
conversation.

In the 8 months of evaluation in this
environment, this volunteer has verified
the capabilities of this system to per-
form the designated functions in a reli-
able manner. The chin controller
interface was easy to learn to use and
it worked reliably. The combination of
robotic arm capability and mouthstick
capability gives the user flexibility to
carry out many tasks on his own. The
system has exhibited excellent reliabil-
ity with only one failure (broken wire)
during the 6 months continuous test pe-
riod. The one attribute which appears to
need improvement is speed of response
in the use of the telephone and of the
self feeding modes. A second advanced
model robotic arm, now being com-
pleted, operates with simultaneous mo-
tion in three axes and is expected to
reduce the time to accomplish these
tasks to acceptable levels. This individ-
ual has taken full advantage of the op-
portunity over the past 6 months to learn
how to use a personal computer, includ-
ing learning BASIC language and use of
some disk programs, and plans to con-
tinue working with a computer when
these tests are completed during the
summer of 1981.

in position for

Pseudo Morse Code Interface for
Computers

During the course of the evaluation of
this robotic arm/worktable system, the
mouthstick was found to be generally
adequate for keyboard entry except for
the multiple key input requirement for
key shift and for some word processing
programs. Fatigue is also another prob-
lem if continuous inputting with the
keyboard is required (more than one-half
hour at a time). In order to solve these
problems, a new technique was evolved
as an alternative to keyboard entry to
the computer. The requirements for this
alternative to the keyboard were that it
had to provide standard computer key-
board functions, including upper and
lower case, multiple key entry, as well
as the capability to operate at an input
rate of 10-20 words per minute, and it
should permit sustained work at the
computer without fatigue. The new sys-
tem evolved from this program makes
use of a standard Morse code high-
speed paddie mounted on an adjustable
bracket. Minute (less than 1/16 inch) chin
motion is required to generate the code.

A series of dots or a series of dashes
are generated by depressing and hold-
ing down one side or the other of the
paddle, thus minimizing chin motion
input.

The output of the keyer device is sent
to a single chip microprocessor which
translates the Morse code into ASCH
code and serially transmits this signal at
300 baud to the computer terminal via
a standard RS-232 input system. Stan-
dard Morse code characters are used
for the alphabet and numerics and some
additional codes are created to com-
plete all keyboard functions including
shift, space bar, control, repeat, and other
special keys. In order to maximize the
character entry rate for a given physical
motion capability, a pseudo Morse code
is utilized. The code system selected for
this purpose utilizes dots and dashes
having equal dwell time but distinguish-
able from each other by utilizing high
pitch tones for dots and low pitch tones
for dashes. This pseudo Morse code im-
proves the throughput speed by about
30 percent for a given physical capability.

Since this system can contain the full
ASCII set and outputs via a standard RS-
232 signal, it is compatible with a wide
variety of computers, including the Ap-
ple I, Radio Shack TRS-80, and many
commercial time-sharing terminals. Op-
eration with each of the above models
has been demonstrated in the Labora-
tory. In demonstration testing with an
Apple Computer, word processing with
Applewriter was shown to be a practical
task. Writing programs in BASIC, includ-
ing use of a disk drive for data storage
and retrieval, is readily accomplished. A
steady rate of 60 characters per minute
for long periods was demonstrated to
be feasible.

The system as presently configured
is a stand-alone system comprised of a
commercial high-speed Morse code
paddle mounted on a bracket, a single
microprocessor chip to perform the
Morse-to-ASCIl conversion and tone
generation, and a RS—232 connector to
the host computer. In application pro-
grams such as Applewriter {(word pro-
cessor program), additional special
codes were added in the microproces-
sor to simplify the mechanics of calling
up such commands as “delete word,
delete paragraph, change the cursor to
move to a specified portion of the text,
return to BASIC, etc.”

It is anticipated that this system may
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FIGURE 2.
Robotic arm {  foreground) is programmed to permit precise tasks, such as placing a diskette into the mini disk drive, to be carried out on
command.

FIGURE 1.
Quadriplegic evaluates self feeding capability of robotic arm system

FIGURE 3.
Multiple-task capability is made possible by worktable layout and by
the combined use of the robotic arm and a mouthpiece.



68

VA RER&DS PROGRESS REPORTS

have a broad application to a wide class
of handicapped persons including quad-
riplegics, persons with minimal hand or
arm function, and certain non-vocal per-
sons who need flexible communication
means. It is a low-cost device and we
are actively contacting potential manu-
facturers to try to make the system
available to potential users.

Powered Upper Limb Prosthesis

During previous years of research, this
project team developed and evaluated
motor units and control systems for
powered upper-limb prostheses (see
various articles in BPR 10-13 through
10-22). This design concept uses a sin-
gle drive motor and a cable drive sys-
tem to power a VO Dorrance series 5
hook and/or elbow motion. Although
experimental models were highly suc-
cessful in clinical trials, attempts in pre-
vious years to find a manufacturer were
unsuccessful.

Dankmeyer Inc., a Baltimore manu-
facturer of artificial limbs, expressed in-
terest early in 1981 to manufacture and
distribute a motor unit and control sys-
tem for upper-limb prostheses based on
this concept. This firm has enlisted an
electronics manufacturing company to
make the electronics and battery pack.
Engineering prototypes are presently
being developed. If the prototype models
are successful, it is expected that Dank-
mevyer will make the unit available
commercially.

Foreign Body Reaction in the Lung
to Intravenously Injected
Biomaterials

VA Medical Center
Gainesville, Florida 32602

Department of Pathology
School of Medicine
University of Florida
Gainesville, Florida 32611

C. lan Hood, Mi.D., Ch. B., and
Frederick J. Schoen, Ph. D., M.D.

Work during this period continues to
be devoted largely to defining the role
of surface area in granuloma formation
in response to the presence of divinyl
copolymer beads (Biobeads S$X-8,
BioRad) in the lung (see BPR 10-35).

The area of the granulomas, formed
in mouse lungs perfused with a fixative,
was measured by tracing the outline of
the granuloma and bead projected on
the ground glass of a light microscope,
and the total area of the granuloma de-
termined with a Numonics Electronic
Graphics Calculator by substracting the
area of the bead from the total.

Other studies—Studies are continu-
ing to use the bead model with sieved
45-53 um beads to measure the effec-
tiveness of anti-inflammatory drugs. We
have tested six anti-inflammatory drugs
to date (acetyl salicylic acid, ellagic acid,
polyanetholsulfonic acid, hydrocorti-
sone, azathiaprine and bacterial levan
(prepared with Erwinia herbicola)), and
preliminary results indicate that this
model bead system provides a consis-
tent and reproducible method for as-
sessing the anti-inflammatory activity of
these drugs.

Publications not previously reported

Coleman SE, Hood Cl, Schoen FJ, Robin-
son M: Electron microscopic study of the
effect of anti-inflammatory agents on the
foreign body response in mouse lung.
Absts. of Southeast Electron Micros-
copy Society, 1980.

Wilson J, Pigott GH, Schoen FJ, Hench LL:
Toxicity testing of Bioglass. World Con-
gress on Biomaterials, Vienna, Austria,
1980.

A Grommet Bone Liner for Flexible
Implant Arthroplasty

Director of Orthopaedic Research
Blodgett Memorial Medical Center
1900 Wealthy Street, S.E.

Grand Rapids, Michigan 49506

Alfred B. Swanson, M.D., FA.C.S.

Surgical implantation and Harvesting

As of March b, 1981, all surgical im-
plantations at the Veterinary Clinical
Center at Michigan State University of
the textured full grommets and shim
grommets were completed. A total of 17
proximal and 17 distal textured full
grommets, and 18 proximal and 18 dis-
tal textured shims were implanted. Har-
vesting has been accomplished as close
to the proposed dates of sacrifice as
possible (See Table 1, pp. 112-113, in
BRP 10-35, Spring 1981, Vol. 18, No. 1).

Biomechanics

As of May 31, 1981, fourteen full
grommets and twelve shims were sub-
mitted to the Biomechanic Department
of Michigan State University for testing.
Partial results from these tests are in-
cluded in this report (Table 1).

Histology

As of May 31, 1981, sectioning and
microscopy has been done on all sam-
ples which were submitted to the His-
tology Department at Michigan State
University. Because of the imminent re-
tirement of the pathologist on this proj-
ect, another source of the processing
and microscopy for the textured sam-
ples has been procured. Sampies will
be processed by Gerry H. Kenner, Ph. D,
Associate Professor of Bioengineering,
Clemson University, South Carolina.

Specimen retrieval, trimming, and in-
itial fixation in buffered formalin will be
done at Michigan State University. After
the samples are received at Clemson
University, they will be processed
through a graded series of daily alcohol
changes {once 70%, twice 95%, once
99%) followed by two daily changes of
polymerized thin methylmethacrylate
resin. Final embedding will be in thick,
prepolymerized methlymethacrylate
resin.

The polymerized block will be trimmed
to approximately a 0.5 in cube. Five or
more sections, each 250-500 microme-
ters thick, will be cut from the block us-
ing a diamond saw blade (metal) or a
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TABLE 1.
These figures are results from the more recent tests that have been run by the Department of Biomechanics.
RIGHT SIDE LEFT SIDE REMARKS
Rabbit #27 Implanted 7/8/80 No implant. Only one side was implanted
Test 13 Distal Femur {right distal femur). Test went
tested 8/28/80 Max. load 10.14 Ib. well.
Material SSS
Rabbit #45 Implanted 12/22/80 No implant. Animal died from a broken
Test 14 Prox & Distal back. Tried test: no resuits
tested 2/4/81 No test resuits. due to grommet falling out
Material TCG during the setup.
Rabbit #42 implanted 11/17/80 Implanted 1/14/81 Good test series from this
Test 15 Distal: Bad angle but the Distal: Good alignment. Max. specimen. Some trouble with
tested 3/11/81 results are Max. load 35.7 Ib. load 23.7 Ib. the angle on some femur
. Prox: Good alignment. Max. Prox: Pulled out during setup. grommets.
Material TCG load 14.80 Ib. Approx. load 2 Ib.
Rabbit #47 Implanted 12/23/80 Implanted 3/2/81 Good tests. Heavy wear on
Test 16 Distal: Very little bone around Distal: No test result. Fell out the Silastic implants from
tested 4/27/81 the grommet. Max. load during prep. both sides.
Material TCG 21 1b. Prox: Good test results. Max.
aleria Prox: Good test. Clamp load 11.3 Ib.
slipped but grommet did not
move. Max. load 164 Ib.
Rabbit #48 Implanted 12/23/80 Implanted 3/2/81 Tests went well.
Test 17 Distal: No test. Fell out during Distal: Good test results.
tested 4/27/81 prep. No bone around Max. load 16.0 Ib.
. grommet for support. Prox: Good test even though
Material TCG Prox: Good test. Max. load the load is low. Max. load
18.0 ib. 4.5 ib.
Rabbit #55 Implanted 12/29/80 Implanted 3/4/81 Test went well but had some
Test 18 Distal: Good test results. Distal: Tried a new clamp. trouble with fractured bones.
tested 4/27/81 Max. load 8.6 Ib. (Clamp Max. load 3.4 Ib. This was our first test on the
Material TCS slipped. Little bone around Prox: No test; bone badly new shims. We are trying a
ateria grommet.) fractured, could not get a grip new method of clamping and
Prox: Test results, Max. load on it. it seems to work.
4.5 |b.
Rabbit #56 Implanted 12/30/80 Implanted 3/5/81 Used the new clamps (upper).
Test 19 Distal: No test. Load less than Distal: Good test. Max. load The test procedure is still the
tested 4/30/81 5 1b. 10.54 Ib. same as before.
Material TCS Prox: Tested at a Max. load of Prox: Good test. Max. load
atenia 1.2 Ib. 5.6 Ib.
Rabbit #57 Implanted 12/30/80 Implanted 3/5/81 These tests went very well
Test 20 Distal: Good test. Max. load Distal: Same, very good test. even though the resuits seem
tested 4/30/81 6.7 Ib. Max. load 10.26 Ib. a little “backwards,” in that
Material TCS Prox: Good test again; Max. Prox: Good. Max. load the grommets that were in
ateria load 7.0 Ib. 11.90 Ib. the shortest time carried the
highest loads.
Rabbit #34 Implanted 8/14/80 Implanted 9/22/80

CONTROL ANIMAL
No grommets were
used.

No load. These were tested
by a different method and the
loads were very low. Max.
load 2-4 g.

No load. The results were the
same on this and all other
tests run on Control Animals.

Rabbit #36 Same Same
CONTROL ANIMAL
Rabbits 38, 39, 40 Same Same

CONTROL ANIMALS
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jeweler's blade (plastics) mounted on a
Gillings-Bronwill thin sectioning ma-
chine. After the sections are cut they
will be labeled according to their posi-
tion and medial-lateral, dorsal-ventral
will be indicated on the specimen. Five
specimens from each block will then be
finally ground to 200 micrometers or less
with graded series of grinding papers
using petrographic lapping wheels.

The sections will be microradi-
ographed for 10 minutes at 12 mil-
liamps at 55 kilovolts on a General
Electric model XRD-6 X-ray machine
using Kodak High Resolution Profes-
sional Film type S0-343.

After microradiography, the sections
will be stained with Paragon (basic fuch-
sin and toluidine blue). The sections will
be placed on microscope slides on a
slide warmer at 50 degrees C. Several
drops of Paragon stain will be placed on
the sections and allowed to dry. After
20 to 30 minutes, the dried stain will be
removed with distilled water, the sec-
tions rinsed with alcohol, lightly abraded
with a tooth brush and allowed to dry.
Finally, a glass coverslip will be mounted
with synthetic resin.

Histology will consists of checking the
microradiographs and stained sections
to determine the tissue apposition at the
bone-implant interface. Specifically, the
presence or absence of a collagenous
membrane and mineralization in the im-
plant-tissue interface will be studied.

During the next quarter, harvesting of
the implantations will continue on the
proposed dates for sacrifice. Four sam-
ples will be harvested and submitted to
Clemson University for histology stud-
ies. Twenty-four samples will be har-
vested and submitted to the
Biomechanics Department at Michigan
State University.

Textured Grommets for Flexible
Implant Arthroplasty of Finger
Joints

Research and Advanced Concepts
Section

NASA—Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Bruce A. Banks, Head
Grommets made of Co-Cr-Mo alloy

(Vitallium) have been ion-textured using
a modified 30-centimeter-diameter ion

ARGON GAS
+
1000V __—CATHODE
- _—ANODE
30v
DISCHARGE
CHAMBER
-~ GROMMET
noooooodn
=--~— GRAPHITE SHIELD
1 CNEUTRALIZER
= COMMON
FIGURE 1.

fon source configuration for grommet texturing is shown in this schematic. Grommets tex-
tured by means of this sputtering technique are currently being evaluated.

source. The figure (Fig. 1) shows a sche-
matic drawing of the apparatus. The
grommets are attached to rods that al-
low the grommets to be placed inside
the discharge chamber. Grommets for
the distal and proximal stems of a No. 4
Swanson finger joint have been tex-
tured. The sputtering conditions are 1000

volts ion energy and approximately 1.2
mA/cm?2 current density for 30 minutes.
Total grommets, which encircle the stem,
and grormmet shims, which cover 3 sides
of the stem, have been ion-textured.
These grommets are presently being
evaluated at the Michigan State Small
Animal Clinic by Dr. James McGehee.

Microsurgical Techniques Applied
to Orthopaedic and Hand Surgery

VA Medical Center
10701 East Boulevard
Cleveland, Ohio 441086

John W. Shaffer, M.D.

Clinical application has demonstrated
vascularized diaphyseal bone grafts to
be reliable in bridging osseous defects.
In theory, the vascularized bone grafts
eliminate the need for long-term bone
remodeling and creeping substitution of
nonviable bony tissue. The vascularized
bone grafts retain viable osteocytes
which permit the vascular graft to heal
to adjoining bone as if it were segmen-
tal fracture. We continue to investigate
the biological properties of vascularized
bone grafts. Our progress report de-
scribes in additional detail our findings.

Our continuing studies will permit us to
cotrelate the biological healing charac-
teristics of vascularized bone grafts with
their mechanical properties.

A segment of diaphyseal canine ulna 4
centimeters long is mobilized, the vas-
cular pedicle cut, and then the vascular
pedicle reanastomosed using micro-
surgical technique. Reanastomosis is
accomplished with micro-instruments,
the operating microscope with 25 power,
and the use of 10-0 nylon suture. The
19 dogs studied to date had undergone
bilateral forelimb procedures. A
4 centimeter autograft of ulna has been
elevated with its vascular pedicle on one
side and a nonvascularized graft on the
opposite side. In this way each dog has
acted as its control with a vascularized
and a nonvascularized 4 centimeter uina
graft. In the vascularized bone graft the
ulna was elevated out of its tissue bed



along with its vascular pedicle and then
reduced anatomically. Its vascular pedi-
cle was reanastomosed and soft tissue
closure was accomplished in the routine
manner. The contralateral ulna had a
similar procedure without anastomosis
of the vascular pedicle and with strip-
ping of the periosteum.

Re-exploration of the dogs was per-
formed according to the following
schedule: 4 at one week, 5 at 6 weeks,
4 at 3 months, and 6 at 6 months. In the
convalescent period after the initial sur-
gery, animals were periodically labelled
with tetracycline to permit, at sacrifice,
analysis under the microscope of viable
osteocytes. Re-exploration was per-
formed to visualize the vascular pedicle
and to determine whether the pedicle
was patent. Specimens were then ob-
tained for bone histology including fro-
zen bone, tetracycline labelling, and
decalcified bone, H + E labelling. Bone
scans were done in the immediate post-
operative period in all dogs using tech-
netium labelling. X-rays were done at
the time of the original procedure, at the
time of the bone scan, and at sacrifice.

All animals survived the experiment
and were sacrificed on schedule. Of the
19 vascularized bone grafts at re-explo-
ration, 63 percent were patent. X-rays
taken at the time of sacrifice showed
healing of both the vascularized and
nonvascularized bone grafts at the dis-
tal osteotomy but most specimens
showed nonunion of the proximal end
of the osteotomy. Bone scans were un-
reliable in permitting us to evaluate in
the immediate postoperative period
whether the vascularized bone grafts
had adequate blood flow. Histologically,
the vascularized bone grafts showed
preservation of osteocyte in 80 percent
of the specimens. In the 20 percent of
the vascularized bone grafts where the
pedicle was not patent and osteocytes
were not present in lacunae, we did see
creeping substitution apparent in the
subperiosteal section of some speci-
mens. In the nonvascularized bone graft
controls, we did see some osteocytes in
lacunae but the number of these osteo-
cytes was markedly less than what was
seen in the vascularized specimens.

The biological behavior of vascular-
ized canine ulna autografts results in
preservation of osteocytes in the vas-
cularized bone graft and supports the
theory that bone grafts taken with the
vascular pedicle intact can function
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without the need for long-term creeping
substitution. Our subsequent experi-
ments will address the issue of mechan-
ical properties to determine whether
these grafts can provide immediate me-
chanical behavior comparable to adja-
cent bone upon healing of both ends of
the vascularized bone graft to recipient
bone.

Student Projects in the
Development of Replacement
Ligaments and Tendons Using
Polylactic Acid/Filamentous
Carbon Composites

VA Medical Center
East Orange NJ 07109

New Jersey Medical School and
the Graduate School of Biomedical
Sciences

College of Med. & Dentistry

Newark, New Jersey 07103

College of Engineering, Rutgers
The State Univ. of New Jersey
Piscataway NJ 08854

Andrew B. Weiss, M.D., Harold
Alexander, Ph. D., Noshir
Langrana, Ph. D., and
Amos Gona, Ph. D.

This project started April 1, 1981, The
work involves two graduate students:
one from the Department of Mechanical
and Aerospace Engineering, Rutgers
University, and the other from the De-
partment of Anatomy, the Graduate
School of Biomedical Sciences. Over the
past 4 years, the overall objective of a
project pursued at the New Jersey Med-
ical School has been to provide a class
of synthetic ligaments and tendons for
use as long-term implants. This work
has resulted in the development of a
particular material candidate, a com-
posite of polylactic acid polymer (PLA)
and filamentous-carbon. The composite
acts as a rate-controlled mechanically
degrading scaffold for the development
of new tissue. This candidate material
is currently in clinical trials. There re-
main a number of areas that require ad-
ditional research. The specific projects
of the engineering and biomedical stu-
dents will be to further refine a three-
dimensional kinematic model of the hu-

man knee in preparation for human pa-
tient analysis, and to develop an in-vitro
fibroblast cell culture system to study
the modes of cell attachment to the im-
plant materials and of extrusion of new
collagen, respectively.

It is expected that the first (kinematic
model) project will be useful in a num-
ber of ways. For example, analytical
methods may be used to establish de-
sign parameters for a replacement lig-
ament. This is accomplished by
analytically and experimentally deter-
mining the forces to which the ligament
is subjected. In addition, such methods
may be used to determine the mechan-
ical response of the knee to replacement
of a given ligament. The effect on mo-
tion and force distribution of the inevi-
table change in ligament properties and
exact attachment sites introduced by the
use of a substitute ligament can be in-
vestigated. Finally, such analytical tech-
niques will clearly provide a more
detailed understanding of knee
mechanics.

The mechanics of the knee joint in-
volves kinematic and force analyses.
Prior to kinematic analysis, information
on the bony landmarks of the patella,
the distal femoral condyle, the tibial pla-
teau, and the tibiofibular joint must be
obtained. Likewise, the soft tissue land-
marks, attachments of tendons and lig-
aments to the bony surfaces and the
location of muscle groups must be eval-
uated. Usually this is performed exper-
imentally and the biomechanical
information, such as surface contact
area, lengths of tendons and ligaments,
and strains in tendons and ligaments,
can be calculated.

A computer assisted tomography
(CAT) scan system was utilized to obtain
the geometry of the knee. A cadaver
knee was examined and slices of the
knee at 5 millimeter distances apart were
recorded. These slices were projected in
the computer to generate data bases for
the tibia and the femur. Computer aided
design and three-dimensional graphics
programs were utilized to view individ-
ual slices and three-dimensional views
of the tibia and the femur. The devel-
opment of the computer programs for
the kinematic analysis has been facili-
tated through the use of a RAMTRAK-
PDP 11 minicomputer system provided
through the courtesy of Dr. Paul A. Frost,
Xybion Corp., Cedar Knolls, New Jersey.

The second project facilitates the study
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FIGURE 1.

Scanning Electron Micrograph of Fibroblasts attached to carbon fibers in cell culture.

of degradation rate and tissue regrowth
rate control. With a fibroblast cell cul-
ture system, the degradation of the im-
plant can be quantified and the various
methods of acceleration of tissue
growth, i.e. growth hormones, Vita-
min C, can be studied in an in-vitro
model.

The experimental model utilizes
14-day-old Sprague-Dawley rat tendon
fibroblasts. The extensor tendons have
been removed from the hind legs of the
young rats and grown as explants on
implant surfaces. To date, cell dynamics
alone have been studied. However, in
the near future, collagen formation will
be stimulated by the addition of ascor-
bate into culture media.

It has been found that the cells do not
adhere to PLA sheets since the surface
is continually dissolving away. This
property of PLA may become an advan-
tage in gliding tendon repair and re-
placement. However, when the tendon
explants are placed on a sheet of 10 um

carbon fibers, cells rapidly migrate out
along the fibers. Within 1-3 days after
the start of the explant culture, fibro-
blasts from the explant begin migrating
out of the tissue onto the carbon fiber
substrate. These cells migrate away from
the explant and along the length of the
carbon fibers. They are often seen 1--2
mm away from the explant after 2-4
days in culture.

Tendon cells grown on carbon fiber
range in shape from rounded cells about
12 um in diameter to long, spindle-
shaped, 1-2 um thick cells that align
along the length of the fibers. The
rounded cells are thought to be
undergoing division. The spindle-shaped
cells, when viewed with the scanning
electron microscope (SEM) (Fig. 1), show
tooth-like attachments on the carbon
substrate. Transmission electron micro-
scope (TEM) pictures are being at-
tempted in order to determine the ultra-
structural nature of these attachments.
Many of these cells also show microvilli.

After 5-7 days in culture, these cells
form colonies which may completely
envelope individual fibers, form bridges
between fibers, or envelope bundles of
fibers. Often, one cell is observed to
form attachments to several fibers.
This work is continuing during the
next quarter with a quantification of the
rate of cell migration and an investiga-
tion of the effect of fiber type and di-
ameter. A method for determining, in
culture, the amounts of DNA, RNA, and
total protein is being adapted to this ex-
perimental model in order to determine
the growth rate of cells on the carbon
substrate as opposed to the growth rate
of cells on normal culture dishes or on
Dacron fibers. By changing certain cul-
ture conditions and supplementing the
nutrient media with ascorbate, fibro-
blasts may be stimulated to secrete col-
lagen. Several methods are available for
determining the amount and type of
collagen produced under these condi-
tions. In the future, the synthesis of col-



lagen, by cells cultured on these
substrates, will be investigated to deter-
mine the effect of cell-substrate inter-
actions on cell function.

Development of Hydrogel Surfaces
for Dental and Orthopedic
Implants

Dental Service
VA Medical Center
West Roxbury, Mass. 02132

Daniel A. Garcia, D.D.S. and
Thomas M. Sullivan, D.D.S.

A soft, porous polymer of hydroxy-
ethy! methacrylate (PHEMA), containing
connective tissue and plasma proteins
is under development as a candidate for
eventual use as a surface coating of en-
dosseous dental implants. The implant
is an oral prosthesis which is partially
submerged in a surgically prepared al-
veolar bone bed, with the protruding
portion serving as an anchor for full or
partial dentures. Thousands of these
much-needed devices have been placed
during the last 30 years, but recent sur-
veys have revealed an overall survival
rate of only 49 percent after 6 years in
situ (1-3). The major cause of failure is
the lack of an attached tissue interface
to prevent the entry of oral flora into the
bone bed with consequent inflamma-
tory bone destruction (4). The protein-
containing polymer under investigation
is intended to effect the required tissue
attachment, thereby providing a barrier
to microbial invasion. What follows is a
report of progress of an ongoing animal
study to evaluate tissue and cell re-
sponses to the polymer.

The proteins being studied are plasma
fibronectin and type lli collagen. Molec-
ular collagen has been shown to pro-
mote cell differentiation (5,6) and cell
attachment to a substratum (7) in vitro.
Attachment of cultured cells, however,
requires the presence of a serum pro-
tein, fibronectin. The binding of fibro-
nectin to cell surfaces, demonstrable by
immunofluorescence (8), restores cer-
tain normal surface properties to trans-
formed cells, such as adhesiveness and
contact inhibition of movement (9). The
addition of fibronectin to cells in culture
induces the formation of actin bundles
and a flattened cellular morphology,
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suggesting a close association between
cytoskeletal actin and membrane-asso-
ciated fibronectin (9,10). A transmem-
brane linkage between actin and
fibronectin during cell attachment has
recently been proposed on the basis of
immunofluorescence and ultrastruc-
tural findings (11,12).

Under laboratory conditions, fibro-
nectin binds readily to collagen, alpha
chains and to the cyanogen bromide
peptide alpha-1(1}-CB-7 (13). A collagen-
fibronectin meshwork has been dem-
onstrated on the external surfaces of
attached cultured fibroblasts which dis-
appears after dissociation with trypsin
and reappears after reattachment (14).

In view of these reported findings, the
proteins selected for incorporation into
the polymer were complexes of fibro-
nectin and collagen. Tissue reactions
were studied in dogs, using autogenous
proteins to avoid allergic phenomena.
Proteins were obtained as follows.

A skin specimen 1 cm wide and 10 cm
long was surgically removed from the
shaved midback under intravenous
Nembutal anesthesia, and the wound
closed with resorbable sutures. During
the same intervention, 100 to 120 ml of

whole blood was drawn from the jugu-
lar vein and collected in anticoagulant
citrate dextrose solution. Plasma was
obtained by centrifugation of whole
biood (1500 x g), and fibronectin (FN)
extracted by affinity chromatography
with gelatin coupled to CNBr-activated
Sepharose 4B (Pharmacia Fine Chemi-
cals, Piscataway, N.J.). Figure 1 contains
a typical chromatogram of dog plasma.
FN was eluted with 6M urea and the
peak eluate was pooled and dialyzed
against acetate buffer (pH 3.6) at
4 degrees C. From 175 to 200 ug of FN
per ml of whole blood are routinely ex-
tracted by this method. Part of the FN
was coupled to Sepharose 4B with the
intent of selecting, by affinity chroma-
tography, a subpopulation of skin col-
lagen with fibronectin-binding
properties.

Skin specimens (1.5 to 2.0 grams, wet
weight) were trimmed free of subcuta-
neous fat and soft tissues, diced, ho-
mogenized in 0.5M acetic acid (HAc) and
digested at 4 degree C with pepsin (hog
stomach mucosa, Sigma Chemical Co.,
St. Louis, MQ,) at final concentrations of
5 mg (wet weight) of skin per ml of 0.5M
HAc and 0.02 mg pepsin per ml of di-
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FIGURE 1.

Affinity chromatography at room temperature of fresh dog plasma. The column bed was
CNBr-activated Sepharose 4B to which gelatin (Swine skin type | denatured collagen) had
been coupled. Plasma fibronectin selectively binds to gelatin while all other plasma proteins
are eluted with the column buffer: PBS/.01M sodium citrate, pH 7.2. Fibronectin is eluted

with 6M urea/.05M tris, pH 7.5.
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1.7M NaCl PRECIPITATED
DOG SKIN COLLAGEN:
FIBRONECTIN-SEPHAROSE 4B
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FIGURE 2.

Affinity chromatography at room temperature of acid soluble, pepsin digested, salt precipi-
tated (1.7 M NaCl) type lll dog skin collagen. The column bed was CNBractivated Sepharose
4B to which dog plasma fibronectin had been coupled. Approximately one half of the salt
precipitated collagen was eluted with column buffer (PBS-citrate). 6M urea eluted the re-

maining collagen with fibronectin-binding p

roperties.
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FIGURE 3.

Affinity chromatography with gelatin-sepharose 4B of an incubation mixture containing 50ug
1-131-labelled fibronectin-binding collagen (FNBC) and 10ug 1-125-labelled fibronectin (FN).

The proteins were incubated for one hour at 37 degree C prior to chromatography.

gest. Digestion was stopped after 18
hours by elevation of the digest pH with
3M tris-base, after which type lll colla-
gen was precipitated by the addition of
NaCl to 1.7 molar. The precipitated col-
lagen was collected by centrifugation
(48,000 x g), resuspended in 0.56M HAc,
reprecipitated and washed two more
times. The final washed precipitate was
resuspended in 0.5M HAc, desalted by
dialysis versus 0.1 percent HAc and ly-
ophilized. A portion of the lyophilized
collagen was solubilized and further
purified by affinity chromatography with
FN-Sepharose 4B. A collagen affinity
chromatogram is plotted in Figure 2
showing the elution with 6M urea of a
subpopulation of type lll skin collagen
with fibronectin-binding properties,
comprising roughly one half of the crude
salt precipitated preparation.

The formation and composition of
complexes were studied with
-125-labelled FN and 1-131-labelled fi-
bronectin-binding collagen (FNBC) as
follows. Radioiodination was by the
chloramine-T method (15). Mixtures of
various weight proportions of the la-
belled proteins were incubated for 1 hour
at 37 degrees C and then chromato-
graphed on gelatin-sepharose 4B. Fig-
ure 3 is a chromatogram of a mixture
containing 50 ug FNCB and 10 wg FN.
The plot showed that a portion of the
1-125-FN did not bind to gelatin and was
eluted with column buffer (PBS-citrate)
together with [-131-FNBC. These eluates
were presumed o represent complexes
in which FN binding sites were totally
saturated with FNBC. The urea buffer
eluted several fractions containing both
radionuclides at differing proportions.
These were presumed to contain com-
plexes of partially saturated FN with
some sites available for binding to
gelatin.

The presumptive complexes were ex-
amined by polyacrylamide gel electro-
phoresis analysis of selected elution
fractions containing both 1-125 and 1-131
activity. Two aliguots each from elution
fractions containing both isotopes were
electrophoresed on 5 percent phos-
phate gels, with and without pretreat-
ment with 2 mercaptoethanol (2ME).
Thereafter the gels were cut into 2-mm
slices and each slice counted for both
radionuclide activities.

The results of one such analysis are
plotted in Figure 4. The data for the ali-



quot not treated with 2ME show that the
highest concentrations of either radion-
uclide are associated with molecular
species greater than 200,000 molecular
weight. Pretreatment with 2ME resulted
in a decrease of high molecular weight
radioactivity and the reappearance of
I-125 activity at the molecular weight of
FN (200,000}). The decrease in I-125 and
I-131 activity resulting from 2ME treat-
ment was presumed to represent the
disassociation of FN-FNBC complexes.
Estimates of FNBC:FN weight ratios
were calculated from the differences,
due to 2ME, in high molecular weight
radioactivity.

The resulis indicated that complexes
eluted with PBS-citrate buffer consisted
of from 19 to 23 parts FNBC to 1 part of
FN, by weight. Complexes eluted with
6M urea produced a range of propor-
tions from 9 to 0.6 parts FNBC to 1 part
FN. Overall, the data showed that. re-
gardless of the starting proportions in
an incubation mixture, a family of com-
plexes was formed varying in the pro-
portions of the two proteins.

Radiolabelled proteins were also used
to determine whether collagen and fi-
bronectin were firmly bound to the po-
lymerized hydrogels. The polymers were
prepared in the usual volume propor-
tions of 6 parts hydroxyethyl methac-
rylate, 0.6 parts ethylene glycol, 0.2 parts
each of ammonium persulfate and so-
dium metabisulfite, and 3 parts protein
solution. Sucrose powder, sized from
100—-250 micrometers (um), was added
after 10 minutes of initial polymeriza-
tion and dispersed by vortexing. Fifty
mg of sucrose was added per mi of
PHEMA formulation.

After polymerization in siliconized
glass test tubes was complete, the hy-
drogels were removed, sliced into sev-
eral small wedges, counted for
radioactivity and then dialyzed for three
days versus 200 volumes of saline, with
daily changes of dialysate. At the end of
dialysis, the wedges and aliquots of the
three dialysates were counted. Dissolu-
tion of the sucrose by dialysis produced
porosity throughout the polymer. The
amounts of labelled protein added
ranged from 5 to 100ug/ml of hydrogel
mixture. The results revealed that re-
gardless of the amounts added, the per-
cent protein retained by the polymer
remained constant for each type of pro-
tein. The average percents retained

-
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POLYACRYLAMIDE GEL
ELECTROPHORESIS
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FIGURE 4.

Polyacrylamide gel electrophoresis on 5% phosphate gels of a 6M urea eluate from the
affinity chromatogram of Figure 3. The gels were cut into 2mm slices and each slice was
counted for 10 minutes. Simultaenously electrophoresed molecular weight standards are

indicated. An aliquot of the eluate not pretreated with 2-mercaptoethanol (2ME

-} contained

a molecular species greater than 200,000 with high count rates of both radionuclides. Pre-
treatment with mercaptoethanol (2ME +) reduced the high molecular weight associated ra-
dioactivity, presumably through disassociation of FN-FNBC complexes. The increase in I-125
activity with 2ME treatment at the molecular weight of FN {200,000} supports this presumption.

were, 1-125-FN: 92.5 percent, and
I-131-FNBC: 80.7 percent.

Based on the above findings, hydro-
gels were prepared for in vivo assess-
ment in dog jaws. Porous hydrogels with
and without protein were cut into sev-
eral discs measuring 4 mm in diameter
by 2 mm in thickness. These were placed
in bone beds prepared as follows. Ver-
tical incisisions were made of the man-
dibular buccal gingiva and mucosa and

full thickness flaps retracted to expose
the buccal alveolar bone plate of right
and left posterior teeth. Circular beds
were prepared with rotary carbide in-
struments approximately 5 mm inferior
to the alveolar crest. The bed dimen-
sions were made comparable to those
of the discs to produce a relatively snug
fit. The buccal tissues were replaced and
the incisions closed with resorbable
sutures.
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A total of 40 discs were placed in 2
dogs, 20 per dog. During a 2 month pe-
riod of observation only three discs pro-
duced chronic inflammatory responses
with fistula formation. Four groups of
porous hydrogels were tested, contain-
ing the following ng of protein/ml of
hydrogel:

1. No protein, control.

2. 100 pg FN.

3. 100 pg FNBC.

4. 10 pg FN and 50 ug FNBC, in-
cubated for one hour at 37 de-
grees C.

The discs were removed after 2
months as follows. Vertical incisions
were made as before and the soft tis-
sues were retracted. Teeth within the
area were extracted and the interradi-
cular septa removed. Block sections of
buccal bone, each containing one disc,
were cut, fixed in formalin, decalcified,
and prepared for light microscopy.

Figures 5 to 7 are representative mi-
crographs of the specimens. The major
observations were:

1. Discs without proteins (Fig. 5) were
encapsulated with fibrous connective
tissue which separated them from the
healing bone bed.

2. Discs with either protein alone (fi-
bronectin, Fig. 6) had little or no inter-

FIGURE 5.
Four micron thick cross-
section of a polymer disc
(clear area) and its alveo-
lar bone bed. The porous
polymer contained no
proteins and was encap-
sulated by a thick layer of
fibrovascular connective
tissue.

FIGURE 6.

Discs containing either fibronectin alone, as in this figure, or collagen alone, had little or no fibrous connective tissue
separating the discs from healing bone beds.
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FIGURE 7.
Discs containing incubation mixtures of FN and FNBC contained numerous penetrations of cells and tissues from adjacent
healing bone beds.

posed fibrous connective tissue between
healing bone and the polymer.

3. Discs with the incubation mixture
(Fig. 7) were also without fibrous cap-
sules, but the disc-bone interfaces
showed numerous deep penetrations of
cellular elements into the polymer.

The results to date support the con-
cept that attachment of a tissue bed to
an implanted prosthesis can be ob-
tained through the incorporation of con-
nective tissue proteins whose normal
biological function is to provide a sub-
stratum for cell attachment. Studies are
in progress to test this concept in the
form of polymer-coated dental implants
inserted in fresh dog molar extraction
sites.
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MICROMINIATURE STRAIN GAGE
PREPARATION, IN VIVO IMPLANTA-
TION, AND IN VITRO MATERIAL
PROPERTY EVALUATION

Introduction

During the past 10 years, foil and
semiconductor strain gages have been
used to analyze the mechanical re-
sponses of bone during normal skeletal
locomotion, enabling biomechanics re-
searchers to make correlations with
simplified static models. Many authors
(1,2,3) have described “state of the art”
techniques for fabrication, implantation
and insulation of foil and semiconduc-
tor type strain gages in large experi-
mental animals, but there appear to be
no published reports on the use of mi-
crominiature strain gages for investi-
gating the in vivo response of small
laboratory animals with rapid bone
turnover.
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Rosette gage configuration.

This report will present a technique
for the preparation of microminiature
rosette strain gages that can be installed
in laboratory animals as small as 150
grams. One such animal, the rat, has
undergone extensive biochemical, his-
tological and metabolic research, but
there have been no reports on the me-
chanical behavior of rat bone in vivo and
very little in vitro information is avail-
able. Such information is invaluable in
assessing the mechanical response of
bone, and can provide new insight into
the link between changes in the func-
tion of bone and bone architecture—the
adaptive remodeling response of bone
(Wolff's Law).

Gage Description

Male Holtzman albino rats ranging
from 150 to 650 grams were instru-
mented with microminiature three-ele-
ment 45-degree rosette strain gages
{Micro-Measurements EA-06-015RJ-120}.
The gages were the electrical resistance
type consisting of a grid of constantan
foil on a thin polyimide backing. Fig-
ure 1 shows schematically the configu-
ration of the three-element rosette,
which when implanted is oriented so that
the abscissa is along the long axis of the
bone. Each gage is 120-+1% ohms, with
a gage factor of 2.00+1%, and self-tem-
perature compensation of 6 ppm/deg F

The gages were employed in a quarter
bridge with excitation from a constant
current source. Constant current was
used to minimize noise from poor or
faulty electrical connections. An excita-
tion voltage of 0.25 volts (2.1 milliam-
peres) was chosen for each gage
element. This excitation level was based
on a power density for bone of 0.5 watts/
in? and a gage grid area of 0.0003 in2 A
total of six bridges and current sources
enabled recordings from six single gages
or two rosette gages. The constant-cur-
rent source and bridge circuitry for one
channe! are shown in Figure 2.
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FIGURE 2.

Circuit diagrams of constant current source {left) and Wheatstone bridge (right). Circuitry at left supplies 0 to 20
milliamps excitation. Circuitry at right consists of three precision {0.02%) resistors (R) and a gage or active
resistor (R,) forming a full bridge. Note that a three lead-wire system is used to compensate for differences in
pathway resistance. Resistor, R, provides a known strain level for calibration, while the 5K potentiometer initially
balances the bridge.



Gage Preparation

The gage units were constructed us-
ing 38-gage polytetrafluorethylene
(PTFE) insulated lead wires soldered di-
rectly to the grid solder tabs. Strain re-
lief tabs at the gage were not used owing
to the small size of the gage and im-
plantation site. Waterproofing and me-
chanical protection were achieved by
applying a thin base coat of toluene-
thinned acrylic (Micro-Measurements,
M-Coat D) followed by a coating of po-
lysulfide/epoxy waterproofing com-
pound (Micro-Measurements, M-
Coat G). A 2.5 mm section of the lead
wires was also potted using the Type G
coating. The gage unit was then trimmed
resulting in a prefabricated, encapsu-
lated, wired unit with a maximum over-
all area of 10 mm? (2.5 x 4.0 mm) and
overall thickness of 0.5 mm. A miniature
multipin connector (Amphenol, 222-—
11NO07) interfaced with a three-wire re-
sistance compensation system to the
Wheatstone bridge. Figure 3 shows the
completed gage unit with attached lead
wires, connector, and jacket support.

Surgical Implantation

Femurs of anesthesized rats were ex-
posed and then isolated with cotton-
tipped wood applicators. The exposed
bone surface was scraped free of per-
iosteum and alternately degreased-dryed
with xylene-cotton tipped applicators
until a clean dry surface was obtained.
After neutralizing the surface with am-
monium solution and drying, the gage
was introduced subcutaneously from the
dorsum to the bone site and methyl
2-cyanoacrylate (Permabond 101) was
applied to the back of the gage (Fig. 4).
A pre-shaped implement that contoured
to the bone surface was then used to
bond the gage to the bone. The portion
of the lead wires encapsulated with M-
Coat G was bonded to the bone in a
similar fashion (Fig. 5). The gage and a
portion of the surrounding bone was
then covered with a very thin layer of
fast-drying epoxy for additional me-
chanical and electrical insulation. A loop
was introduced in the lead wires and
sutured into the subcutaneous tissue for
added stress relief (Fig. 6). The wound
was then sutured closed and the plug
assembly taped to the rat's back (Fig. 7).
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Verification of Strain Gage Readings

During the course of development of
this technigue, 18 healthy male rats were
instrumented. Following a recovery pe-
riod of 4 to 6 days, the in vivo strains of
the rats were recorded during normal
locomotion on exercising wheels.

At sacrifice, the gages were visually
examined for insulation failure and/or
debonding and both femurs were re-
moved. Of the 18 instrumented rats, in
vivo recordings were obtained from all
but 4 rats that had chewed off their jack-
ets before recordings could be made. In
every case, however, visual examina-
tion confirmed insulation and gage
adhesion integrity. Two rats were kept
instrumented until debonding occurred
(as evidenced by erratic readings) and
the gages were found to give good
readings for 12 days.

In order to quantitatively assess the
in vivo performance of the gages, in vi-
tro tests were performed on three freshly
excised rat femurs. The proximal end of
each bone was embedded in methyl
methacrylate and securely anchored. To
the free or distal end a series of static
loads were attached and recordings
made of each of the three gages (Fig. 8).
The original gage was then removed,
with care taken to mark its exact loca-
tion, and a new gage was installed in
exactly the same manner as the original
gage. The replacement gages agreed
closely (6—10%) with the original gages.

Material Property Evaluation

In vitro static, non-failure cantilever
beam and dynamic failure torsion tests
were performed on eight freshly ex-
cised femurs from health “normal” rats
ranging in age from 43 days to 122 days
(166 to 490 grams). With respect to the
cantilever beam tests, the proximal end
of each bone was embedded in methyl
methacrylate and anchored and loaded
as in the procedure for gage verification
described previously (Fig. 8). For these
experiments the gage was bonded to
the anterior or tensile surface of the
bone. A simple state of stress was as-
sumed and the axial Modulus of Elastic-
ity (E,,) was determined by the following
equation;

Wwli.d
"‘—e—‘, where

W is the load in Newtons,

E. =

XX

L. is the distance from the load to the
center of the gage in meters,

d is the distance from the bone surface
to the centroid in meters,

I« is the moment of inertia about the X-
axis in m#4, and

€« 18 the axial strain from the gage
readings.

Several different loads (W) were used
and the slope of the plot of W vs. ¢,,
was calculated using a linear regression
by the least squares method. These tests
yielded values for the axial modulus of
15.3 GPa (43 days) to 32.6 GPa {122 days)
or an overall mean of 26.8+7.7 GPa. in
addition, an average value of 0.41=:0.11
for Poisson’s ratio {transverse strain/ax-
ial strain) was obtained.

A torsion device developed by Bur-
stein and Frankel (5) and shown sche-
matically in Figure 9 was used to
calculate the shear modulus, G. In this
case both ends of the rat femur were
potted in methyl methacrylate and the
bone then held by the small grips (F and
H) shown in Figure 9. A rosette strain
gage was bonded to the center of the
unpotted portion of the femur in order
to record the strain of failure. A typical
torque (T) vs. angle of twist (9} curve is
shown in Figure 10. Based on the
formula:

T = GK& where
G is the shear modulus in Newions/m?,
K is a property of the bone cross-
section in m4, and
6 is the maximum angle of twist per unit
length in radians/m,

the following information was dester-
mined. Shear modulus ranged from 1.1
GPa (69 days) to 3.3 GPa {122 days) or
an overall mean of 25x0.8 GPa. Fur-
thermore, the in vivo shear strain
{v,,~500ue) was 6.5% of the shear strain
at failure for 74-day-old rats in contrast
to 3.4% for 122-day-old rats. These re-
sults indicate that the mechanical prop-
erties of rat bone vary with age and/or
maturity and hence remodeling is oc-
curring. The trend is toward an increase
in strength as evident by both mechan-
ical properties and in vivo shear strain
vs. in vitro shear strain at failure.

Discussion

In vivo recordings for a typical rat are
shown in Figure 11 along with the cor-



80

VA RER&DS PROGRESS REPORTS

’us?iszwmf[;m{m;jmsgmaw??mnus;mzymzmvm\m

o 3 - e s £4

FIGURE 3.

Micro-miniature rosette strain gage unit. Gage with attached lead wires interface to recording
apparatus via miniature multi-pin connector. Connector is protected by syringe container,
both of which are bonded to moldable expanded polyethylene jacket support to provide
strain relief for wires.

responding axial (e,,), transverse (e,,),
and shear (y,,) strains. Axial strain mag-
nitudes of 250—-300 microstrain (ue) were
characteristic of most of the recordings.
This strain level is in agreement with
other authors (1,4). The techniques pre-
sented in this paper, however, differ
somewhat from classical strain gage
preparation and implantation as re-
ported by (1,2,3). Some changes re-
sulted from the miniature nature of the
gage unit and test animal, but others
such as the final epoxy insulation are
unique. Basically, though, a strain gage
unit for in vivo implantation should meet
the following requirements: (i) durabil-
ity (mechanical, chemical and electri-
cal), (i) size—small enough to permit
placement on the bone surface of at least
three gages or one rosette, and (iii) ster-
ilizability (autoclave or gas).

In vitro mechanical testing can eval-
uate material properties of bone using
relatively simple models, although in the
future more complex models will be
used to fully characterize rat bone with
respect to properties in all directions,
since bone is really an anisotropic ma-
terial. Average or mean values for Mod-
ulus of Elasticity and Shear Modulus
should be limited to groups of rats of
similar age and maturity, since the ma-
terial properties of the bone change sig-
nificantly with time. Average values or

FIGURE 4.

Left femur of rat exposed, isolated, and cleaned; gage ready for
implantation.

FIGURE 5.

Gage bonded to anterolateral surface of rat femur.
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Close-up of implantation site with fast drying epoxy encapsulation.

magnitudes, however, are useful in
comparing rat-bone material properties
with other animal models as well as with
humans, and therefore have been in-
cluded in this report. Mechanical testing
techniques such as those presented in
this report, used to investigate the phys-
iological and pathological actions of vi-
tamins and hormones on skeletal tissue,
will prove invaluable in assessing bone
remodeling and bone disease. Experi-
ments of this nature are currently under
investigation, as well as histological
studies.

Conclusions

Micro-miniature rosette strain gages
are available that can be fabricated into
units capable of in vivo implantation on
very small test animals. These units are
rugged and permitted strain recordings
for up to 12 days. Other authors (1,2,3)
have reported obtaining readings for 3
to 5 weeks, but were not dealing with
an animal model with rapid bone turn-
over such as the rat. Experimental stress
analysis techniques applied in vivo rep-
resent a step forward for the biome-
chanics researcher, who until recently
was limited to in vitro studies of bone
behavior. iIn vitro mechanical testing,

FIGURE 7.
Gage installation complete; plug assembly secured to rat; wound sutured
closed and coated with sterile surgical dressing.
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)
) The components of a Standard Torsion Testing machiuc are: A. Frame;
B. Tail stock; C. _Pendulum; D. Dog clutch in pendulum; E. Dog clutch on rotating
shaft;‘ F.* Rotating grips; G. Angular deformation transducer; H.* Stationary
grips; L.* Torque transducers; J.* Self calibration system;. *Two sizes shown.
FIGURE 9.

however, is an important aspect of bone
biomechanics research, but should be
interpreted carefully. In addition, using
rats as a model could prove invaluable
in assessing the factors responsible for
bone remodeling and bone disease,
since the biochemical, histological, mor-
phological and metabolic information on
rats is extremely well documented.

FIGURE 8.
Loading geometry for gage function verification and cantilever beam tests, with bone rep-
resented as a hollow elliptical tube.
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Torque (ordinate) vs. Angle of Twist (abscissa) for a typical normal
rat femur obtained from the loading device illustrated in Figure 10.
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In vivo strain recordings from gages A, B, and C and corresponding axial (e,), transverse
{eyy), and shear (y,,) strains for two gait cycles.
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Background

Since our previous report, work has
proceeded well in the two required
areas: the development of a suitable
mechanical telemeterizable total-knee
joint, and the development of the nec-
essary telemetry electronics. Although,
as in any applied research project, many
unanticipated problems have arisen in
the course of this development, no in-
surmountable problems have been
encountered. :

Mechanical Development

As previously reported, it is the goal
of this project to instrument the tibial
portion of a total knee joint replacement
to determine the loads and forces borne
by such devices in-vivo. The commer-
cial design chosen as the basis for our
development is the total condylar total
knee joint replacement. Development of
such a device allows standard femoral
components to be employed, and the
entire telemeterized total knee assembly
can be installed using standard clinical
surgical procedures. That is, our goal is
to reproduce as closely as possible the
overall geometry of commercially avail-
able total condylar total knee joints sys-
tems. An exploded view of our basic
instrumented tibial design is again
shown in Figure 1 for reference.

With the exception of the actual pla-
teau assembly, the entire device is fab-
ricated using 6 Aluminum — 4 Vanadium
extra-low iron (ELI) titanium alloy, and
fabricated in the University’'s precision
machine shop. The tibial plateau artic-
ulating surface is a standard ultra-high-
molecular-weight polysthylene tibia pla-
teau, which is machined for us by How-
medica Corp. from their standard tibial
component blanks. Therefore, when im-
planted this device will be mated with
a standard Howmedica femoral
component.

Load Cell Design—Reference to Fig-
ure 1 shows that the actual load path in
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this design is from the tibia plateau
through the plateau tray, then through
the load cell which resolves the three
forces and three moments. In order to
resolve all force and moment compo-
nents with seven data channels, the tray
is pinned to only two arms of the load
cell. On the other two arms it rests on
titanium stems with polyethylene film
interfaces. The pins are pressfit into the
arms of the load cell. The tray is placed
on top and then electron-beam (EB)
welded to the pins. The load cell, in turn,
is attached to the housing by means of
a central stud which is passed through
the housing and then also EB welded.
Because of this load path, the stems of
the pins inserted into the load-cell arms
are subjected to bending moments
which are difficult to specify for the pur-
poses of analysis. Furthermore, as the
beams with the welded pins undergo
bending, they try to warp the floor of
the tray locally. This loading induces a
stress state which is very difficult to pre-
dict theoretically.

Because of the inability to define
completely the constraints and loading
on the ends of the pins that are inserted
into the beams, classical beam analysis
was accepted as being inadequate, but
at least it provided a starting point for
the design. This analysis predicted that
there would not be any problems from
fatigue due to bending. This was sub-
stantiated by subsequent axisymmetric
finite element analysis. Fatigue testing
of the assembled unit has shown that
compressive loading of the assembled
implant should result in no failures of
the pins. Classical analysis also indi-
cates that there should be no failures in
fatigue due to shear loads on the im-
plant, especially at the load range that
we expect to encounter in the knee.
However, fatigue testing in pure shear,
or pure shear combined with compres-
sion, have not been performed to date.
Although it is our belief that the shear
loading on the pins (induced by bending
deformation in both the load cell beams
and tray due to compression loading) is
a sufficient test of the pin strength in
fatigue, we plan to perform a number
of fatigue tests which emphasize the ef-
fects of shear loads. Our laboratory has
a Model 1230 Instron Dynamic Test Ma-

chine which is capable of producing the
desired compressive and shear loads at

any frequency up to 100 cycles per
second.

Mechanical Testing—The fatigue test-
ing that was performed on the implant
was carried out with a load that varied
in magnitude from 100 to 900 Ibs. in
compression at a frequency of 65 cycles
per second. We had set a limit of five
million cycles as an acceptable life in fa-
tigue at those loads. This criterion is
somewhat harsh, since the 900 lb. max-
imum limit is six times the body weight
of an average male. Fatigue testing of
the implants has shown that the pins,
load cells and housing would withstand
this five million cycle limit. However, the
tray was developing a small fracture in
the wall section in the region of the pin
at or just slightly beyond the five million
cycle limit. To find the solution to this
problem, a series of tests were con-
ducted where 4 different pin collar pro-
files were used in 2 different diameters
with 2 trays of different floor thick-
nesses, which led to a total of 16 pos-
sible combinations. Each tray had rosette
strain gages located over the areas
where the fractures had been occurring.
They were loaded to their maximum
level and the strains recorded. The re-
sults of these tests indicated that by in-
creasing the floor thickness of the tray
and using a slightly different collar pro-
file than had been originally used,
stresses could be reduced by a factor of
two in the regions where the fractures
had occurred originally.

The next best possible combination
was to keep the same floor thickness as
originally used and increase the collar
diameter by .075 inches. This, likewise,
reduced the stresses by almost a factor
of two. A subsequent finite element
analysis also showed very comparable
results and predicted that there should
be no fatigue failures in the trays in the
regions of the walls where they had been
occurring. At the conclusion of these
tests, a new tray design was fabricated.
A series of fatigue tests were run on the
revised implant and it succeeded in sur-
viving more than 11.7 million cycles be-
fore the test was concluded. Although
this was in excess of our criterion of five
million cycles for an acceptable implant,
it was decided to see if any fractures
could be produced in either the tray, the
pins or the load cell. At the 11.7 million
mark the test was concluded and a care-

ful examination of these three critical
components showed no signs of exces-
sive wear or any microfractures.

This last implant prototype subjected
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FIGURE 1.
Exploded view of telemeterizable total knee
tibial system

to fatigue testing was uninstrumented
except that a fully wired load cell was
used. At the end of the test there was
no indication that any of the strain
gauges had debonded from the tita-
nium substrate or had failed from fa-
tigue. The current plans for further
testing include the shear fatigue test
previously mentioned, as well as taking
a fully instrumented telemetering im-
plant prototype and installing it in a knee
simulator to which we have recently ob-
tained access. By means of this knee
simulator, known loads in compression
and shear in both the AP and lateral di-
rections, as well as axial torques, can be
applied at any level desired. The output
from the device will be reduced using
the full data acquisition system and then
compared with the known simulator in-
puts for accuracy.

Telemetry Development

Strain Gage Bonding—One of the un-
anticipated technical problems that has
arisen relative to this project was the



difficulty associated with getting a good
strong bond between the strain gages
and the titanium. Because the titanium
oxide formed so rapidly on any pro-
cessed implant, we found it was not
possible, using standard technigues, to
reliably bond the strain gages to the ti-
tanium load cell. Therefore, a new tech-
nique for bonding strain gages to 6-4
ELI titanium was developed in our lab-
oratory in conjunction with the Lord
Corp. to improve the bonding reliability
of the strain gages to this metal by elim-
inating the titanium oxide coating prior
to bonding. The technique utilizes a spe-
cial etching protocol, then a pre-treat-
ment with a biocompatible conditioner
{Chemiock 205) from Hughson Chemi
cal Division of Lord Corp., which is then
set after the gages are mounted. Use of
this procedure has resulted in much bet-
ter strain gage bonding and should pre
vent any problem in this area.
The steps in this procedure start with
the machined part receiving a sand-
blasting. This is followed by a methyl
ethyl ketone (MEK) ultrasonic 3-bath
cleaning, followed by 10 minutes at 77
deg C in a mild alkaline solution, with
stir agitation. After a water rinse, the
MEK 3-bath ultrasonic cleaning is re-
peated, followed by an acid etch for 2
minutes at 45 deg C, with stir agitation.
After a water rinse, the part is blowl
with dry air and when dry is given
spray-on coat of Chemloc 205.

[+

Transmitter Circuitry-——During the pre-
vious project period, two separate te
lemetry circuits (a single and a dual
transmitter version) suitable for inco
poration in the stem of this device hav
been assembled and tested. To insur
against the possibility of intermodula
tion due to the housing of two separate
micro-transmitters in the same stem, a
series of laboratory tests were per
formed. These tests consisted of phys-
ically encapsulating two separate micro-
transmitters with associated subcarriers
into the actual stem geometry and re-
ceiving and analyzing the" output from
each on a Tektronix spectrum analyzer.
Results showed no difference betweer
a received pattern from a single trans-
mitter or from that same transmitter
when a second transmitter was active
in the same housing. While the single
transmitter version is lower in power, it
employs more tightly spaced informa
tion channels. In contrast, the dual
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transmitter version, although consum-
ing slightly more power, allows for
greater channel separation and, there-
fore, greater sensitivity per channel. For
this reason, our current plan is to use
the dual transmitter version, since the
increased current drain is acceptable for
the batteries now used and the possi-
bility of using some of the new high-
energy density batteries would more
than compensate for the power loss with
this version.

Telemetry Reception—As part of this
evaluation, two Mclntosh Laboratories
FM tuners were aligned, matched and
tested in our laboratory and found to be
in agreement within plus or minus 1 db
over the full range of frequencies pro-
jected for use in this project. These tu-
ners are utilized because they have a
fixed-gain output which emanates prior
to the standard stereo de-emphasis cir-
cuitry found in all modern FM tuners.
This capability is essential, since the de-
emphasis circuitry would, of itself, serve
to decrease the received signal as a
function of the subcarrier frequencies.
It was these matched tuners that were
utilized in conducting the above dual
transmitter tests.

Also, as part of this telemetry receiver
evaluation, the fidelity of the tape re-
corder (Technics Model 1500} being uti-
lized in this project was analyzed. To this
end, a number of record/playback tests
were conducted at different frequencies
using different types of recording tapes.
As a result of this testing and evalua-
tion, it was found that adequate fidelity
and accuracy (tape drop-out and distor-
tion due to flutter, wow, and tape ten-
sion) could only be guaranteed if the
dual-channel tape system was aligned
specifically to a high-quality instrumen-
tation-grade tape on precision reels.
Therefore, the tape system that is cur-
rently committed to this project has been
aligned by an audio laboratory in Cleve-
land and matched to 3M-301 instru-
mentation tape. As a result of this
procedure, the tape recorder is now ca-
pable of accurately recording the output
of the dual Mcintoshes without any per-
ceptable loss in sensitivity.

Telemetry Demodulation—Since early
in the project, when the very real pos-
sibility of having to utilize a single trans-
mitter to broadcast all seven channels
of data from the implant had to be con-

sidered, it was decided that a demodu-
lator system based on the utilization of
phaselock loop techniques would give
the best possible channel separation. For
this reason, a major portion of the elec-
tronic development in the early project
period was devoted to developing the
necessary phaselock loop demodula-
tors. While these original demodulators
were found to work reliably under the
controlled conditions of the laboratory,
they were also found to have a signifi-
cant temperature instability compensa-
tion problem when moved from location
to location. This was primarily due to
our inability, in the early stages of the
project, to obtain commercially a stable
voltage-controlled oscillator which not
only covered the audio range of our
subcarriers, but also supplied the highly
accurate quadrature output required for
good phaselock loop AM demodulation.
As a result, the original design utilized
a heterodyning technique and a hybrid
voltage-controlled oscillator circuit op-
erating an order of magnitude higher
than the subcarrier frequencies. Empir-
ical analysis of the operational circuit
showed that this heterodyning tech-
nique, although theoretically sound,
tended to amplify any thermal non-lin-
earities in the circuitry.

For this reason, commercial manufac-
turers were again queried, and a suit-
able low-frequency, high-precision
voltage-controlled oscillator (VCO) with
quadrature output was found to be on
the market now at a reasonable cost.
The demodulation circuitry has since
been re-designed, based on this new
VCO. With the use of this new voltage-
controlled oscillator circuitry and its as-
sociated balanced multipliers, the re-
quired phaselock loop now operates in
the same frequency range as the sub-
carriers, allowing direct lock onto the
desired channel. It also allows for more
accurate alignment of the tuning range
of the individual demodulating units. In
fact, this new design also has the addi-
tional bonus of increasing the overall
reliability of the demodulation system
because it actually results in fewer com-
ponents necessary for implementation
of the circuitry. Re-design of this system
also greatly improved its ability to track
the individual subcarrier channels over
a much wider range.

Telemetry Packaging—As can be seen
from Figure 1, the implant contains a
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stem of standard external geometry
which is in fact a hollow cavity acces-
sible through a mating dovetailed slid-
ing coverplate. It is this compartment
which contains the actual energy cells
and microcircuitry necessary to telem-
eter out the loading data.

Since our assembly protocol calls for
pre-sterilization of the electronic circui-
try prior to final assembly, our first in-
vestigation concerned itself with the
effect of ethylene oxide sterilization on
the microcircuitry components. To this
end, a microcircuit consisting of an FM
transmitter, three subcarrier oscillators,
and a set of energy cells was assembled
and tested in our laboratory. This initial
testing documented the basic transmis-
sion parameters of subcarrier ampli-
tude, center frequency and spectral
purity as analyzed on a spectrum ana-
lyzer, the transmitter sensitivity and
transmitter center carrier frequency, as
well as the transmitter’s signal strength.
Following this test, the microcircuitry
was then double wrapped and sent over
for standard gas sterilization at Univer-
sity Hospitals. The circuitry was then re-
tested in the laboratory. As a result of
this testing, it was determined that the
temperatures and gas utilized in the
sterilization procedure did indeed have
a slight effect on almost all the above-
mentioned circuit parameters. There-
fore, following the second documented
test, the circuitry was again sent to the
hospital for a second sterilization. Fol-
lowing this second sterilization, retest-
ing demonstrated that no further
changes had occurred from the param-
eters documented following the first
sterilization. For this reason, prior to fi-
nal setting of the implant microcircuitry
parameters, all associated components
are first cycled through a gas steriliza-
tion procedure at least once. However,
similar testing of the strain gages utilized
on the load cell showed them to be es-
sentially impervious to afy effects of
the sterilization procedure.

Summary

As stated previously, we currently an-
ticipate no insurmountable technical
problems in the successful completion
of this project. The required telemetry
capability is fully developed and tested.
The basic mechanical design has also
been extensively tested and shown to
meet the mechanical requirements for
a fully functioning total knee joint re-

placement. The only remaining aspect
of this project currently under develop-
ment is the finalization of the packaging
of the whole implant system. This as-
pect of the project is being given con-
siderable attention, since implantation
of a total joint replacement gives long-
term biocompatibility a whole new
meaning. That is, anything that is im-
planted as a total joint replacement must
be considered a permanent implanta-
tion. Therefore, the packaging and seal-
ing techniques utilized in this device
must be adequate to function for the
anticipated long-term period.

Orthopaedic Implant Device
Retrieval and Analysis

VA Medical Center
New Orleans, Louisiana 70146
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This report covers the period
1 January 1981 through 30 June 1981.
Two aspects of our retrieval and analy-
sis effort dealing with total knee re-
placements are being reported.

The first aspect is the results of a sur-
geon survey, conducted in Louisiana, to
provide more specific information con-
cerning the selection and use of total
knee arthroplasty.

The second aspect is the results of a
continuing followup study of the poly-
centric knee arthroplasty.

Surgeon Survey

Purpose—The survey of orthopaedic
surgeons in Louisiana was conducted in
order to determine both the type and
frequency of total-knee prostheses cur-
rently being inserted. It was further in-
tended that this survey would examine
the sentiments of practicing surgeons
toward this procedure and possibly
identify any common problems being
encountered.

Method—A list of orthopaedic sur-
geons in Louisiana was compiled, using
records obtained from the Louisiana
Orthopaedic Society supplemented with

a check of the telephone directories of
the seven largest metropolitan areas of
the state. A total of 159 orthopaedic sur-
geons were identified as practicing in
Louisiana, and each was mailed a ques-
tionnaire in July of 1979. In December
1979, a revised guestionnaire was pre-
pared, which.could be completed more
easily, and those surgeons not replying
to the initial mailing were contacted a
second time. The requested information
included the number of total knee re-
placement procedures performed, the
types or designs of prostheses for total
knee replacement (TKR) utilized, de-
signs which had been abandoned, and
comments about TKR.

Results—31 replies to the initial ques-
tionnaire and 48 replies to the second
questionnaire were received for a final
response rate of 50 percent. Of the sur-
geons who replied, 48 (61 percent) stated
that they were currently using total knee
arthroplasty as a treatment for rheu-
matoid and degenerative arthritis. These
48 surgeons claimed a total annual in-
sertion of 487 devices.

In Table 1, the different designs of total
knee prostheses have been character-
ized by their frequency of insertion ac-
cording to the replying surgeons. Clearly,

TABLE 1.
Number of Each Total Knee Design Being
Inserted in Louisiana in 1979.

No. Surgeons® Total No.
Device Using Each Used
Device Annually
Total condylar 35 302
uci 11 59
Noiles 8 48
Townley

Anatomical 5 21
Marmor

Modular 2 19
GUEPAR 7 16
Polycentric 1 8
Stabilo-

Condylar 2 6
Spherocentric 3 5
Cruciate

condylar 1 1
Gustillo 1
Zimmer Offset

Hinge 1 1
Annual Total 487

“Number of surgeons does not total to 79
because some surgeons do not perform
total knee arthroplasty and some surgeons
use more than one design.



the total condylar design has been most
frequently inserted by this group, with
62 percent of all insertions and 73 per-
cent of the replying surgeons who per-
formed total knee arthroplasty using this
design.

Also-included in the guestionnaire was
a request for information concerning the
reason why a particular device was cho-
sen. The result clearly illustrated that the
surgeon considered the design to be the
most important. Other criteria noted as
important were a device’s usefulness in
varied diagnoses, instrumentation as-
sociated with the prosthesis, availability,
and finally previous training with a spe-
cific device (Table 2). The number of
total-knee replacements performed each
year per surgeon ranged from one to
forty, with the average being ten.

TABLE 2.
Selection criteria used by Louisiana ortho-
paedic surgeons in choosing a prosthesis

Criterion Number Noting

Design of prosthesis 12

Usefulness in

varied diagnosis 9
Instrumentation 7
Availability

of the device 6
Received

specific training 4

The responses concerning devices no
longer utilized by a surgeon, and the
reasons for changing, were also inves-
tigated. The reason most often noted
referred to the design of the prosthesis.
Several surgeons noted that a newer
design appeared to offer an advantage
over an earlier design. Complaints con-
cerning particular devices appeared
consistent with those reported in the lit-
erature, such as the inadequate range of
motion with a Geometric (1), and the
loosening and disintegration of the UCI
tibial component (2). Individual Louisi-
ana orthopaedic surgeons also reported
discontinuing use of the GUEPAR, ICLH,
Noiles, total condylar, and the cruciate
condylar prostheses.

Discussion
For the reporting year 1979, the sur-
vey revealed a general lack of enthusi-
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asm with total-knee prostheses among
Louisiana orthopaedic surgeons. Al-
though several surgeons expressed ap-
parent satisfaction with the knee
arthroplasty, most did not. Several com-
mented that they discouraged total-knee
arthroplasty for fear of “disaster,” while
three surgeons noted that they had
ceased using the procedure entirely.
These reactions are very similar to the
sense of dissatisfaction noted by Hori
(3) in his study of orthopaedic surgeons
at the major joint centers in lllinois in
1976. Hori further inquired as to how
many additional patients would have
been treated with TKR if reliable designs
were available and found that an addi-
tional 60 percent more procedures
would probably have been performed
if a better system had been available.
On the basis of the 50 reply rate, it is
possible to estimate that the total num-
ber of knee prostheses inserted in Lou-
isiana in 1979 was between 489 and 987.
The lower of these figures would apply
where none of those surgeons who did
not reply inserted any total knees, while
the higher figure would apply if the sur-
geons who did reply were fully repre-
sentative of the whole—obviously, a
situation somewhere between the two
extremes may be expected. In order to
examine the validity of the survey, all of
the manufacturers of these devices were
contacted to obtain their sales data in
Louisiana in 1979 for both total condylar
and other designs. These figures indi-
cate that the sales of all total-knee
prostheses were 610, of which 306 (50
percent) were total condylar designs.
These figures for total sales are in broad
agreement with the survey. While the
somewhat low percentage of total con-
dylar knees is surprising, this may re-
flect an over-generalized use of the term
by the replying orthopaedic surgeons.
If the 609 figure for the manufactur-
ers’ sales is accepted as accurate and
compilete, then it becomes possible to
estimate more accurately the overall
usage of total knee arthroplasty. If the
79 surgeons who replied are inserting
489 protheses, then those 80 surgeons
who did not reply should be inserting
only 121 prostheses. This lowers the av-
erage number of insertions per surgeon
from the figure of 10 {(per surgeon re-
plying and inserting) to 3 (per surgeon
in the state)—while implying that a large
percentage of all insertions are being
performed by a comparatively small

number of orthopaedic surgeons.

It would be of great interest to com-
pare these findings with a similar study
for total hip prostheses if one were
available; certainly a more even distri-
bution of insertions would be expected.
It is intended, however, that a similar
study be conducted in future years for
total knee prosthesis in order to exam-
ine any changes which occur with time.

Polycentric Total-Knee
Arthroplasty Followup

Purpose—A continuing followup of the
polycentric knee affords the longest ex-
perience of any non-constrained total
knee replacement. In this particular
study, a maximum followup period of
93 months was available, with more than
one-half of the 56 devices in use for at
least 48 months. Although the polycen-
tric total knee is no longer widely used,
continuing accumulation of long-term
results of its application provides valu-
able information in the continuing de-
velopment of a more reliable
arthroplasty.

Methods—A questionnaire containing
103 items regarding the preoperative,
operative, and immediate postoperative
condition of each patient was com-
pleted (Table 3). Each patient was con-
tacted, those available were examined,
and a form (Table 4) was completed de-
scribing each patient's current condi-
tion. The questionnaire and followup
data form, Tables 3 and 4, are not shown;
the two tables which occupy seven
pages are available on request to Dr
Weinstein or to this publication. If the
patient was not available for re-exami-
nation, the followup data form was
completed from records of the latest
available examination. A thorough ra-
diographic analysis was performed re-
garding device placement, wire marker
migration, and evidence of device set-
tling for all radiographs available
throughout the period of implantation,
along with weightbearing anterior-pos-
terior and lateral views taken at the time
of the followup visit.

In order to define the outcome for the
patient population, two knee rating
scales were utilized. The first was the
modified Larson Knee Score (4) (Table 5)
which is a complex, multiple entry rat-
ing scale with a 0 to 100 point range of
scores. The second was a simpler func-
tion rating scale, Table 6 (5) in which the
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TABLES.

Modified Larson Knee Score

TABLE 7.
Summary of patients

Function (40 points)

Anatomy (10 points)

Limp:
none 12 Genu Valgum or varum:
slight 8 0-10 4
moderate 6 10-25 2
severe 2 over 25 0
not walking 0 Flexion contracture:

Support: none 2
none 12 over 10 0
cane, occas. 8 Pateliar abnormality:
cane, always 6 none 1
crutch 4 lateral pos 0
2 canes 1 high riding 0
2 crutches 1 inc. mobility 0
not walking 0

Distance walked: Swelling:
unlimited 12 none 3
6 blocks 8 slight 2
2-3 blocks 6 moderate 1
indoors only 2 marked 0
bed, chair 0 Pain {40 points)

Stairs: none 40
normally 4 slight 35
use bannister 2 mild 25
any method 1 moderate 20
not able 0 severe 10

disabled 0

Range of motion (10 points)

0 to 45 degrees
Deduct 1 for each 10 of loss. Max. 5 points.

45 to 90 degrees
Deduct 1 for each 15 of loss. Max. 3 points.

90 to 130 degrees
Deduct 1 for each 20 of loss. Max. 2 points.

TABLE 6.
Simpilified point system for assessment of function
Points
Pain None 50
Miid 40
Moderate 15
Severe 0
Walking ability Outdoors, 30+ minutes 20
Outdoors, 0-30 minutes 15
Indoors 5
Unable 0
Range of movement 80 + 30
60-79 20
30-59 5
0-29 0
Acceptable Function Pain 40-50
Walking 15-20
Movement 30

If acceptable in all 3 Add 10

Patients Reviewed

Total number of knees

51

56

Age mean: 58 years (range: 41-81)

Males 46

Females 3

Weight mean: 178 pounds (range: 128-260)
Diagnosis

Rheumatoid 9

Osteoarthritis 32

Post-Traumatic 14

Other 1

Followup mean: 50 months. (range: 0-93)
TABLE 8.
Operative data

Tourniquet Time
Blood Loss
Hospital Stay
Healing Time

Operative Occurrences

1.5-2.0 hours
150 cc.

23 days

2 weeks

s, o o,

range: 1to4)

range 100 to 500)

range 7 to 60)
range 1to 6)

Procedure

Patellectomy

Medial Facetectomy

Lateral Facetectomy

Patellar Shaving

Osteotomy of
Posterior Femoral
Condyle

Early Complications

No. of Patients

D - N OO

Y

% of Population

0
9.6
13.5
21.2
50.0

Intraoperative deaths
Pulmonary embolism
Myocardial Infarction

Delayed wound healing

Infection

0

1
1
1
0




individual was evaluated using only
three parameters. A bonus was pro-
vided if an individual were acceptable
for all three measurements. The simpli-
fied rating scheme has a range of values
from 0 to 110.

Overall evaluation to determine the
success rate for the arthroplasty utilized
the simplified rating scheme and the
degree of satisfaction as reported by the
patient during the interview. Addition-
ally, any individual who underwent re-
operation was classified as a failure.

Anterior-posterior radiographs from
patients in the study were subjected to
a more detailed analysis than called for
in the general study, in order to deter-
mine the degree and significance of any
settling that had occurred. Only the ti-
bial components were evaluated in this
manner, with the lateral and medial
components studied separately.

Radiographs of an individual were ex-
amined in the following manner (Fig. 1):

1. A line (L1) was drawn determined
to be the joint line using bone tissue not
removed by the procedure as the
landmark.

2. Another line parallel to L1 was
drawn tangent to the most distal region
of the bone cement for the medial com-
ponent (L2).

3. A similar line was drawn for the
lateral component (L3). (Not shown in
figure)

4. The distance between the lines L1
and L2, and between lines L3 and L4,
were measured and recorded as the dis-
tances {(H1 or H2).

5. The width of the joint was mea-
sured at its widest point (W).

6. A length-width ratio was calculated
and recorded for each component (Set-
tling ratio - R).
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FIGURE 1.
Settling Ratio Determination.
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The width measurement was utilized
in order to compensate for any magni-
fication variation between the different
radiographs of a particular individual.
When any region was unclear, several
radiographs from the same individual
were examined to insure that the same
landmarks were chosen. No attempt was
made to analyze the data as the mea-
surements were being taken.

The calculated settling ratio was plot-
ted versus time from implantation and
a linear regression was performed in
order to determine the slope of the best
fit line. This slope for the time rate of
change of the settling ratio was re-
corded as the settling indices for the
medial and lateral components.

In order to determine the actual num-
ber of individuals present in the study
during a given time interval, and to de-
termine the probability for failure during
any given interval, survival analysis was
performed on the data. The 93-month
interval for the study was subdivided
into 10 periods. Survivorship of the ar-
throplasty was measured from the date
of insertion. Although individuals en-
tered the study at different times, for the
purpose of these calculations, every
participant entered the first interval and
continued through all intervals until the
time of followup for a given individual
was reached. Individuals removed from
the study were then marked as either
“failed” or “withdrawn.” An individual
was marked as withdrawn if the study
ended or the patient was lost to obser-
vation. This technique allows the use of
data from cases for which the response
(failure) had not yet occurred by the end
of the study. The major restriction is the
assumption that withdrawals occur ran-
domly, not in anticipation of failure (6).

Results—The patients who were fol-
lowed represent 58 consecutive poly-
centric arthroplasties (Table 7). Two
arthroplasties were lost to followup be-
cause of unobtainable medical records—
therefore 56 of the arthroplasties are in-
cluded in the study. Of the knees in-
cluded in the study, 33 were evaluated
during an examination which occurred
during March, 1980, through May, 1980.
The remaining 23 knees were evaluated
using the most recently available med-
ical records.

The earliest arthroplasty was per-
formed in April 1972; the most recent
included in the study was performed in

March, 1979. Approximately 10 arthro-
plasties per year were performed from
1972 through 1976 when the rate
dropped to 2 per year through 1979.

Unique to this population is the male-
to-female ratio. Other published studies
of total knee arthroplasty involve pre-
dominately females, but only three ar-
throplasties of this study were
performed on females, because the ma-
jority of the patients were treated at the
Veterans Administration Medical Center,
New Orleans.

The patient population represents a
carefully selected group with the follow-
ing preoperative indications identified as
necessary for success:

1. minimal deformity,

2. minimal ligamentous laxity, and

3. good bone quality

Overall, the preoperative complaint
common to all individuals was pain, with
every individual complaining of mod-
erate to severe pain on weightbearing.
Additionally, 680 percent complained of
moderate to severe night pain. The av-
erage range of motion for the group was
106 degrees {range 30 to 140) with 37
percent of the individuals demonstrat-
ing a flexion contracture of 5 degrees or
greater. Disability severe enough to pre-
vent an individual from working was
claimed by 46 percent of the population.

Preoperative radiographs indicated
only two individuals with normal joint
spacing of the medial compartment, with
45 percent of the population rated as
having severe loss of medial joint spac-
ing. Only 15 percent of the population
demonstrated severe loss of lateral joint
space. Irregularities of the tibial surface
were noted for 60 percent of the popu-
lation with 86 percent demonstrating
femoral surface irregularities.

The data obtained from the operative
reports are given in Table 8.

Prophylactic antibiotics were admin-
istered intravenously to all patients with
approximately 50 percent of the popu-
lation receiving Cephalosporin {used
prior to 1976) and 50 percent receiving
Methicillin (used exclusively in 1976 and
later). Cultures were recorded for 52
procedures with 6 (11.5 percent} identi-
fied as positive. In five of the six cultures
the organism encountered was Staph-
ylococcus epidermidus, with anaerobic
diphtheroid in the other. The individual
whose arthroplasty cultured the ana-
erobe had been treated with Cleocin.
Three of the individuals with cultures
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positive for the Staphylococcus had been
treated with Cephalosporin and two with
Methicillin.

Anticoagulant therapy was not rou-
tinely utilized with aspirin administered
to ten individuals (19.2 percent) and
Warfarin for one.

Early complications following the
surgical procedure resulted in the deaths
of two individuals. A 57-year-old male
died from a pulmonary embolism on
the second post-operative day. An
89-year-old female died during the sec-
ond post-operative day following a my-
ocardial infarction. No further
complications developed during the im-
mediate postoperative period except for
one individual who suffered delayed
wound-healing. That problem resolved
without a skin graft.

Examination of the operative radi-
ographs of 44 knees (12 unavailable)
disclosed lucent lines present in nine
knees (20 percent) immediately after im-
plantation. Valgus placement was noted
for one medial and one lateral tibial
component. Twelve knees (27 percent)
were noted as having an anterior tilt
{anteroversion) of the tibial component
with one individual demonstrating a
posterior tilt (retroversion). Valgus
placement was noted in two medial
femoral and two lateral femoral com-
ponents with two lateral femoral com-
ponents placed in varus orientation. One
individual was noted as having a flexion
placement of the femoral components.

Six individuals underwent manipula-
tion under anesthesia following surgery.
The mean time for manipulation was 24
days postsurgery {range 14 to 35). The
individuals underwent manipulation be-
cause they demonstrated a limited range
of motion (mean value 50 degrees.) With
one exception, all manipulations were
performed prior to 1975. (The surgeon
in charge became convinced that indi-
viduals would gain adequate range of
motion in time without the added trauma
of additional anesthesia.)

The resuits of this review are pre-
sented initially as tables showing the
state of each case before surgery and at
followup for various parameters. A
cross-tabulation grid was formed with
possible preoperative values of a given
parameter marked on the vertical axis
and possible followup values on the
horizontal axis. Any block within the grid
corresponds to a unique pairing going
from a given preoperative to a certain
followup condition as listed in each par-

ticular block of the table. In Table 9, Pain
Rating, the horizontal row labeled “se-
vere” includes the 25 individuals who
suffered severe pain preoperatively. Of
those individuals, one suffered disa-
bling pain at followup, and four suffered
severe pain. Thirteen individuals went
from severe preoperative pain to mild
pain at followup, with seven individuals
demonstrating no pain at followup after
having severe preoperative pain. Pre-
sentation of data in this manner indi-
cates both the final guality of resuits
and the degree of change between the
two periods. A diagonal line is drawn
intersecting cases showing no change
in value from the preoperative to the fol-
low-up condition (four knees in Table 9).
Cases lying above the diagonal corre-
spond to those that have improved fol-
jowing surgery; those lying below it
have deteriorated. The general quality
of the results in a group of knees can
be seen by their distribution about the
diagonal “no change” line. In order to
simplify the presentation, a chosen value
is defined as “acceptable” for each pa-
rameter, and a vertical line is drawn at
this point crossing the horizontal axis.
Only cases falling to the right of the ver-
tical line are considered acceptable at
followup. Further, a summary ex-
pressed as percentages is presented be-
low each table. Each table includes every
individual from the study for whom both
preoperative and postoperative values
for the indicated parameter were
available.

Referring to Table 9, pain relief at fol-
lowup represented the most dramatic
improvement offered by the procedure,
with only one individual worsened and
four unchanged. The lower rate of im-
provement in walking ability (Table 10)
resulted from the general condition of
the participants of this study; no at-
tempt was made to alter or exclude the
rating of an individual whose limited
walking ability was unrelated to the
arthroplasty.

Three individuals demonstrated a
passive range of motion (Table 11) of
less than 70 degrees at followup. Two
of the individuals with reduced range of
motion were short-term, with the device
in place for 16 months or less. One died
of gunshot wounds 3 months after sur-
gery, and the other died 16 months after
surgery following a pulmonary embo-
lism. The third individual continues as
a marginal success after 56 months. The
average range of motion for the popu-

lation was 106 degrees with 37 percent
of the population demonstrating 110
degrees of motion or greater. Extension
contracture of greater than 5 degrees
was present in seven individuals, with
one individual demonstrating an exten-
sion deformity of 30 degrees.

Medial/lateral instability was not a
major problem for this patient popula-
tion, with moderate medial instability
more prevalent than lateral instability,
and no individual suffering from severe
instability in either compartment.

The radiographs of 46 arthroplasties
were available at followup and exam-
ined for the presence of lucency. Nine-
teen knees demonstrated slight lucency
associated with at least one component
of the arthroplasty. The most common
site of the lucency was the medial tibial
component (in 16 arthroplasties) with
the lateral tibial component suggesting
slight lucency in 13 arthroplasties. Lu-
cency around femoral components was
much less common, present in only four
medial and three lateral components.

Moderate lucency was noted in a total

of three arthroplasties, in two medial
tibial components and one medial fem-
oral component.
Sclerosis beneath one or more tibial
components was identified radiograph-
jcally in 51 percent of those reviewed.
Breakage of the wire marker was iden-
tified in the radiographs of six individ-
uals. This breakage was thought to
follow a loss of bony support beneath
the central portion of the component,
which permitted a flexing of the poly-
ethylene and the encased wire.

The number of items necessary for
completion of the Larson Knee Rating
Scale left many individuals with an in-
complete rating. Of the 54 knees in the
study, only 36 could be rated with the
Larson rating. Utilizing the simpler scale
suggested by Freeman, 45 knees were
rated postoperatively but only 44 could
be rated preoperatively.

The minimum rating considered ac-
ceptable, using the Freeman scale, was
75. In order to attain an acceptable rat-
ing an individual could have no worse
than mild pain on weightbearing, 80 de-
grees of motion, and the ability to walk
indoors. (The cross-tabulation of the
Freeman rating is presented in Table 12.)
One individual demonstrated a drop in
rating following the surgery, with seven
individuals identified with unacceptable
knee ratings at followup.

In order to check the effect of time on




TABLE 8. TABLE 10.
PAIN RATING WALKRATE
FOLLOW-UP FOLLOW-UP
Disabled Seveare Moderate}Mild Slight None Unable Severe df. |Mod. dif. No limit
Digsabled 4] \ 4 0 12 0 8 Unable 1 1 0
P Severe 1 4 0 13 0 7 P . aree. 1 5 . 5
r r Severe .
e Moderate 0 O\O ] 0 0 e \\
™~ Moderate df. 1 2 ™9 9
0 Mild 0 0 0 0 0 0 0 \
Slight 0 0 0 o\ 0 0 p No limit 0 0 0 0
None 0 0 0 0 O\ 0 Unacceptable Acceptable
Unacceptable Acceptable
SUMMARY
SUMMARY
Acceptable 76.0%
Acceptable 81.6% Unacceptable,improved 3.0
gnacCeptagIE,imprOVEd 3-2 Unacceptable,unchanged 9.0
nacceptable,unchanged .2
Unacceptable,worsened 2.0 Unacceptable,vorsened 12.0
Total reviewed 49 Total reviewed 34
SIMPLIFIED KNEE RATING SCALE
RANGE OF MOTION (degrees)
FOLLOW-UP -
FOLLOW~UP Disab Severe Probi Fadir Ok Excel
<70 70-90 90-100 >100 Disabled 0 1 0 6 0 0
< 0 0 2 \
70 L\ P Severe 0 1\4 13 6 9
r
P 70-90 I 3 3 4 e Problem 0 1 0 2 1 0
r N \\
e 90-100 0 30D 0 0 Fair o o o ™M o o
P N
0 >100 1 6 4 21 0K 0 0 0 0 0 0
P Excellent 0 0 o] 0 0 \O
Unacceptable Acceptable
Unacceptable Acceptable
SUMMARY
SUMMARY
Acceptable 71.0 Acceptable 847
Unacceptable,improved 0.0 Unacceptable, improved 14
Unacceptable,unchanged 7.0 Unacceptable,unchanged 22
Unacceptable,worsened 21.0 Unacceptable,worsened 0
Total reviewed 44
Total reviewed 52
TABLE 11. TABLE 12.

knee-rating value, a plot with linear
regression was performed (figure 2). It
should be noted that, twice, two knees
had identical ratings and times of fol-
lowup (rating 60, followup = 51
months; rating 95, followup = 84
months).

Although the rating of individuals with
a followup of 60 months or greater is
somewhat lower than that for short-term
arthroplasties, the trend is slight. The
average knee rating at different fol-
lowup periods is almost constant.

A total of 11 knee prostheses were

identified as failures. Six knees have
undergone reoperation. Three of these
knees were revised to a more con-
strained device, while revision for the
others involved replacement of one or
more of the polycentric components,
leaving the patient with a polycentric
arthroplasty. One of the polycentric re-
visions was subsequently fused. The five
remaining were classed as failures based
on functional result (knee rating and pa-
tient assessment) but have not at this
date undergone reoperation. Moderate
to severe pain on weightbearing was

associated with every failure.

Analysis for settling was performed
on 27 individuals from the study. This
sub-group represents those individuals
on whom three or more readable radi-
ographs were available covering the im-
plantation time of the device. This
population contains most of the failures
(10 of 11). This was not a conscious
choice, but a result of the higher fre-
quency of examination for individuals
having difficulty.

The average number of radiographs
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read per individual was 6 (range 3 to 13)
covering an average period of 50 months
{range 18 to 93).

The time rate of change of the settling
ratio was determined for both the me-
dial and lateral tibial components.
Table 13 reports the values for each in-
dividual in the analysis, arranged for
medial and lateral compartments. Each
set is subdivided into three categories,
based on a sharp break in the settling
index value. The group labeled “defi-
nite” demonstrates what is feit to be

definite settling, the second group is
identified as “questionable” for settling,
with the third having no evidence of
settling. Thus, for the medial compo-
nent, a slope of 0.085 or greater is taken
as definite evidence of settling, a range
of 0.030 to 0.084 is guestionable, and
less than 0.030 is classed as not settling.
{A negative slope probably represents
an indeterminant value rather than
actual rising of the device, and is
most likely a result of measurement
inaccuracies.)

The trends in the settling index values
for lateral compartment (Table 14) are
less clear than for the medial, with three
numerically large negative values well
beyond the assumed “indeterminant”
range. Whether or not such values rep-
resent rising of the prosthesis is not clear.

Table 15 describes the settling ratio
for the 10 of the 11 knees described clin-
ically as failures. Every individual classed
as a failure demonstrated at least ques-
tionable settling on radiographic analy-
sis, with 50 percent of the failures
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Number of knees exposed versus Time.

ID SLOPE TIME
(months)
DEFINITE SETTLING
366L 0.583 26
401L 0.290 37
698R 0.146 45
828L 0.143 28
4431 0.113 23
924R 0.094 44
210L 0.087 55
434L, 0.086 35

QUESTIONABLE SETTLING

633L 0.068 35
083L 0.052 23
635R 0.047 62
504R 0.041 35
551R 0.034 68
337R 0.030 53
NO SETTLING

698L 0.027 43
1471 0.024 49
265R 0.018 57
510L 0.011 18
720L 0.006 50
B74R 0.004 77
701R  =0.002 60
930R  =0.004 72
044L  =0.020 89
266L  -0.027 59
269L  ~0.043 93
038L  -0.085 67
965R ~=0.093 36
TABLE 13.



demonstrating definite signs of settling.
Also listed are the values of the settling
ratio for the 17 non-failures. Of this
group, eight (47 percent) demonstrated
a suggestion of settling with four (24
percent) of these individuals having def-
inite settling.

Of the four individuals who demon-
strated definite settling, two are short
term (23 months or less) and warrant a
close examination. It is felt that these
two individuals are at risk, and some
conservative response by the clinician
may be called for. One of the remaining

LATERAL SLOPE VALUES

ID SLOPE TIME
DEFINITE SETTLING
510L 0.377 18
4341 0.272 35
366L 0.103 26
828L 0.098 28
QUESTIONABLE SETTLING
698R 0.060 45
720L 0.058 50
265R 0.052 57
266L 0.042 59
NO SETTLING
337R 0.017 53
701R 0.014 60
965R 0.010 36
210L 0.087 55
874R 0.010 77
504R 0.010 35
635R 0.001 62
147L 0.001 49
038L 0.001 67
924R  =0.012 44
698L  -0.015 43
35IR  ~0.017 68
044L  =0.020 89
083L -0.028 23
633L  ~0.047 35
269L  ~0.068 93
443, -0.185 23
401L -0.270 37
930R  ~0.628 72
TABLE 14.
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is marginally successful; the individual
has a rating of 75 (minimally acceptable)
after 55 months. The rate of settling and
current quality of result suggests that
clinical failure may occur shortly. The
remaining individual rates 105 on the
Freeman scale (excellent) with only slight
pain; this individual does demonstrate
moderate medial ligamentous laxity and
is currently in twenty degrees of varus,
which would be consistent with medial

settling.

The life table for survival analysis is
presented in Table 16. It is important to

note that, during the later intervals of
the study, the number of arthroplasties
exposed or “at risk” is drastically re-
duced as individuals are withdrawn. With
a mean followup period of 50 months
for this study, only 15 arthroplasties are
exposed to b years or longer use. Thus,
even with this study, only a small por-
tion of the population has an exposure
time suitable for a long-term study. The
number of knee arthroplasties exposed
is plotted versus the interval of the study,
in Figure 3.

FAILURES
Medial Lateral Status

1D Settling Settling or

Index Index Knee Rating
266L -0.027 0.042 45
337R  0.030 0.017 Reoperation
366L 0.583 0.103 60
401L 0.290 =0.270 Reoperation
434L 0.086 0.272 Reoperation
504R 0.041 0.010 45
551R 0.034 =0,017 Reoperation
720L 0.006 0,058 60
828L 0.143 0.098 Reoperation
924R  0.094 -0.012 60

NON-FAILURES

Medial Lateral Status

ID Settling Settling or
Index Index Knee Rating

038L ~0.085 0.001 85
044L -0.020 -0.023 75
083L. 0.052 -0.028 ?
1471 0.024 0.001 75
210L 0.087 0.010 75
265R 0.018 0.052 95
269L ~0.043 -0.068 95
443L, 0.113 =0.185 110
510 0.011 0.377 ?
633L. 0.068 -0.047 95
635R 0.047 0.001 85
698L 0.027 =0.015 95
698R 0.146 0.060 105
701R =0.002 0.014 85
874R 0.004 0.010 85
930R ~0.004 -0.628 ?
965R ~0.093 0.010 110

TABLE 15.
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Figure 4 presents a plot of the pro-
portion of the population failing versus
time in situ. In this study the time of
greatest danger of failure occurred be-
tween the 48th and 54th months, with
12.5 percent of the exposed population
failing. The interval of highest propor-
tion of failing was immediately pre-
ceded by the interval with the second
highest failure proportion (6.8 percent).
An earlier interval of elevated failure oc-
curred between months 18 and 24, with
6.7 percent of the individuals at risk dur-
ing the interval failing.

A plot of the overall probability of sur-
vival versus time is presented in Fig-
ure 5. The final level of survival was
0.705. The estimated time at which 25
percent of the population would fail was
51.3 months.

The population was subdivided into
two groups according to preoperative
weight of the individual, with 200 pounds
at the cut-off value. The probability of
failure versus time for the two sub-
groups is plotted in Figure 6.

In comparing the two groups, the cu-
mulative probability of survival at 96
months was 0.80 for the knees in indi-
viduals weighing less than 200 pounds,
and 0.50 for individuals weighing more
than 200 pounds.

Discussion—With no consensus in the
literature on what constitutes a success,
assessing the results of total-knee ar-
throplasty is difficult. A procedure may
be said to have failed if it does not meet
the goals established for it. A successful
total-knee arthroplasty must provide
stability, mobility, and freedom from
pain. The simplified knee-rating scale
utilized for this study provides a semi-
quantitative measure rating level-of-pain,
range-of-motion, and the ability of the
patient to ambulate, with 50 percent of
the rating weighted toward pain, 30 per-
cent toward range of motion, and 20
percent toward walking ability.

During the patient interview, the most
common expression of satisfaction was
about freedom from pain, the most
common complaint was about the pres-
ence of pain associated with the knee.
Thus the 50 percent weighting of the
scale for pain is probably justified. The
large drop in rating between mild pain
{40 points) and moderate pain (15 points)
made that single observation determine
whether the rating was a success or fail-
ure. An “acceptable” rating (75 points)
was unobtainable if the observer noted

moderate pain at followup. The distinc-
tion between mild and moderate pain
is not clear; the necessity for such dis-
tinctions limit the usefulness of this and
other semi-quantitative rating schemes.
The Larson knee score assigns 40 per-
cent to pain rating, with an additional
category which reduces the abrupt drop
in points but requires distinction be-
tween slight, mild and moderate pain—
thus making the subjective decision
more difficult.

The multiple factors influencing the
walking ability of an individual limit its
usefulness in a rating system. The sim-
plified rating scale utilizes only the dis-
tance the individual can walk. The Larson

scale rates, in addition to the distance
walked, the presence of a limp, use of
aides, and the ability to maneuver on
stairs. Again, none of the additional pa-
rameters identify knee function prob-
lems alone. The 20 percent weight of
the simplified scale assigned to walking
ability is justified.

As described earlier, the minimally ac-
ceptable rating of 75 represented an in-
dividual with mild pain, greater than 80
degrees of flexion-extension motion, and
the ability to walk indoors. When asked
how they would rate their knee, of the
individuals who subsequently were rated
as minimaily acceptable (75 points) two
felt their knee was very good, two felt
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Life Table

Interval Entered Left Failed Proportion Cumulative
(months) failed survival
0 - 6 56 4 0 0.00 1.00

6 - 12 52 1 0 0.00 1.00

12 - 18 51 3 1 0.020 1.00

18 - 24 47 4 3 0.067 0.980
24 - 30 40 4 1 0.026 0.914
30 - 36 35 * 2 1 0.029 0.890
36 -~ 42 32 1 0 0.000 0.864
42 - 48 31 3 2 0.068 0.864
48 = 54 26 4 3 0.125 0.806
54 - 60 19 4 0 0.000 0.70S8
60 - 66 13 0 0 0.000 0.705
66 - 72 15 3 0 0.000 0.705
72 - 78 12 2 0 0.000 0.705
78 - 84 10 7 0 0.000 0.705
84 = 90 3 1 0 0.000 0.705
90 - 96 2 2 0 0.000 0.705

TABLE 16

the knee was good and two felt that it
was fair. Of the individuals rating 95
points or greater, all identified the re-
sults as good (3 individuals) or very good
(14 individuals).

The knee rating serves to distinguish
a “success” from a “failure” by the in-
dependent evaluation of selected pa-
rameters rather than a single subjective
decision. Marginal scores are the least
dependable, and the single step of the
pain evaluation from mild to moderate
essentially selects the failures.

The eleven individuals identified as
failure either because of reoperation (6
patients) or knee rating (5 patients) were
grouped for separate analysis to identify
factors associated with the failure.

With such a small total number of fail
ures, statistically significant inference
concerning factors predisposing an in
dividual to failure were not possible. Ter
of the 11 failures occurred in individuals
with a diagnosis of primary (eight fail-
ures) or secondary (two) osteoarthritis,
with one rheumatoid individual classed
as a failure. The individual with rheu-
matoid arthritis complained of moder-
ate pain on weightbearing, but had an
excellent range of motion and was able
to ambulate four to six blocks.

The population was examined to de-
termine if any individual failed to meet
the preoperative indications. In check-
ing preoperative deformity, six individ-
uals exhibited 10 degrees of varus and
one had failed. Of the 6 individuals with

TR 2R

15 degrees of varus preoperatively, also
one had failed. Two knees had 20 de-
grees of varus preoperatively, one could
not be rated as the patient died shortly
after surgery, and the other failed. One
individual demonstrated 10 degrees of
valgus preoperatively, and failed. One
individual began with 28 degrees of val-
gus, is currently classed as a success,
but has reverted to 20 degrees of valgus
at last followup. Though no clear con-

clusions can be drawn, there appears to
be the suggestion that greater than 15
degrees of varus or valgus may predis-
pose a knee to failure.

Evaluation of preoperative instabili-
ties {(an indication of ligamentous laxity)
revealed 17 individuals with moderate
medial instability and one failed. Among
the two knees with severe medial inst-
ability, none had failed. Only one knee
demonstrated moderate lateral instabil-
ity, and it was not a failure. Three knees
demonstrated moderate to severe bilat-
eral instabilities and none of these have
failed.

A qualitative estimate of bone quality
was determined using preoperative ra-
diographs. Four individuals were rated
as having severe loss of bone density,
or osteopenia, with no failures among
them. One failure was recorded among
the two knees rated with moderate
osteopenia.

Though not mentioned as a preoper-
ative contraindication, 6 failures oc-
curred among the 24 individuals who
had undergone knee surgery prior to the
arthroplasty. The types of previous sur-
gery in the failed knees demonstrated
no pattern, with one patellectomy, one
tibial plateau prosthesis, and one each
with osteotomy and synovectomy.

Excess weight has been implicated in
the failure of total knee arthroplasty.
‘The mean preoperative weight of the
entire population was 174 pounds; of
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the non-failures, 172 pounds, and of the
failures, 190 pounds. The difference was
not statistically significant {(p < 0.20).
Twenty-seven percent of the individuals
190 pounds or greater (4 of 15) failed,
while 14 percent (4 of 28) of those in-
dividuals weighing less than 190 pounds
failed.

No relationship was noted between
the presence of lucent lines postopera-
tively (in nine cases) and later failure. Of
the three individuals displaying marked
lucent lines at followup, two were
classed as failures. The large number of
individuals (19} with only slight lucency
demonstrated no tendency toward
failure.

The effect of individual component
placement as noted in the operative ra-
diographs was evaluated. The one in-
dividual with retroversion placement of
the tibial components, and the one in-
dividual with a flexion placement of the
femoral components, each failed and
underwent revision. No association was
noted between varus or valgus place-
ment of the components and subse-
quent failure.

The relationship between device
placement and success of the arthro-
plasty could not be verified with this
population. In his evaluation of Geo-
metric total knee arthroplasty, Lotke (7}
noted varus positioning” in four of the
five instances of mechanical failure of
the prothesis. Histrup (8) suggested that
a common sequence of failure for the
Polycentric knee involved a good initial
result with slight residual varus which
would be followed by a gradual sinking
of the medial tibial block increasing the
varus. At followup, 5 knees of the 56
were in varus with one failure—and 5
were in valgus with 1 failure.

The settling index was the evaluated
parameter most closely associated with
failure, suggesting settling as the pri-
mary mode of failure. Bryan (9) men-
tioned failure due to settling as an
infrequent occurrence. Lax ligaments
and unexplained pain which were re-
ported as causes of failure in the Bryan
study could have been caused by im-
plant settling.

The initial attempts at identifying set-
tling using a gualitative impression of
radiographic changes was not ade-
quate. The guantitative measurement
procedure provided a strong indication
of the presence or absence of setiling
and the rate of settling, for most cases.

The difficulty in evaluating certain cases
could be eliminated if a standardized ra-
diographic technique were utilized.

Because of the increased risk to the
device associated with individuals
weighing 200 pounds or more, a linear
regression was performed between the
values for the settling index (once for
medial and once for lateral) and the
weight of the individual. No trend was
present between weight and either of
the index values. The slope of the
regression line in each case was near
zero. The results are not unexpected;
time in situ of the device should alter
the influence of the individual's weight
on the settling index.

The method for determining the set-
tling ratio as described would be appli-
cable only to Polycentric arthroplasty.
Other knee arthroplasty procedures re-
quire the removal of the entire surface
of the tibial condyles, and no bony land-
marks remain to identify the joint line.
For such devices, another landmark
would have 1o be selected, possibly the
head of the fibula.

Actuarial methods (life tables) are
commonly used when measuring the
time to occurrence of some event or re-
sponse. They have been used in epide-
miological studies and in the engineering
analysis of the failure of manufactured
components. Dobbs (10) suggested the
use of actuarial methods to compensate
for the differences in length of followup
between different studies of hip arthro-
plasty, one factor which limits the com-
parison of such studies. The method can
be applied with little difficulty, allowing
periodic and overall failure rates to be
determined for a group of patients with
varying followup.

Survival analysis generates a more
conservative estimate of survivorship
than the conventional method of re-
porting the proportion failing within a
given population. With 11 failures iden-
tified among the 56 knees that under-
went Polycentric total knee arthroplasty
in the present study, the simple failure
rate would be 19.6 percent. The cumu-
lative survival as determined by survi-
vorship methods for the same
population was 70 percent, or a failure
rate of 30 percent. The computations
produce a higher and more realistic fail-
ure rate because the probability of fail-
ure is calculated for successive intervals
by dividing the number of failures by
the number of devices at risk during the

interval. Successive multiplication of the
probability of survival produced the cu-
mulative probability of survival.

The effect of weight on the probabil-

ity of survival is profound, with a drop
from 0.8 to 0.5 as preoperative weight
exceeds 200 pounds. The curves of the
proportion failing appear similar for both
groups displaying only a difference in
magnitude. (Figure 8) In both curves
there appear two periods of peak fail-
ure, with no failures after the 55th
month. In his study of long-term fol-
lowup of Polycentric arthroplasties,
Bryan (11) noted a continuing incidence
of failure between the 5th and 7th years.
At present, no such failure has occurred
in the population under study, and a
5-year survival at present appears to in-
sure a 7-year survival. As the number of
individuals exposed during the 5 to 7
year period increases, failures may and
probably will occur.
Dobbs suggested extrapolation of the
survival probability to predict failure at
some future time. Such a prediction
would be valid only if the future behav-
ior could be defined by the past. In the
current study, if the first 30-month inter-
val had been used to predict failure in
the second 30-month interval, the high
incidence of failure at 50 months would
t have appeared. The causes of fail-
e of a joint arthroplasty are not con-
stant in time; for example, infection can
occur early, while wearing out of the
prosthesis usually occurs late. Extrapo-
iations of survival data, especially when
the patterns of failure are irregular and
ot varying causes, are not valid. Actu-
arial methods provide many advan-
tages in analyzing the effects of time on
a population. They serve to limit the in-
fluences of differing followup periods
hen two or more studies are com-
pared. They do not however, provide a
view of the future.

0=
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Introduction and Background

This project is based on the hypoth-
esis that established total joint replace-
ment technology can be employed for
implants for acquired deformities of the
hindfoot joints (subtalar, talonavicular
and calcaneocuboid). If properly de-
signed, these implants will restore nor-
mal hindfoot position and allow hindfoot
joint motion, thus providing nearly nor-
mal function. It is planned to develop
implant components which resurface the
joint with the need to remove only min-
imal amounts of bone. This strategy will
make it possible to remove the implants
to perform an arthrodesis if necessary
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for any reason. Outside of reports of the
work being performed in this laboratory
(and previously by one of the investi-
gators with M.A.R. Freeman and M. A,
Tuke in England) there are no publica-
tions in English describing such
prostheses.

Initial project tasks have been to es-
tablish methods for determining whether
prototype prostheses (i) provide ade-
quate range and type of motion, (ii)
maintain normal forces in surrounding
ligaments and (iii) provide adequate
component base cross-sectional areas
to prevent collapse of supporting bone.
Other design considerations such as ar-
ticular wear resistance are not being in-
vestigated, but will be satisfied by using
materials with proven clinical perfor-
mance. It is necessary to use human ca-
daver specimens to perform the types
of tests described.

This report covers the second half of
the first project year. During this vyear,
efforts have been directed chiefly at es-
tablishing test methods and performing
tests to assess the adequacy of a pro-
totype talonavicular prosthesis already
available at the beginning of this project.

Talonavicular Joint Surface Geometry

Determining the surface geometry of
the normal talonavicular joint was
among the first project activities and was
described in this Bulletin (BPR 10-35,
Spring 1981). As mentioned at that time,
the report was submitted for publica-
tion in Foot and Ankle, the journal of the
American Orthopaedic Foot Society.
During the present reporting period the
article was published (1). Specimens are
now being gathered for similar assess-
ments of joint surface geometry for the
subtalar joints and the calcaneocuboid
joint.

Talonavicular Compressive Force
Measurements

It is necessary to determine forces
transmitted across prosthetic joint com-
ponents under anticipated tibial loads
for two purposes. First, it is possible
(especially in the case of polymeric
components) that the force per unit area
on one of the components will be suf-
ficient to cause damage to the compo-
nent or alteration in its shape, thus
impairing its function. In addition, the
intra-articular force results in a com-
pressive stress {force per unit area) in
the supporting bone. The magnitude of

the stress depends both on the force
transmitted across the joint and the
cross-sectional area of the base of each
of the supporting, articulating compo-
nents. If the compressive stress under
normal joint loads exceeds the com-
pressive strength of the supporting
bone, it is possible that the joint com-
ponents will subside into the bone and
thus change their function. In this re-
gard, measurements were made of the
compressive strengths of the support-
ing bone in both the talus and navicular
{reported in the immediately previous
issue of BPR).

Determining the actual force trans-
mitted across the prosthetic talonavi-
cular joint under applied tibial loads in
cadaver specimens has been a more
difficult task. This is because it is nec-
essary to incorporate force measure-
ment elements in one of the
talonavicular joint components, thus ef-
fectively turning it into a force
transducer.

Initial efforts to produce a talonavi-
cular prosthesis instrumented to read
intra-articular force were documented in
the immediately previous issue of BPR.
February 1981 marked the completion
and utilization of a special talonavicular
joint prosthesis, incorporating a fiber
optics force transducer, into the talar
component. This prototype device was
capable of reading moderate (up to 30
kgf) talonavicular loads over a normal
range of foot positions relative to the
tibia in human cadaver specimens. A
complete description of the transducer
and its performance was published (2)
as a project report in completion of the
research project requirement for the de-
gree of Master of Engineering in Bioen-
gineering at the University of Utah.

Subsequent to the development of
that prototype force-reading talar com-
ponent, various methods were explored
to allow the component to respond to
a higher range (over 100 kgf) of talon-
avicular force. Essentially, it was neces-
sary to develop or obtain a small, but
extremely stiff, low-hysteresis spring
which would fit inside the talar compo-
nent of the joint prosthesis. The proto-
type configuration of six small coil
springs could not be reworked to obtain
the required stiffness. A number of
spring materials and spring-type de-
vices were explored and evaluated. Fi-
nally we were able to incorporate a pair
of Belleville springs into the device, as
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shown in Figure 1. Belleville or disc
springs are essentially precision-made
washers which, instead of being flat,
have a raised inner rim relative to the
outer rim. A wide variety of these springs
is available (National Disk Spring Divi-
sion, Rolex Company, Hillside, New Jer-
sey). In addition, these springs may be
stacked in series, parallel or combina-
tions of series and parallel configura-
tions to give a broad spectrum of spring
performance. Two springs in series con-
figuration are now used in the talar
component, providing a useful force
range up to 200 kgf. Figure 2 shows a
calibration curve for the prosthesis with
the new spring components.

Ankle Ligament Tension Measurements

Little work has been reported in the
field of laboratory determination of lig-
ament forces, and most ligament func-
tion studies of any type have been
concerned with the knee. Other investi-
gators in this laboratory recently devel-
oped a novel method for simultaneous
determination of the forces in ligaments
in statically loaded cadaver specimens,
and have applied this technique to bio-
mechanical studies of the knee (3). The
technique is now being applied to the
ligaments surrounding the ankle-hind-
foot joint complex in this project (Fig. 3).

In the technique under development,
stress in intact ligaments is sensed by
utilizing strain gage transducers placed
on the surface of the bone near liga-
mentous attachments. The strain read-
ings can be converted to force by
subsequently severing the ligaments and
applying a series of known loads to de-
velop calibration curves. Multiple gage
sites with sequential recording of data
allow simultaneous static measure-
ments of resultant ligament forces at
known positions under known external
loads, before and after introducing pros-
thetic ankle, talonavicular joint, or other
hindfoot implants.

Ligamentous function in the ankle re-
gion is varied and complex, since some
of the ligaments stabilize both the ankle
joint and the hindfoot joints. The pur-
pose of this initial study was to define
further these anatomical interactions in
the deltoid, anterior talofibular, and cal-
caneofibular ligaments in normal spec-
imens. Embalmed cadaver ankle
specimens are being used for protocol
development. As techniques are re-
fined, fresh specimens will be studied
as they become available. A test plat-

form has been designed and built which
allows the specimens to be positioned
with known amounts of dorsiflexion/
plantarflexion, varus/valgus, and rota-
tion relative to the vertically held tibia.
Known loads are then applied to the ti-
bia with an Instron testing machine.
Three specimens have been tested to

st

date, following a detailed protocol in-
volving three tibial force levels {4, 40
and 70 kgf), five positions of varus/val-
gus, and seven positions of flexion. Data
obtained showed reproducible trends in

rain patterns. Initial observations are

as follows:

1. The anterior portion of the deltoid

FIGURE 1.

Interior view of improved talar component force transducer showing location of Belleville
(disc) springs. Scale is approximately 4 2/3 X life size.



ligament becomes more taut as the an-
kie goes from dorsiflexion to plantar-
flexion. Ligament tensions as high as 14
kgf were recorded in a neutral varus/val-
gus position with 70 kgf tibial axial load
applied. Trends were reversed for the
posterior portion of the deltoid liga-
ment. Force measurements of 23 kgf
were obtained at the maximum dorsi-
flexion level studied (30 degrees) for this
ligament. This was the highest ligament
force recorded in our initial studies. Both
portions of this ligament were stressed
in valgus positions. However, the pos-
terior portion of the deltoid ligament
showed increased tension with varying
degrees of varus combined with dorsi-
flexion. This is thought to be secondary
to the subtalar motion causing tighten-
ing of this ligament in the aforemen-
tioned position.

2. Progressing from dorsiflexion to
plantarflexion, the anterior talofibular
ligament showed steadily increasing
tension. Varus/valgus positioning had
little effect on forces observed.

3. As the ankles were placed in dor-
siflexion, the tension on the calcaneo-
fibular ligament increased. This occurred
with varus positioning also. The forces
were small compared to those seen on
the medial side of the ankle.

4. In general, as tibial loads were in-
creased a general increase in ligament
tension was seen. However, ligament
tensions at 4 kgf of tibial force were al-
ready 80 to 90 percent of the values ob-
served at 70 kgf.

This initial study has shown that the
technique described appears useful in
determining the relative tensions in the
ankle ligaments. The findings empha-
size the need for critical evaluation of
these functional interactions. For ex-
ample, the contribution of subtalar joint
movement to ligament tension, espe-
cially in causing the posterior portion of
the deltoid to be under increased load,
is contrary to previously accepted de-
scriptions of ligament function. This
work should provide a baseline which
will allow evaluation of changes in lig-
ament function related to prosthetic re-
placement of the ankle and/or hindfoot
joints.

Quantifiable and reproducible posi-
tioning of the foot relative to the tibia is
important in producing and understand-
ing both ankle ligament tension mea-
surements and talonavicular
compressive force measurements. A
device of simple but unique design, al-
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Voltage output of improved talar component force transducer as a function of applied ioad.
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FIGURE 3.
Location of strain gauges for measurement of ligament tension in the
ankle-hindfoot joint complex.
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lowing positioning of the foot relative to
the tibia in any combination of dorsi-
flexion/plantarflexion, rotation and
pronation/supination, is under construc-
tion. It will be described in subsequent
reports.

References

1. Daniels AU, Samuelson KM and Rusin
KA: Talonavicular joint surface anatomy
and prototype resurfacing prostheses.
Foot & Ankle 1(6), 1981.

2. Rusin KA: Development and Prelimi-
nary Use of a Fiber Optic Force Trans-
ducer for Evaluating Loads in Prosthetic
Joint Components. Research Project
Report, Univ of Utah Bioeng Dept, Salt
Lake City, Feb 19, 1981.

3. France EP: Simultaneous Quantitation
of Knee Ligament Forces. Master of Sci-
ence Thesis, Univ of Utah Bioeng Dept,
Salt Lake City, 1980.

Stimulation of Repair of Cortical
Bone Transplants by Implantation
of Piezoelectric Materials: A
Pilot Study

VA Medical Center
Castle Point, N.Y. 12511

Helen Hayes Hospital
Route 9W, West Haverstraw,
N.Y. 10993

George Van B. Cochran, M.D., Sc.D.,
Bok Y. Lee, M.D., and Wendell
Williams, Ph. D.

Work is continuing in dogs with sev-
eral types of implants, and evaluation
of an initial series of implantation at 20
sites in b dogs is currently underway. In
the coming vyear, the effect of the im-
plants on graft incorporation will be
studied using quantitative histological
techniques with the aid of an Optomax
(semiautomatic image analyzer). The
project is complicated by the fact that
the large specimens of radius and ulna
require in vivo fixation techniques to
adequately preserve the tissue.

Engineering Applications in
Orthotic and Prosthetic Treatment
of Musculoskeletal Defects

Motion Study Laboratory
Rehabilitation Medicine Service
VA Medical Center

10701 East Boulevard

Wade Park, Cleveland, Ohio 44106

E. Byron Marsolais, M.D., Ph. D.

in a major development for the Mo-
tion Study Laboratory, a 57-year-old non-
walker, for whom all conventional means
of ambulation assist had been tried at
a major rehabilitation center, became a
walker through the use of functional
electrical stimulation. A pharmacist who
suffered a bilateral stroke approxi-
mately 3 years ago, he was paralyzed
from the neck down and for 6 months
was unable to move at all. He gradually
regained function of most of his body.
Presently he is able to use his left hand
well, his right hand to some degree.
There is decided weakness in the left
leg, and in the right leg he has no func-
tion of the hip flexors or the lateral trunk
muscles to "hike” the hip. This limitation
interferes with his forward progress in
walking, because he is unable to bring
his foot through. The patient has a dou-

FIGURE 1.

le upright ankle-foot orthosis on the
ight, but he says it doesn't help much.
He does have some selective control of
the extension of the right knee, though
very little at the ankle. He has some con-
trol at the hip on the right but it is not
as good as the knee. The patient can
stand independently-—but can only walk
ackwards. With the assistance of a
herapist who advances his right leg for
im, he is able to walk forward.

The patient was implanted with intra-
nuscular electrodes in the right iliop-
s0as and the rectus femoris. A stimulator
as made which is turned on with a
heel switch. A timer then activates the
ectus after ‘an appropriate delay (Figs.

and 2). The patient has been given a
timulator for his personal use at home
nd is clearly able to walk unassisted

ith the stimulator and a walker frame,
hough he is totally unable to walk with-
out the stimulator. We believe that this
s a type of patient who may greatly im-
prove with electrical stimulation.

Two other patients are currently in the

program. Work is continuing in conjunc-
tion with Case Western Reserve Univer-
sity and Dr. Hunter Peckham on an
implanted version of the stimulator.

A Master’'s Thesis (1) resulted in the
demonstration of ankle, knee, and hip

Patient walking with Functional Electrical Stimulator. Right iliopsoas stimulated (hip flexed;

knee remains flexed).




FIGURE 2.

Patient walking with Functional Electrica
Stimulator. Right rectus femoris stimulated
(hip flexed and knee extended).

kinematics by Selspot with acceptable
accuracy. A second Master’s Thesis (2)
resulted in the upgrading of the joint
force estimation capability of the
laboratory.
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Prosthetics Research

Prosthetics Research Laboratory
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Below-Knee Preparatory Prostheses

Direct-casting methods are still being
investigated, with continuing experi-
ence gained through clinical use of
preparatory below-knee prostheses.

Interesting observations are coming
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to our attention in the comparison of
direct-formed {on the patient) socket
shape with sockets which have been re-
fined from a number of check socket
fittings.

Socket shape and cast modifications
are now among the main areas which
are under investigation regarding the
concept of “total contact” fit.

Clinical use of preparatory below-knee
prostheses is progressing. Modifica-
tions for Syme’s amputation levels have
been developed and look promising.

Powered Arm for Shoulder
Disarticulation Levels

Work is continuing on a total arm
prosthesis for shoulder-disarticulation
amputees that utilizes unbeatable posi-
tion-servo control effected by shoulder
motion. A preliminary investigation,
analyzing the ability of the normal sub-
ject to control the physiological arm and
shoulder, has been completed. The re-
sults of this investigation have indicated
the viability of using shoulder elevation/
depression and protraction/retraction to
control prosthesis elbow flexion and
wrist rotation.

An experimental prosthesis has been
built to allow further evaluation of un-
beatable position-servo control of pros-
thesis function. In this system,
unbeatable position-servo relationships
have been effected by implementing
direct cable linkages between the pros-
thesis activators and a shoulder motion
transduction system. The activators in-
corporated in the prosthesis are the
Northwestern University wrist rotator
and Liberty Mutual/Boston elbow. Ac-
tuator control signals are derived from
strain gage force transducers, attached
to the linkage cables, that are sensitive
to forces derived from shoulder motion.
Evaluation of this system is currently in
progress.

Hip-Disarticulation Ambulation

A master’s thesis has been completed
entitled “Pendular Models of the Swing
Phase During Gait: The Canadian-type
Total Limb Prosthesis.” Ambulation data
was collected from a vigorous amputee
who walked on a Canadian-type pros-
thesis with a hydraulic knee and on a
similar prosthesis with a constant fric-
tion knee. Comparisons showed sub-
stantial differences in the kinematics of
walking with these two prostheses. The
amputee under study walked about 10
percent faster on the prosthesis with the

hydraulic knee than with the constant
friction unit. Angle-angle diagrams (hip
angle vs. knee angle) were determined
for both conditions.

Pendular models {mathematical)} were
made of the limbs, and the model re-
sponse under gravitational influence was
compared with walking responses. The
results indicated that the swing time of
the prosthesis as used by the amputee
was much shorter than the swing-time
of the model under gravitational influ-
ence. This result is consistent with con-
ventional wisdom which states that the
prosthesis is forced considerably during
gait by the hip flexion stop and by ac-
celerations in the hip region.

Redistribution of prosthetic mass in
the models indicated that such attempts
in prostheses would probably not be
practical for reducing natural oscillation
periods.

Models showed that the knee flexion
achieved during swing-through by the
amputee during gait was not sufficient
to produce toe clearance of the floor
Consequently, compensatory floor
clearance actions were necessary dur-
ing gait.

Lower-Extremity Amputation:
immediate Postoperative Fitting
of Prostheses

Vascular Surgery Section
VA Medical Center
Tucson, Arizona 85723

James M. Malone, M.D.,
Wesley S. Moore, M.D.,
and Joseph M. Leal, C.P.

Due to funding changes and hiring
freezes, there was a large lag time for
active research productivity in our proj-
ect. We have just recently recruited a
new research prosthetist and have
added several new areas of investiga-
tion to our prior work. In addition to
continuing to evaluate use of Xenon
isotope to measure skin blood flow for
amputation level selection, and the use
of immediate postoperative prostheses
for amputation rehabilitation, we are also
beginning to evaluate (i) skin tempera-
ture as it relates to prosthetic design and
environmental factors, and (ii) new
prosthetic materials which may contrib-
ute to more durable lightweight
prostheses, especially needed by ger-
iatric amputees.

We have begun preliminary evalua-
tion of Scotch-cast® (water-activated
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polyurethane on fiberglass) for con-
struction of immediate postoperative
and temporary lower-extremity
prostheses. This material has a large
amount of promise, both with respect
to prosthetic costs and for rehabilitation
of patients with limited physical strength.

We are beginning our evaluation of
the feasibility of a regional referral am-
putation center within the VA system of
medical centers.

Upper-Extremity Amputation:
Immediate Postoperative
Conventional, Electric and
Myoelectric Prostheses

Vascular Surgery Section
VA Medical Center
Tucson, Arizona 85723

James M. Malone, M.D.,
Joseph M. Leal, M.D.,
and Sandra J. Childers, B.A.

Since our last report, we have tripled
the number of amputees treated with
immediate postoperative prosthetic de-
vices after traumatic or elective upper-
extremity amputation. Although our
group of patients is still small, our initial
conclusions would suggest significant
improvement in patient prosthesis use
and two-handed function, and a de-
crease in pain and phantom limb prob-
lems. In addition, for those patients who
were working prior to their injury, we
have been extremely successful in re-
turning them to a working environment.

We have been working with manufac-
turers of various powered prosthetic de-
vices in order to incorporate changes
which will allow many of the compo-
nents to be interchangeable.

Due to funding changes and hiring
freezes there was a lag in our program;
however, we have just hired a new re-
search prosthetist and expect to be back
in full swing very shortly. At the present
time, we are making plans to formulate
a prospective randomized study which
will compare conventional and exter-
nally powered components when ap-
plied as immediate postoperative
prostheses after upper-extremity
amputation.

Evaluation of
Peripheral Vascular Disease by a
Real-Time Muitispectral Imaging
System

VA Medical Center
11201 Benton Street
Loma Linda, California 92357

W. Ross Adey, M.D., David B.
Hinshaw, M.D., John E.
Kaiser, M.D., Norman P.
Poe, M.D., and Dana M.
Street, M.D.

Calif. Inst. of Technology/
Jet Propulsion Laboratory
Environmental and Energy Systems
Divison
Pasadena, California 91103
Victor J. Anselmo, Ph. D.

Scope and Goals

The goal of this research is the de-
velopment of an imaging system for di-
agnostic and prognostic evaluation of
peripheral vascular disease associated
with inadequate limb circulation. As de-
scribed in our previous report, we are
developing a television display tech-
nique that utilizes up to three separate
simultaneous images of the affected
limb, each taken through a photo-
graphic filter selected to optimize dis-
play of specific deficiencies in selected
elements of the cutaneous and subcu-
taneous vascular arbprizations.

At this point, we are approaching
completion of photographic data that will
provide a baseline suited to the selec-
tion of these filters, and at the same time,
engineering specifications are being
prepared for the electronic data acqui-
sition and image processing system. Fi-
nal specifications of the electronic
processing will be based upon analyses
of the baseline data acquired in normal
subjects and patients with vascular
disease.

Accomplishments in Reporting

Two photographic protocols have
been tested. In each case, black-and-
white film images have been subjected
to initial computer evaluation. Enlarged
prints of each negative have been pre-
pared to provide a complete library of
the negatives taken with green, red, and
infrared filters. These prints are useful
in preliminary data evaluation and in
controlling lighting parameters.

Photographic Protocol A—This protocol
has been used for the study of eight nor-
mal subjects and nine patients with vas-
cular disease. It involves the following
sequence:

1. Sphygmomanometer cuff placed at
midthigh (deflated).

2. Patient rests for 15 minutes.

3. Reference photos taken with green,
red, and infrared filters.

4. Cuff pressurized to 50 mm Hg above
systolic blood pressure. Pressure main-
tained for 5 minutes.

5. Reference photos taken before re-
lease of cuff.

6. Upon release of cuff, photographic
seguence started with pictures at 0, 5,
10, 15, 30, 45, 60, 90, 120, 150, 180 ...
to 300 sec; 1 picture/min to 10 min; 1
picture every two minutes from 10 to
20 minutes.

7. Take Doppler records of systolic
pressure and wave from recordings at
knee and ankie (elapsed time 5 min).

8. Take photographs of dependent leg
at 30, 45, and 60 sec after sitting up.

This sequence demanded excellent
coordination on the part of the photog-
rapher to secure three images with three
cameras at short intervals in the first 5
minutes of the sequence after deflation
of the cuff.

Photographic Protocol B—Following
preliminary data analyses, it became
apparent that vascular changes follow-
ing the ischemic challenge were peri-
odic in character, with a solitary change
in the optical density (reflectance) as a
fraction of time over the 20 minutes of
the photographic sequence. These first
analyses have suggested that a faster
photographic sequence would be desir-
able, and a modification of Photo-
graphic Protocol A has now been tested.
In most aspects, the sequence is the
same as in Protocol A, but the photog-
raphy is confined to the green filtered
image. After the reference sequences
preceding and following the cuff infla-
tion for 5 min, photographs are taken
every 10 sec for 20 min. To accommo-
date all the picture frames (totaling ap-
proximately 140) on a single roll of film,
a motorized camera back is used. There
have been four subjects in the initial
group using this protocol, two controls
and two patients.

Preliminary data analyses of records
from Protocol A, using reflectance from
the region of the knee and from the
lower portion -of the leg, shows strong



periodicities that decrease in amplitude
and frequency with the passage of time
to the completion of recording at 20 min.
However, the large changes in sampling
intervals between the beginning and the
end of these records under Protocol A
carry a major risk of aliasing of high fre-
quency data, particularly for sequences
between 10 and 20 min. We are there-
fore making a major effort to complete
similar analyses from film sequences
under Protocol B, where the 10-sec
sample interval will be adequate to eval-
uate high and low frequency compo-
nents of these reflectance records from
the beginning to the end of the record-
ing epoch.

Plans and Goals

Spectrophotometry and correlated
photography through special filters will
be performed on blood samples trans-
illumined with light identical with
sources to be used in operating the TV
data acquisition system. These blood
samples will first be equilibrated with a
series of gas mixtures having progres-
sively lower oxygen tensions within the
expected physiological tissue oxygena-
tion range. This study is necessary ir
the selection of the vidicon tube to be
used in the video converters. R

A further baseline of normal subject
and patients with arterial disease wi
now be established using Photographi
Protocol B, extended to a trispectra
photographic imaging already teste
under Photographic Protocol A.

Progress in baseline data acquisition
is now approaching a point where ad-
equate information will be available for
the implementation of the electronic en-
gineering phase of the project. This will
require a substantially higher level of
scientific effort in coordination of bio
chemical, biophysical, and engineering
phases of the project. This expandec
commitment will be the subject of a fur
ther research proposal in the next 90
days.
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Instrumentation for Clinical
investigative Engineering Center

VA Medical Center
3350 La Jolla Village Drive
San Diego, California 92161

Frank L. Golbranson, M.D.,
and Roy W. Wirta, BSME

Work was started to design and con-
struct instrumentation for the Clinical In-
vestigative Engineering Center. The
laboratory will be used to conduct clin-
ical investigations, the immediate tech-
nical focus of which will be in the area
of locomotor impairments. The primary
goal is to enable clinicians to employ
objective techniques to (i) help make
choices in prosthetics and orthotics
treatment and methods, (ii} measure
progress and efficacy of therapy, and
(iii) evaluate new and untested compo-
nents, appliances, and treatment tech-
niques. The secondary and longer-range
goal is to enable development of clini-
cally deployable instrumentation to
measure variables associated with gait
and having an impact on improvements
in locomotory function. To reach these
goals, engineering objectives include the
provision of instrumentation which (i) is
reliable and relatively trouble free, (i} is
convenient to use, and (iii} presents data
derived from measurements shortly
after testing, formatted in a manner easy
to interpret and understand.

The first phase instrumentation is
modest in scope and is patterned after
successful designs employed at various
facilities engaged in locomotion stud-
ies. Four categories of gait variables
were chosen. They include: (i) detection
and indentification of joint movement
deviations occurring bilaterally, using
electrogoniometry, (ii} limb loads and
loading rates using load-sensing san-
dals, (iii) instantaneous forward velocity
using a tachograph, and (iv) mechanical
work done during walking using acce-
lerometers. Signal processing and data
display will be done using a Commo-
dore Business Machine "“PET”
microcomputer.

Substantial progress has been made.
An electronics technician was hired after
certain restrictions from the Federal hir-
ing freeze were eased. Mechanical de-
signs were prepared and fabrication of
the mechanical components is about 70
percent complete. Orders were pro-
cessed for electrical supplies and for
equipment; received to date are about

half of the supplies but none of the
equipment. The construction of a baro-
graph was completed. Experience is
being gained in the acquisition of plan-
tarbarograms of patients having foot
disorders secondary to diabetes.

Evaluation of
Physiologic Suspension Factors
in Below-Knee Amputees

VA Medical Center
4435 Beacon Avenue So., Room 402
Seattle, Washington 98108

Frederick G. Lippert, lil, M.D.,
Ernest M. Burgess, M.D.,
Sandor A. Veress, Ph. D. and
Thomas W. Starr, B.S., M.E.

Our work to date has identified phys-
iologic suspension factors at the below-
knee level of prosthetic substitution, has
established protocols for their measure-
ment, and has begun to investigate their
significance. (See our progress reports
in BPR 10-33, 10-34, 10-35.) Muscle ac-
tivity properly captured in this socket
design can enhance the physiological
components of suspension and stability.
Physiologic suspension, between the
residual limb and the prosthetic socket,
results directly in improved propriocep-
tion. Better proprioception provides bet-
ter control of the limb particularly at
night or on uneven ground or during
any situation where visual feedback is
limited. The goal is not necessarily to
produce suspension by the physiologic
factors alone but to improve the exist-
ing suspension and proprioception
through a sustained intimateness of fit.

We are studying below-knee ampu-
tees in order to determine the statistical
significance of the various suspension
factors. A multiple regression analysis
has been performed to establish the re-
lationship between the measured sus-
pension factors and the suspension
performance. These analyses will en-
able us to identify which factors are most
important to suspension performance,
which factors are improved by training,
and finally, what final suspension per-
formance can be predicted for an am-
putee based on measurements of his
suspension factors before training.

Methods

At this time we are measuring all be-
low-knee amputee patients who are am-
bulatory in their prostheses without skin



104

VA RER&DS PROGRESS REPORTS

problems, in conjunction with the pros-
thetics clinic at the Seattle VA Hospital.
Using our protocol, we have evaluated
both conventional and myoplastic resid-
ual limbs.

Our evaluations consist of an activity
profile questionnaire to establish the
level of activity available to each indi-
vidual (Appendix A), a series of mea-
surements of socket and residual limb
suspension factors, and measurement
of the suspension performance of the
prosthesis. Selected patients are also
measured  stereophotogrammetrically
for limb and socket contours.

The socket and residual limb suspen-
sion factor measurements are as
follows:

1. Limb length, L in centimeters, from
the distal aspect of the patella to the dis-
tal tip of the residual limb.

2. Gastrocnemius circumference, G in
centimeters, measured at the apex of
the distal medio-lateral muscle bulge.

3. Medio-lateral expansion, E in cen-
timeters, measured in the distal stump,
upon contraction of the residual gas-
frocnemius muscle mass.

FIGURE 2.
Socket contour replication device.
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FIGURE 1.
Limb contour factor subjective rating scale.

4. Compliance (the amount of
compression), F in centimeters, induced
when the contracted muscles at the point
of the expansion measurement are sub-
jected to a compressive force. The
amount of compression is invergely
proportional to the firmness of the con-
tracted musculature.

5. Skin motion, M in centimeters, the
maximum amount of vertical motion
possible between the skin and the bony
structure of the residual limb. It is mea-
sured by palpation of the anterior me-
dial face of the tibia.

6. Limb contour (the degree of taper
or bulbousness in the shape of the re-
sidual limb). Two methods are used for
the evaluation of this parameter. One
approach matches contour tracings of
the limb to weighted cases, and sums
the resulting scores to produce a con-
tour factor C, (Fig. 1). The other ap-
proach fits a third-order polynomial
curve to photogrammetrically derived
contours of each aspect of the residual
limb, and produces a contour index C,
from the sums of the resulting slopes.

7. Socket contour, similarly to the limb
contour index, the qualitative judge-
ment C, is based on tracings of the
socket made with a special tool adapted
for that purpose (Fig. 2). A mathematical
description is fitted to the contours of a

positive model of the socket to produce
contour index C,.

8. Interference D (a measure of the
relative fit in the distal medio-lateral di-
mension between the residual limb and
the prosthetic socket). It is expressed in
centimeters, with a plus value indicating
tightness.

9. Interference P, similar to above ex-
cept that it relates to the narrowest place
existing in the socket, usually between
the levels of the distal muscle bulge and
the fibular head.

The suspension performance of the
prosthesis is evaluated from measure-
ments of pull-off force versus displace-
ment as the subject pulls straight up.
The device used to make these mea-
surements was previously reported in
BPR 10-33. Figure 3 illustrates the fol-
lowing characteristics:

, 1. Suspension stiffness, S in New-
tons/cm., is a measure of the effective-
ness of the interface between residual
limb and prosthesis. This factor is mea-
sured at the point where the force passes
from weightbearing to tensile in nature.

2. Maximum retention force, P in
Newtons, is an indication of how the
muscle contours interact with the con-
tours of the socket in their most advan-
tageous position. This force occurs at an
average slippage of 3 cm.
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FIGURE 3.
Retention-testing device, data output curves.

Figures 4 and 5 illustrate a subject’s
suspension performance being evalu-
ated. The device on which his foot rests
measures the forces, and the linear dis-
placement transducer is strapped to his

leg.
Results

Data collected on 17 subjects are pre-
sented in Table 1. These subjects were
randomly selected from the prosthetics
clinic and received no special training or
prosthesis modifications in order to
maximize their physiologic suspension.
The purpose was to develop methods
for evaluating suspension factors and
performance, and to fit preliminary mul-
tiple linear regression equations to the
data. The blanks in the table indicate

subjects who were measured early in
the program and were unavailable for
re-evaluation as more suspension fac-
tors were added to the study.

In the statistical treatment of the data,
the measured suspension performance
(i.e., the stiffness or maximum force val-
ues) is assumed to be a dependent vari-
able which is a function of the
independent variables (the suspension
factors). A computer program gener-
ates the coefficients for an equation of
the form:

S=A;+A, L+A, G+ AE (1]
+AF+AM+AC, +AC,

(where S, L, C, etc. are as defined in
Table 1.)
This is a linear equation because none

b

% cantumeters & 4 am.

of the suspension factors are raised to
a higher power. The coefficients A,, A,,
etc. are determined so as to give the
smallest difference between the value
for suspension stiffness predicted by the
equation and the actual measured value.
The magnitude of this difference is in-
dicated by the standard error of the es-
timate, s, which is calculated for each
equation. The degree to which suspen-
sion performance is linearly related to
the suspension factors is called the coef-
ficient of multiple correlation, R% This
term has a value of 0 if there is no linear
correlation at all, and a value of 1 if there
15 perfect linear correlation. A low value
indicates that possibly a non-linear re-
lationship exists between the variables.

Using patients 1-11 the following
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equations were determined:

S=(-316.5 + 347 L + 9.22G -
8.06E + 895 F-15.96 M [2]
+ 1.4.02C, - 5.40 C;) Nicm
8 = +29.4 N/cm, R? = .887

and,

P=(83.9 + 1.29L - .27G -240E —
53.2F-11.57 M —12.84C, [3]
+ 20.58 C,) Newtons

s =+ 234N, R?=.873

Equations [2] and [3] indicate some in-
teresting facts about the sample popu-
lation. Limb length correlates positively
with both suspension stiffness, S, and
maximum axial force, P. Gastrocnemius
circumference has a large positive cor-
relation with stiffness and a small neg-
ative correlation with maximum force.
Expansion correlates negatively with
performance, with a larger reduction to
the maximum axial force. We feel this

is due to the prosthetic sockets’ lack of
modification to take advantage of the
muscle expansion, causing an “ejection
socket” effect. Compliance contributed
positively to suspension stiffness, but
correlates negatively to maximum force.
Skin motion has a negative correlation
with performance (the less, the better).
Finally the contour factors apparently
have contradictory effects on perfor-
mance. We feel this is because the socket

L G E F [ ™ 1D IP Cy [ Ca [ P S
SUBJECT [Limb Gastroc. ExpansionCompliance' Skin Interference |Interference| Limb Socket | Limb Socket| Max. | Suspension
NUMBER | Length| Circum. cm, cm. Motion|D - cm. P - cm. Contour] Contour| Slope |Slope | Axial| Stiffness
cm. cm. em. Subj. | Subj Photo-| Photo~| Force| N/cm
gram gram N
cm/m | em/m
1 15 28 5 3 2.0 - - 5 5 - - 80 52
2 22 26 -.3 .6 3.5 - - 5 5 - 1.8 |-5.0 60 34
3L 12 29 .3 .8 1.5 - - 4 7 1.5 - 110 50
3R 17 25 0 .3 1.5 - - 4 7 .6 - 110 63
4 19 32 6 6 3.8 -.2 -.5 5 5 2.2 1-3.1 50 78
5 14 34 0 9 5.0 -.2 -2 4 4 4.8 - 30 83
6 18 26 2 5 1.4 .3 .3 5 6 - - 150 52
7 15 27 3 5 3.0 1.3 .9 4 3 - - 30 11
8 16 29 6 5 1.0 -2 -1 4 5 - - 90 35
9 16 23 4 1.0 2.3 2.6 4 1 1 - - 20 15
10 21 31 .6 .7 0.5 -.8 -.5 5 5 1.0 - 80 142
11 13 28 .9 .6 2.0 9 1.9 6 5 - - 40 52
12L 14 28 .7 .2 2.4 - - - - 4.9 - 120 162
12R 22 25 4 4 2.5 - - - - 2.6 - 160 131
13L 11 27 ] .2 2.4 - - - - ~13.7 - 55 18
13R 16 27 4 6 2.7 - - - - - .8 - 55 13
14 - - - - - - - - - 9.0 .6 - 120
15 - - - - - - - - - 8.6 | ~.3 - 95
16 - - - - - - - - - 2.4 | 4.6 - 50
17 - - - - - -~ - - - 1.1 9.7 - 45
TABLE 1.

Master Data Record



contours have not been designed to op-
timize either suspension stiffness or
maximum force.

Patients 2-5, 10, 12 and 17 were used
to investigate the relationship between
suspension stiffness and the photo-
grammetric limb contour factor;

S=(90.3-20.0E —

56.4 F + 5.77 C;) Nicm
s = + 22.0 N/lcm

(4]

In considering equations 2-4 one
should appreciate that they reflect cor-
relations of each factor, not cause and

FIGURE 4.
Retention-testing device, front view.

FIGURE 5.
Retention-testing device, side view.
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effect relationships, and do not account
for other possible factors which might
have had an effect. Because each factor
in the equation is derived from a differ-
ent set of dimensions, the magnitude of
the coefficients cannot be compared di-
rectly. The large standard error is as-
sumed to be caused by the lack of
specificity in patient selection and pros-
thetic modification.

Discussion

The results thus far, even though they
lack large numbers, seem to indicate that

RS S

the initial hypotheses regarding impor-
tant stump and socket factors are cor-
rect. On the basis of the regression
analysis, skin motion and socket and
stump contour correlate highest with the
socket retention factors. This situation
suggests that special attention to surg-
ical and prosthetic contouring might
further enhance an amputee’s physio-
logic suspension capability. We have re-
ferred to this concept previously. Still to
be tested is the effect of the specific re-
tention training, using the testing de-
vices described in this report. Later, we
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will also explore surgical and prosthetic
modifications. Meanwhile, we plan to
continue the present study using the
protocol described, to gain a larger
number of patients and a greater statis-
tical validity. In addition, the activity
questionnaire (Appendix A) combined
with assessment of gait in the clinic, will
establish the relationship of measured
suspension performance to real-life
performance.

The practical application of these
studies is in pinpointing the key suspen-
sion factors, especially those that are
controllable, which are contributing to
physiologic suspension, and in provid-
ing a performance protocol which can
be used during clinic to follow the am-
putee’s progress.

Summary and Conclusions

1. Suspension factors in below knee

amputees have been defined, measured
and correlated with suspension
performance.

2. The data collection protocol is fea-
sible for outpatient clinic evaluation.

3. Continued refinement of existing
data-gathering techniques, and specific
attention toward the effects of training
and of surgical and prosthetic modifi-
cation, would appear to be promising.
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APPENDIX: Questionnaire
and Consent Form.

UNIVERSITY OF WASHINGTON

Consent Forn

Evaluation of Physical Characteristics of Below Knee Residual Limbs
to Study Prosthetic Suspension

Frederick G. Lippert, lll, M.D.,
Chief, Department of Orthopaedics—206-762-1010 (Extension 396)

Sandor A. Veress, Ph.D., Department of Civil Engineering—
206-543-7613

The purpose of this study is to determine those factors which
contribute to better prosthesis suspension and thus improved func-
tion to you as an amputee. Suspension refers to the attachment of
your prosthesis and includes beits, cuffs, wedges, lacers and the
action of your residual limb against the walls of the socket. Your
participation in this study will be of direct benefit to you in that it
will provide an analysis of the function of your own suspension and
thus reveal possible ways of improvement.

To obtain this information we use several techniques and types of
measurement apparatus. First, you will be asked to complete a ques-
tionnaire which provides us with a profile of the activity level, com-
fort and stability provided to you by your prosthesis. Second, we
will measure both your stump and your prosthesis. All measure-
ments cause no discomfort beyond standing on crutches and con-
tracting the musculature in your residual limb. The first measurement
utilizes a device which traces the contour of your residual limb to
obtain its profile. The second measurement consists of immersing
your limb in a water bath to determine its volume. The third mea-
surement requires you to pull upward while wearing your prosthesis
which is attached to a force plate to determine the effectiveness of
your suspension. The other measurements of your stump and socket
will be made with tape measure and calipers to check your fit.

The overall time involved will be about one hour plus, if it is con-
venient for you, fifteen minutes to stop at the University of Wash-
ington so that we can take a three dimensional photograph of your
residual limb. {See map attached)

You may decide to omit any questions or any part of this study or
not, at your own discretion.

In order to participate, you should be able to keep your balance

while standing on your opposite leg,

using a walker support, for

short periods of time. The risks of the study are possible discomfort

and fatigue, and the possibility of a fall.
time you feel necessary during the cou

You will be able to rest any
rse of the measurements. In

the unlikely event that a physical injury occurs as a direct result of

a study procedure, you will be treated a

All information provided by you will

no cost at the VA. Hospital.

emain confidential and you

may withdraw from participation at any time without penalty and
without jeopardizing your future care. Subjects who drive to the hos-

pital or clinic for the purpose of partic
compensated on a mileage basis.

pating in this study will be

Signatu
Copies:

SUBJECT'S STATEMENT:

re of investigator Date

Subject
File

I voluntarily consent to participate in this activity. | have had an
opportunity to ask questions. The study as described above has

been explained to me.

Signature of Subject Date
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VAMC PROSTHETICS RESEARCH
FUNCTIONAL CAPABILITIES QUESTIONNAIRE
PLEASE COMPLETE

NAME
SOCIAL SECURITY NUMBER
SIDE AMPUTATED?:

1.

. What is your occupation?

DATE

Do you have any medical complications of which we should
be aware? (Those which affect your balance, stability, or
sensation would be of significance)

. How far would you say you walk on an average day?_________

Blocks/Miles/Kilometers

. What percent of your walking is done on smooth surfaces?

None Very Little Some A lot Alt

On uneven terrain?

None Very Little Some A lot All

On rough terrain?

None Very Little Some Aot All

in the dark?

None Very Little Some A lot All
. How much do you use a cane?

None Very Little Some Frequently Always

How much do you use crutches?

None Very Little Some Frequently Always

How much do you use a walker?

None Very Little Some Frequently Always

How much do you use a wheelchair?

None Very Little Some Frequently Always
. How much difficulty would you say you encountered going up

curbs?

None Very Little Some A lot

How much difficulty would you say you encounter going up
stairs?
None Very Little Some A lot
How much difficulty would you say you encounter going up
ramps?
None

Very Little Some A lot

How much difficulty would you say you encounter going
down curbs?

None Very Little Some A lot

How much difficulty would you say you encounter going
down stairs?
None Very Little Some A lot
How much difficulty would you say you encounter going

down ramps?
None Very Little

Some A lot

8.

10.

11.

12.

14.

15.

. Do you use ladders?

Bulletin of Prosthetics Research BPR 10-36 Fall 1981

Flease assign an approximate value in hours per week that
you engage in the following activities (if zero, leave blank):
. RECREATIONAL WALKING
B. RUNNING
. SWIMMING
. DANCING
GOLF
FISHING
. HUNTING
SKATING
ROLLER SKATING
SKING
. VOLLEYBALL
BASKETBALL
. FOOTBALL
. BOWLING
. HORSEBACK
HIKING
OTHER

»

OPOOZZEr AT IOMMUO

Do they pose a problem going

up?.... Going down?

Do you experience phantom sensations in your amputated
leg(s)? Do you use these sensations when you
walk?

Are any areas of your stump(s) usually tender to
touch? How about right now?

What is the condition of your other leg?
Normal
Some Cramping
Limits Activity?
Open sores?
Any pain?
Amputated also?

. On a scale of 1 to 10 where 10 is best, how would you rate:

Left Right

A. Your prosthesis

B. The weight of your prosthesis

C. The suspension of your prosthesis
{Can you walk with your prosthesis
unattached?

. The intimateness of the fit of your
prosthesis
The comfort of your prosthesis
The stability of your prosthesis

. The ease of walking with your
prosthesis

. Your ability to tell where your
prosthesis is without looking

o

I
I

Do you ever contract the muscles in your stump itself:
. To help hold the prosthesis on?
To make yourself more stable in difficult situations?
When on stairs?
. When landing on the prosthesis?
Any other time? Describe

moOw>

Which of the following descriptions best describe your
feelings about the foot of your prosthesis?

A. ltis very good

It is not as stable as it should be

. It doesn't walk very smoothly

it's not good on uneven terrain

lt's too heavy

It is not very versatile

. Other

OTMMUO®
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For each of the following areas, select the category or categories B. With only some exceptions—I find that in some activities |
must watch the foot to avoid tripping.
C. Sometimes—1I find that | frequently look at the foot for

which best describe your personal experience.

1. With regard to my suspension, when wearing my prosthesis,

| feel:

A. Very Secure—as if the prosthesis were always a part of me.

Even on stairs.

safety and would probably not want to walk in the dark.

D. Not at all—I find myself constantly watching where | put the

foot for safety, to

avoid tripping, and because there is no

other way to judge where it is.

B. Moderately Secure—The prosthesis feels firmly attached

except when walking fast or using stairs.
C. Somewhat Insecure—Although the prosthesis feels poorly

4. Due to the fact that | wear a prosthesis, | find that in my

activities | experience:

attached, sometimes | can compensate for it. A. No increase in difficulty, | even feel confident at night and

D. Quite Insecure—As if | lose contact with the prosthesis,
whenever | lift it off the ground, the suspension never gives

me a sense of security.

2. When | bear weight on my prosthesis, | feel that it is:
Very Stable—It feels stable even on stairs, on uneven

terrain, and walking in the dark.

or in darkness.

on uneven ground.
Slightly increased

difficulty, depending on the situation but

nothing that | can't cope with.

significant increase in attention and energy expenditure.
Decidedly more difficuity, the prosthesis causes wobbling,
tripping, knee buckling, and/or problems in balance which
makes many activities too difficult to consider.

B.
C. Moderate increase in difficulty, the prosthesis requires a
D.

Slightly Unstable—The leg never gives me a real feeling of 5. In your own words, please say anything which you would have

stability, even indoors.

A.
B. Moderately Stable—It feels stable except on uneven terrain
C.
D.

Very Unstable—The leg is only moderately stable on

smooth surfaces and is very unstable on uneven terrain so

done differently about your own prosthesis

that it wobbles and makes balance difficult.

3. [ have the feeling that the prosthesis is a part of me:

A. All of the time—I always know where the prosthesis is and

rarely if ever have to look at it.

A Program to Improve Efficiency
and Reduce Risks
for Wheelchair Locomotion

Physiology Research Laboratory
VA Medical Center
Dayton, Ohio 45428

and

Laboratory of Applied Physiology
Wright State University

School of Medicine

Dayton, Ohio 45435

Roger M. Glaser, Ph. D.?, Agaram
G. Suryaprasad, M.D., and Bonita
M. Fichtenbaum, M.S.

We have recently completed three
studies which relate to the physiological
stresses of wheelchair locomotion and
wheelchair design. One study com-
pared the metabolic and cardiopulmon-
ary responses of eight geriatric (x = 62
yr) wheeichair-dependent (WD) and 10
geriatric (x = 58 yr) ambulatory (AMB)
patients during locomotion (1). WD sub-
jects propelled their wheelchairs, and
AMB subjects walked, on a level tiled
surface for 5 minutes at their preferred
velocities. During the last minute of each
locomotive bout, oxygen uptake (VO,),

2Please address correspondence to: Dr. Roger
M. Glaser, Department of Physiology, Wright
State University School of Medicine, Day-
ton, Ohio 45435. (Tel. 513-873-2742.)

pulmonary ventilation (VE), and heart
rate (HR) were determined (2). These
procedures were repeated twice for a
total of three trials.

Mean results for the two groups of
patients were as follows: velocity = 2.0
and 3.1 kmehr'; VO, = 0.535 and 0.814
Temin™; VE = 19.4 and 26.2 Tsmin-'; and
HR = 95 and 92 bpm during wheelchair
locomotion and walking, respectively.
Similar HR values for wheelchair loco-
motion and walking tend to suggest
comparable relative stress for these ac-
tivities. When taking into consideration
that wheelchair locomotion (arm exer-
cise) elicits peak VO, values that are ap-
proximately 30 percent lower than those
for walking (leg exercise), it appears that
both groups performed at a similar per-
centage of their peak aerobic power. The
37 percent lower velocity for wheelchair
locomotion as compared to walking
should be taken into consideration when
scheduling activities for these patients.

The second study compared meta-
bolic and cardiopulmonary responses of
geriatric patients during wheeichair pro-
pulsion utilizing conventional handrim
stroking and arm cranking {3). Seven
volunteers (X = 61 yr) each operated
their own conventional handrim wheel-
chair as well as a wheelchair incorpo-
rating an arm-crank propulsion system.
During three 5-minute test bouts on a

evel tiled surface, their preferred veloc-
ties were determined by an electronic
speedometer. VO,, VE, and HR were de-
termined during the final minute of each
test (2). Mean preferred velocity was
found to be 2.1 and 2.8 kmehr' for the
conventional and arm-crank wheel-
chairs, respectively. During locomotion
at these velocities, respective VO, was
0.655 and 0.560 1emin'; VE was 20.3
and 20.8 1smin"* and HR was 94 and 90
bpm. When the arm-crank wheelchair
was operated at the same velocity as
the conventional wheelchair (2.1 kme
hr), VO, and VE were 11 percent lower
and HR was 8 percent lower. The equal-
ity of VO, for operating these wheel-
chairs at the preferred velocities
suggests that the selection of velocity
was based upon absolute metabolic de-
mands. The 33 percent higher velocity
for the arm-crank wheelchair and the
lower HR values at this velocity indicate
that this form of locomotion is more ef-
ficient. This is further supported by the
lower physiological responses ob-
served during operation of the arm-crank
wheelchair at the same velocity as the
conventional wheelchair.

It is also interesting to note that the
WD subjects using the arm-crank
wheelchair had preferred velocities that
were similar to the AMB subjects during
walking in the above study.




The third study compared the phys-
iological responses of 9 AMB and 7 WD
volunteers to conventional and arm-
crank wheelchair propulsion (4). Both
wheelchairs were operated for 5 minutes
at 3.0 kmehr' on level tiled and carpeted
surfaces. The arm-crank-propelled
wheelchair was operated in 3 gear ra-
tios—low, medium and high. During the
final minutes of each test VO,, VE and
HR were monitored (2). These physio-
logical responses were significantly
lower during arm-crank wheelchair pro-
pulsion for all gear drive ratios on each
surface. Average percent differences
were as follows: 30 percent and 33 per-
cent for VO,; 27 percent and 34 percent
for VE; and 16 percent and 19 percent
for HR, on the tiled and carpeted sur-
faces, respectively. In absolute terms,
these responses were lower for the arm-
crank wheelchair on the carpeted sur-
face than for the conventional handrim
wheelchair on the tiled surface. As with
the aforementioned study, these results
indicate that arm-crank wheelchair pro-
pulsion is less stressful than conven-
tional handrim wheelchair propulsion at
given velocities. Both of these studies
suggest that arm-crank propulsion sys-
tems could be used to improve wheel-
chair design and thereby improve patient
rehabilitation.
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The Mechanical Properties of
Porous Coated Orthopaedic Alloy

VA Medical Center
1601 Perdido Street
New Orleans, Louisiana 70146

Stephen D. Cook, Ph. D., Allan M.
Weinstein, Ph. D., and Frederick
S. Georgette, B.S.

Objectives

Although existing designs of total joint
replacement have proved extremely
successful, it is generally recognized that
the chances of failure increase with time.
Foremost among the causes is a loos-
ening of the prosthesis, causing pain and
ultimately necessitating reoperation. In
order to avoid this, a great deal of re-
search has been conducted upon im-
proving the fixation of orthopaedic
implants to their surrounding bones. The
most favoured approach involves the
use of a porous surface upon the im-
plant to allow the bone to mechanically
interlock with the implant. Even though
this method has been demonstrated to
produce good fixation, very little atten-
tion has been directed towards the ef-
fect that applying a porous coating to a
solid substrate has upon the mechanical
properties of that material. This ques-
tion is obviously important if failure of
a prosthesis by loosening is not to be
replaced by mechanical failure. From an
engineering standpoint, the application
of a thin porous coating may affect the
substrate in two ways—{i) the introduc-
tion of surface flaws enabling fatigue
cracks to be more easily initiated, and
(i) the high temperature typically re-
quired to attach the porous coating to
the substrate may severely impair the
mechanical properties of that alloy.

This research project is designed to
investigate the extent to which the ap-
plication of a porous coating compro-
mises the mechanical properties of a
cobalt-base alloy. In this way, it is in-
tended that the long-term aim of pro-
ducing orthopaedic implants capable of
extended service lives will be furthered.

Background

The use of metallic prostheses in the
treatment of degenerative diseases, to-
gether with their use in the reconstruc-
tion of joints in trauma victims, has
increased greatly in the last 10 to 15
years. A survey of Total Hip Replace-
ment (THR) operations indicates that in
the United States in 1976 approximately

80,000 total hip joints were implanted
{(1). At the same time, however, it is be-
coming recognized that the current de-
signs offer only a limited service life,
after which a reoperation may be ne-
cessitated. For this reason, many
younger patients are being urged to
forgo treatment until a later age.

in an attempt to improve upon this
situation, a great deal of research has
been concerned with developing a truly
permanent prosthesis. That research has
concentrated upon the areas of implant
design and fixation. To be successful, a
prosthesis must not only be able to
withstand the stresses imposed upon it
by the body but must also be able to
impose upon the body stresses com-
patible with the maintenance of ade-
quate bone stock. In this way, the
surrounding bone continues to support
the implant and thereby minimizes the
danger of mechanical failure.

At present, orthopaedic implants are
attached to the skeletal system by either
a tight fit or use of a polymethyl meth-
acrylate grouting agent. The latter tech-
nique has gained widespread
acceptance, since it offers the possibility
of immediate fixation for a large range
of applications. It is generally consid-
ered a slowly-failing system, however,
due to eventual failure of the cement re-
sulting in implant loosening. The most
promising new approach to implant fix-
ation is the use of a porous coating upon
the solid implant, a system which allows
bone to grow into the surface and
thereby provide a mechanical interfock.

The concept of using a porous sur-
face to aid fixation of an implant is not
new, having been introduced by Klawit-
ter (2) in the late 1960's. Since then, the
efficacy of this approach has been dem-
onstrated by frequent clinical trials.
These have shown that, provided a suit-
able pore structure is available, viable
bone will grow into the implant (3). In-
deed, at least two designs of THR are
available commercially in which a po-
rous surface is provided for implant fix-
ation. Both of these, however, are of a
comparatively simple shape and un-
likely to find widespread acceptance.

The optimum pore structure for im-
plants has been examined by a number
of authors {4-6). Clemow et al (6) has
indicated that, from a mechanical
strength standpoint, the optimum pore
size lies with the range 100—200 um.

A large number of candidate mate-
rials have been examined for use as po-
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rous implants, including ceramics (3),
carbons (7), polymers (8, 9), and metals
(6, 10, 11). Within this latter category,
only two major groups of alloys, tita-
nium and cobalt-based alloys, have been
found to satisfy the major criteria of cor-
rosion resistance, mechanical strength
and biocompatibility. Stainless steel, al-
though used extensively as a surgical
implant material, is not suitable for po-
rous coatings due to its insufficient cor-
rosion resistance associated with the
increased surface area of the metal (10).

Of all those materials which may be
categorized as biomaterials, possibly the
most successful (apart from the pre-
cious metals) is that alloy known var-
iously at Vitallium, HS21, or Co-Cr-Mo
Alloy. The alloy was developed in 1929
for use in dentistry where its excellent
corrosion resistance and ease of casting
could be utilized. Since that time, Co-Cr-
Mo alloy has been used in jet engines
and, more recently, in the field of ortho-
paedics. Surprisingly for an alloy with
such a long life, a basic understanding
of its physical metallurgy has only re-
cently been achieved.

For the majority of purposes, Co-Cr-
Mo alloy is fabricated by investment
casting since this technigue offers the
advantage of excellent dimensional ac-
curacy. The resultant product is gener-
ally referred to as being in the as-cast
condition. As such its microstructure
consists of a cored dendritic structure
with an interdendritic dispersion of car-
bides. Until recently Co-Cr-Mo alloy was
used in this as-cast condition. However,
it was found that, by subjecting the alloy
to a short high-temperature heat treat-
ment, its ductility could be increased
sufficiently to ensure passage through
ASTM standard F-75. The reactions ex-
tensively studied by Clemow and Dan-
iell (12), have been shown to consist of
a series of carbide transformations pre-
ceding their dissolution into the matrix
phase. As a result, a number of varied
microstructures may be observed de-
pending upon the time and temperature
employed.

Due to its inherent importance with
regard to the performance of total joint
prosthesis, the mechanical properties of
Co-Cr-Mo alloy have been examined by
a number of investigators (13). The fa-
tigue properties of the alloy have been
examined by Miller, Rostaker and Gal-
ante (13} and Devine and Wulff (14). The
former authors derived S-N curves to
show that there existed, at the 95 per-

cent confidence level, a chance that 0.1
percent of the specimens would fail
when stressed for 5 x 107 cycles within
the cyclic range of 6,900-46,500 p.s.i.
This corresponds very closely with the
results of Devine and Wulff (14) even
though different techniques of testing
and environments were used. Both re-
ports, however, stress the importance
that non-metaliic inclusions and gas po-
rosity have in determining the true fa-
tigue strength of a specimen.

The influence of heat treatment upon
the mechanical properties of Co-Cr-Mo
alloy is confusing, with diverging resplts
being reported.

Hollander and Wulff (15) have shown
that by using a solution treatment pro-
gram of 1280 degrees C for 2 hours, a
substantial improvement in elongation,
together with a slight improvement in
yield and ultimate tensile strengths may
result. Later work at the same institu-
tion, reported by Cohen, Rose and Wulff
(16), indicates that by judicious use of
heat treatment, a substantial improve-
ment in all three properties may be ob-
tained. Unfortunately, no fatigue
properties are available for comparison.

Dobbs (17) found that the use of a so-
lution treatment of 1250 degrees C for
2 hours caused a substantial decrease
in mechanical properties. A probable
explanation for this behavior is that the
higher temperature used caused com-
plete dissolution of the carbides and al-
jowed extensive grain growth to occur
once the grain boundaries were freed of
any obstacles to motion. A similar
anomaly was reported by Clauss, Gar-
rett, and Weeton (18) in the early 1950’s,
when Co-Cr-Mo alloy was still being used
in jet engines.

It is this danger of excessive grain
growth, caused by a solution treatment
at temperatures high enough to allow
carbide dissolution, which constitutes
the basis of this research project. Should
this growth occur during the attach-
ment of a porous coating, then the me-
chanical properties of the substrate
would be severely compromised, and
the possibility of fatigue failure in vivo
increased.

As stated earlier, in order to obtain
satisfactory growth of bone into a coat-
ing, it is necessary that a pore structure
of at least 100 um be provided. In order
to achieve this, three methods of fabri-
cating coatings have been used:

1. Gravity compaction in which
spherical powder is aliowed to settle

around the substrate while being held
in shape by a ceramic mold. The whole
assembly is then heated to ensure
proper sintering of the powder {19).

2. A binder technique in which an or-
ganic binder such as methyl cellulose is
used to adhere the particles to the sub-
strate. The binder is burnt off at high
temperature when, as above, sintering
of the particles occurs (11).

3. Thin wires of the desired material
are mechanically kinked, pressed into the
desired shape and sintered together (20).

An obvious similarity between all
three methods is the use of a high tem-
perature sintering period to achieve me-
chanical integrity. The temperature
needed was found by Klawitter, Wein-
stein and Peterson (19) to depend upon
the size of the particles being used—the
larger the particles, the higher the tem-
perature. For particles of 104-149um
diameter, a temperature of 1310 degrees
C for 3 hours was required, while for
particles of 420-595 um diameter it was
necessary to raise the temperature to
1330 degrees C. This is consistent with
the results of Weloch, Pilliar, and McNab
(11), who sintered Co-Cr-Mo alloy par-
ticles at 1200 degrees C, but in their case
the diameter of the sphere was only
around 4.4 um. Such a size is unlikely
1o result in a pore structure large enough
to allow adequate bone ingrowth.

it is apparent, therefore, that in order
to produce a porous surface having a
large enough pore size, it is necessary
1o use a sintering temperature in excess
of 1300 degrees C. Since carbide dis-
solution in Co-Cr-Mo alloy occurs at 1210
degrees C and above, the sintering pro-
cess introduces a substantial danger of
complete carbide dissolution leading to
massive grain growth and a substantial
alteration in mechanical properties of
the material.

The objective of this research project
is to examine the extent to which the
application of a porous surface influ-
ences the fatigue properties of implant
grade Co-Cr-Mo alloy.

This work will consist of the following
four stages—(i) Examination of the in-
fluence upon the microstructure of the
addition of a porous Co-Cr-Mo alloy
coating to a solid substrate, (ii} Deter-
mination of the fatigue properties of as-
cast and heat treated Co-Cr-Mo alloy, (iii)
Determination of the fatigue properties
of porous coated Co-Cr-Mo alloy, and
{iv} Examination of the relationship be-
tween microstructural changes and fa-



tigue properties for the coated
specimens.
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Amputee Survey

The objective is to define the popu-
lation of amputees served by the San
Francisco VAMC and identify the nature
of any problems they are experiencing
in obtaining prosthetics care.

To date questionnaires have been re-
ceived from 176 (70 percent) of the orig-
inal 2561 amputees sampled. Of the non-
respondents, 12 were deceased, 22 could
not be reached by mail or phone, and
41 did not respond for reasons un-

known. Analysis of the available date
yields the following statistics:

Type of Amputation  Number Percent
Below Knee 98 55.7
Above-Knee 46 26.1
Syme 4 2.3
Knee Disartic. 1 0.6
Hip Disartic. 1 0.6
Bilateral 26 14.8
BK/BK 13 74
BK/AK 10 5.7
AK/KD 1 0.6
AK/AK 2 1.1
Cause of Amputation
Trauma 129 733
Vascular 44 25.0
with Diabetes M. 17 9.7
without Diabetes 27 15.3
Tumor 3 1.7

Thirty-four of these respondents have
been evaluated in the laboratory, with a
goal of 50 evaluations to be completed
by October 1981. The survey evaluation
includes a physical examination, short
medical history, prosthetic evaluation,
subjective and objective gait analysis,
videotaping, and discussion of the am-
putee’s problems and needs regarding
his prosthesis.

Evaluation of these 34 amputees in-
dicates that a significant number of am-
putees experience deficiencies in
prosthetic functioning and gait resulting
from inadequate prosthetic fitting, fab-
rication, and alignment techniques.

The three most serious deficiencies
encountered were: (i) poor socket fit, (i)
poor foot plantarflexion function and
rollover, and (iii) faulty prosthetic
alignment.

Employment post amputation Dysvascular Trauma Tumor Total, %
Unable to work due to amputation 9 13 0 22 12
Unable to work for medical reasons 9 5 2 16 9
Changed occupation due to amputation 4 67 1 72 41
Retired 17 11 4] 28 16
Unemployed 1 4 Y 5 3
Part-time work or school 0 9 0 9 5
Same occupation 4 20 0 24 14
Daily Walking

No Response 0 1 0 1 1
None 6 3 0 9 5
In House only 9 6 1 16 9
1 to 6 Blocks 24 58 2 84 47
Over 6 Blocks 4 29 0 33 19
Unlimited 1 32 0 33 19

46% of the 176 respondents feel they have socket fit problems, 35% feel their limbs are
too noisy, and 73% identify additional activities or recreation they would like to perform

but are unable.
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The following results are based on 34
evaluations including 19 below-knee, 12
above-knee, and 3 bilateral amputees
{22 BK limbs and 15 AK limbs).

The questionnaire responses from
these same 34 amputees indicate that
55 percent of the BK amputees and 40
percent of the AK amputees felt that they
had socket problems. The BK figure
agrees well with the assessment of the

22 BK Limbs

Socket Problems 59%
Suspension Problems 59%
Knee Problemns —
Foot Problems 82%

Good Fair
Alignment 45% 35%
Cosmesis 73% 27%

clinic team, but the AK figure is mark-
edly different. This suggests that the AK
amputees often may not realize how
poor the fit and function of their
prostheses actually are! Since most of
the socket problems were identifiable
and correctible, there is hope for a sig-
nificant improvement in the prosthetics
care of this group of amputees.

15 AK Limbs

80%
40%
60%
60%
Poor Good Fair Poor

20% 27% 60% 13%
0% 67% 27% 6%

Problem-Case Referrals

The objective is to provide specialized
prosthetics treatment for amputees re-
ferred to the program because of un-
usual problems.

The research staff has become in-
volved in the care of problem amputees
referred for evaluation both from within
this facility and from outside of it. Six
problem cases of veterans with lower
limb disabilities have been referred to
the RERP during this report period. Three
of these were unilaterial BK amputees
with longstanding fitting problems and
skin breakdown, one was a bilateral BK
amputee with multiple epidermoid cysts,
one was a quadrilateral amputee with
AK and BK leg amputations and one was
a diabetic with structurally collapsed foot
and ankle secondary to osteoarthritis.
All the BK amputations were success-
fully fitted with lightweight PTS
prostheses incorporating removable
wedge suspension air-cushion sockets
with soft insert liners. The AK amputa-
tion was fitted with a quadrilateral
socket with hip joint and pelvic beit. The
patient with foot problems was fitted
with a PTB fracture brace.

Prosthetic Device Evaluation

The purpose of the evaluation proj-
ects is to evaluate the safety, durability,
and functional value of new lower-limb
prosthetic devices, and to gather all the
information necessary to manufacture,
prescribe, fit and fabricate (and teach

the use of) the tested devices. More de-
tails are to be found in the previous
progress report, in BPR 10-35. The initial
object of testing is the UC-BL Four-Bar
Linkage Polycentric Knee.

Since the initiation of this evaluation
project on July 1, 1980, a total of 32
above-knee veteran amputees have been
evaluated as potential candidates for
clinical trial of the Four-Bar Linkage po-
lycentric knee unit. Of the 24 subjects
who have been inciuded in the study, 18
have undergone followup evaluations
after using the Four-Bar Knee Unit for
periods ranging from 4 to 11 months.
Thus the evaluation project is progress-
ing steadily—but not at the projected
rate of 25 six-month follow-ups by June
of 81. (That goal is now projected for
November 1981.)

Preliminary clinical experience with
the Four-Bar Knee Unit indicates that,
with few exceptions, it has been well re-
ceived by the amputees. Factors such
as the more “natural” behavior of the
linkage during level walking, and the
unusually large knee flexion angle al-
lowed by the design, have received es-
pecially favorable comment. A few
subjects have reported feeling that less
total energy is required for daily ambu-
lation with their research limbs com-
pared to previous ones.

Subjects who previously had worn
hydraulic knee units have frequently
noted some initial difficulty in getting
used to the characteristics of the pneu-
matic swing-phase control of the Four-

Bar Knee Unit. At the three-month ex-
aminations and later follow-up exami-
nations, however, reactions generally
have been favorable.

Early problems were encountered with
excessive noise due to loose bearings,
erratic swing-phase-control action due
to leaks in the damper piston seals, and
deformation of the cosmetic cover re-
sulting from improper shaping. These
problems with the prototype devices
have been solved by minor modifica-
tions, which have been duly noted in the
instructions for manufacture.

Occasional problems in achieving ad-
equate socket fit and optimal alignment
have been experienced by local prosthe-
tists, resulting in some amputee dissat-
isfaction. Solutions to these problems
have been worked out on an individual
basis with the assistance of the RERP
research prosthetist, and descriptions of
the improved fitting/alignment proce-
dures have been included in the
prosthetist’s instruction manual.

Design and Development of Lower-
Limb Prosthetic Devices

The objective is to develop new con-
cepts, methods, and devices for im-
proved prosthetics care. The
Biomechanics Laboratory of the Univer-
sity of California at Berkeley conducts
engineering development projects for
the RERP under VA contract. Current
projects include prosthetic foot design
and experimental studies of knee sta-
bility control in above-knee amputees.
Metal Keel—SACH Foot—Six produc-
tion prototypes, as shown in Figure 1,
have completed a 1,000,000 cycle accel-
erated toe-flexion testing program at
Kingsley Manufacturing Co. with no ex-
ternally visible signs of damage. A slight
delamination of the foam material from
the metal keel was apparent after sec-
tioning of the feet, but all test specimens
were considered fully functional at the
end of the test.

Microcomputer Control of an Above-
Knee Prosthesis—Improvements to the
servo-valve that controls the hydraulic
swing-control damper were completed
during this report period. Amputee tests
of the latest prototype prosthesis have
shown excelient control of swing phase
and have demonstrated the advantages
of individual programing of the table-
look-up system for generating the resis-
tance pattern desired by the amputee.
The control program is -being modified
to allow true adaptive control that will



respond automatically to changes in
walking speed. Tests of the stance phase
control mode have shown the need for
an improved servo-valve design which
can be isolated from the compliance of
the accumulator in the modified U.S.
Manufacturing Co. Dyna-Plex unit. The
present valve provides good control for
flexion resistance but is ineffective in
controlling the rate of knee extension.
A new valve under construction will
provide identical control of flexion and
extension resistance, which is impor-
tant in allowing for control of knee ex-
tension at heel contact, followed by
control of knee flexion prior to push off.

Mobility Aids for the Severely Disabled

The objective is to develop mobility
aids for people with severe locomotor
disabilities.

Powered Spring Suspension Wheel-
chair—Components for five wheel-
chairs less seats and footrests were
delivered in December 1980, and two
units have been assembled, as shown
in Figure 2. A new seat was designed
with a contoured backrest and simple
body-compatible recline kinematics

suitable for use in either a powered or
manual recliner. A simple linkage-type
latch mechanism allows easy adjust-
ment of armrest length to any of three

FIGURE 1.
The UC-BL/Kingsley metal keel SACH foot.
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FIGURE 2.

The UC-BL powered spring-suspension wheeichair

positions, plus a fourth position folded
back out of the way for transfers in and
out of the chair. The armrests follow the
recline motion in any of the three nor-
mal armrest positions. Footrests were
further developed for increased strength
and improved impact resistance. A new
dead-man switch was designed, with a
thin, lightly spring-loaded music-wire
activator that is easily held in the “on”

position while driving but readily re-
leased to shut down the controller and
apply the chair’s fail-safe brakes. One
chair has been fitted with the new seat,
footrests, and dead-man switch, and has
performed well in extensive driving by
project staff. Daily use testing of the chair
is beginning.

Solid State Controller—Five Bowman
UC-BL controllers were delivered in Oc-
tober 1980, and the units fitted to the
first two powered spring-suspension
wheelchairs have performed flawlessly.
Spring Suspension Caster Forks—Parts
for twenty forks were delivered in De-
cember 1980, and the eight units assem-
bled so far have performed very well on
three different kinds of electric
wheelchairs.

Total Hip Joint Loosening

The objective is to examine the causes
of loosening in implanted total hip joint
prostheses. Working under a VA con-
tract, researchers” in the Departrment of
Radiology at the University of California
Medical Center in San Francisco (UC-SF)
have adapted the algebraic reconstruc-
tion technique {ART) to the imaging
problem in computed tomography (CT)
created by the presence of metallic
prostheses in the reconstruction field.
The filtered back-projection methods
currently employed by commercial
scanners are unable to eliminate the ar-
tifacts that arise from x-ray opacity of

“Faul, D.D., Cann, C.E., Couch, J.L., Russell,
M.L., and Genant, H.K.
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the prosthesis, as shown in Figure 3. In
the case of bilateral femoral head re-
placements, the severity of these arti-
facts is compounded. Since the image
in the ART approach is reconstructed it-
eratively ray-by-ray, it can be recon-
structed without using the rays that are
severely attenuated by passing through
the metal object.

In the present application of ART, the
location of the prosthesis within the slice
is determined using the software pro-
vided by the manufacturer of the CT

FIGURE 3.

A conventional Computed Tomography (CT) scan through the distal pelvis of a total hip
patient. When standard CT reconstruction algorithms are used, the presence of metal in the
plane of the scan results in a so-called “STAR" artifact that obliterates much of the infor-

mation in the reconstructed image.

FIGURE 4.

The Algebraic Reconstruction Technique (ART) can be used to eliminate or greatly reduce the
STAR artifact and thereby permit the use of CT scans in the study of total hip joint loosening.

scanner. After the rays which pass
through the prosthesis are flagged, the
image is reconstructed by an iterative
process consisting of: (i) constructing a
set of pseudo-projections based on an
estimation of the image, (ii) comparing
these pseudo-projections with the cor-
responding real projection data, and {(iii)
back-projecting onto the pixel matrix the
appropriately weighted differences be-
tween the real and the pseudo-data. For
the flagged rays in the region of “hol-
low” data created by the opacity of the

prosthesis, the differences between the
real data and the pseudo-data are set to
interpolated values that insure a con-
vergence to an artifact-free image.

Figure 4 shows an ART reconstruc-
tion of the same data used to generate
Figure 3. The CT numbers are accurate
in the part of the image that shows the
cement-bone interface, the region of pri-
mary interest for this prosthesis loos-
ening study. At present, the additional
calculations required for such a recon-
struction procedure require a significant
additional expenditure of computer time,
but the procedure is now suitable for
limited application as a research tool in
the study of hip-joint loosening.

Total Knee Implant—Biotelemetry

Wadsworth VA Medical Center
Wilshire and Sawtelle Boulevards
Los Angeles CA 90073

Division of Orthopaedic Surgery
UCLA Center for Health Sciences
Los Angeles CA 90024

John R. Moreland, M.D., and
J. Michael Kabo, Ph. D.

During the previous report period,
continual evaluation of clinical results
involving various knee designs has re-
mained a primary emphasis. Proposals
for companion total hip and total knee
implant biotelemetry studies have been
generated and are currently under re-
view. The total hip biotelemetry project
represents a continuation of a joint ven-
ture between the UCLA Biomechanics
research section and the Jet Propulsion
Laboratory to fabricate and test in vitro
several laboratory prototypes. The com-
panion knee project requests resources
for the initial design and debugging
phase of the project. In conjunction with
anticipated funding for the projects, a
computer system has been installed and
the elimination of installation related
problems is underway. Several general
programs for data acquisition and dis-
play are also under development.

Numerous commercial prosthetic de-
signs are currently being evaluated as
suitable recipients for the necessary
electronic assemblies, but no such unit

has been found to date. Total compo-
nent redesign as well as modifications
to only the tibial component are alter-
natives currently being contemplated.
Clinical, developmental and manufac-



turing considerations have served as
deterrents to a design consensus to date.

Finally, a few customized tibial com-
ponents have been implanted for prob-
lem cases, and short and long term
followups will be evaluated relative to
their standard component counterparts.

Program for Evaluating
and Monitoring the
Disvascular Patient

VA Medical Center
Castie Point, N.Y. 12551

Bok Y. Lee, M.D., William
R. Thoden, M.A,, Frieda S.
Trainor, Ph. D., and David
Kavner, D. Eng.

This program (initially reported in BPR
10-35, Spring 1981} concerns the devel-
opment and use of a technique for po-
larographic monitoring of local hydrogen
gas desaturation for measuring myocu-
taneous perfusion in rehabilitation of the
amputee and in evaluating the effects
of lumbar sympathectomy in the man-
agement of atherosclerotic occlusive
disease. This report concerns comple-
tion of initial work in the application of
the technique of polarographic monitor-
ing of local hydrogen gas desaturation
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for measuring myocutaneous perfusion
rates in the dog (Fig. 1).

To study the effect of lumbar sym-
pathectomy on myocutaneous perfu-
sion, four dogs underwent unilateral
lumbary sympathectomy (right) with the
contralateral limb (left) serving as a con-
trol. Local hydrogen gas desaturation
was monitored at the gastrocnemius
muscle. Anesthesia was established and
maintained throughout the procedure
using a 0.2% intravenous drip of so-
dium thiopental. After anesthesia was
induced, the dog inhaled a mixture of
3 percent H, gas in room air until full
tissue saturation was achieved. The hy-
drogen gas concentration was moni-
tored using hydrogen-sensitive polarized
needle electrodes inserted into the gas-
trocnemius muscle. Once full tissue sat-
uration was achieved, the dog’s
inhalation of the H,room-air mixture
was stopped and normal ventilation of
room air was initiated. Simultaneous
bilateral recordings of the hydrogen gas
washout were made on a stripchart. The
hydrogen gas concentration in the mus-
cle tissue gradually falls to zero; the lo-
cal desaturation of the hydrogen gas
follows an exponential decay in accor-
dance with Fick's Law of indication di-
lution. A total of 47 hydrogen gas
washout curves were analyzed. Ob-
tained myocutaneous perfusion rates

ranged from 7.42 to 24.15 m1/min/100 g
tissue with an average myocutaneous
perfusion rate of 12.57 cc/min/100 g tis-
sue obtained for the nonsympathec-
tomized limb. At approximately one
week intervals following right lumbar
sympathectomy, follow-up bilateral my-
ocutaneous perfusion measurement
was done. A representative tracing
{(shown in Fig. 1) demonstrates an
almost three-fold increase in myocuta-
neous perfusion of the sympathectom-
ized gastrocnemius muscle as compared
to the non-sympathectomized contralateral
muscle.

These initial data demonstrate an
increase in myocutaneous perfusion
following lumbar sympathectomy.
Additional studies will be made to
evaluate repeatability of flows and to
establish a trend in myocutaneous per-
fusion changes following lumbar
sympathectomy.

Washout Curve -~ L. Limb

{(Control)

Ventilated with 3% Hz-room

air mixture until stabilized.™®

Washout Curve - Rt. Limb
{Lumbar Sympathectomized)

Blood Flow Perfusion Rate-
mi/min/ 100 g tissue

L. = 23.4

Rt. = 66.0

Chart Speed 0.25 mm/sec.

FIGURE 1.

Myocutaneous perfusion measured by hydrogen washout. Curves were obtained from electrodes inserted into gastrocnemius muscle (Ca-
nine). Dales: Rt. Lumbar Sympathectomy 2/10/81; Perfusion Study 2/19/81.
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Seating Systems for Body Support
and Prevention of Tissue Trauma

VA Medical Center

3301 Miranda Avenue
Palo Alto, California 94304
Inder Perkash, M.D.

Rehabilitation Engineering Center
Children’s Hospital at Stanford
Palo Alto, California 94304
Richard Pasillas, C.O.
Donna Politi, O.T.R., and
Maurice LeBlanc, M.SM.E., C.P.

To date, 57 prototypes of the Veteran's
Administration Seating Interface Or-
thosis-Paraplegic (VASIO-P) have been
evaluated by patients with spinal cord
injuries between T1 and T12.

After a minimum of 3 months on the
cushion, responses of the patients have
reinforced originally favorable com-
ments relating to comfort, balance, pos-
ture, practicality, and cleanliness. One
noticeable and frequently cited advan-
tage of VASIO-P is a continual increase
in the patients’ sitting tolerance.

Highly active patients, those involved
in sports, gardening, or farming, have
presented problems concerning accel-
erated deterioration of the cushion with
constant use. This difficulty could be
alleviated by distributing two cushions
to the patients for alternate use.

Transfers remain difficult for many due
to height of the cushion. Solutions to
this problem are being investigated. Data
obtained in clinical testing is being used
in the formulation of prescription guide-
lines for clinicians.

Research and development on a seat
cushion for guadriplegics, designated
VASIO-Q (Q-quadriplegic), is now
complete. In this model the surface fea-
tures have been modified to accom-
modate the special biomechanical and
pressure-reduction needs of patients
with quadriplegia who cannot perform
pressure reliefs independently. Clinical
testing of VASIO-Q is scheduled for July
1981. A lap tray, and leg and trunk sup-
ports, will also be designed as acces-
sories 1o this total body support system.

Design of a third cushion, specific for
patients with a cauda equina injury, will
permit the increased movement and
postural changes exhibited by these pa-
tients. Research and development on
this cushion will start after clinical test-
ing of VASIO-Q.

Test data on VASIO-P indicate that it
performs quite satisfactorily in reducing

sitting pressures to acceptable levels.
This research further shows that mod-
ular seating systems can meet the or-
thopedic and pressure reduction needs
of a wide population of spinal-cord-in-
jured or otherwise asensory persons.
Steps are underway to make VASIO-P
commercially available.

Clinical and Laboratory
Study of Amputation

Prosthetics Research Study
Eklind Hall, Room 409
1102 Columbia Street
Seattle, Washington 98104

Ernest M. Burgess, M.D.

Limb Viability—Elective amputations
were performed on 52 patients at VA
Medical Center, Seattle, during the
6-month period. An additional number
of patients were included from other
hospitals within the University system.
This smaller group of patients was se-
lected for their specific research value.
Following up on earlier double-blind in-
vestigation using transcutaneous p0,
determination at several limb sites, this
test is now included as a routine pre-
operative amputation determination.
The surgeon is informed of the perfu-
sion levels prior to the amputation. This
rapidly increasing statistical base will
establish the value of noninvasive gas
perfusion measurements for limb via-
bility and preoperative determination of
correct amputation level.

The microwound research is now ac-
tively underway. A small standardized
and carefully controlled microwound is
made on the threatened limb at a pre-
determined site distal to the level of am-
putation. The wound is harvested from
the amputated limb, then subjected to
a variety of histological and biochemical
observations. This “in vivo” examina-
tion uses the clinical wound healing at
the amputation site as a control and also
forms a yardstick against which other
non-invasive tests carried out at the
same site can be measured.

Preoperative tissue viability is also
being studied experimentally using a
laser Doppler and multispectral reflec-
tometry. These objective laboratory pa-
rameters are non-invasive, inexpensive,
without hazard or discomfort to the pa-
tient, and potentially valuable. We have
not, during the time covered in this
progress report, used radiocactive iso-

tope measurements (Xenon 133). An
excellent study of that test continues at
VAMC Tucson (Malone et al). The Seat-
tle facility is in regular communication
with science persons at Tucson and at
other limb viability laboratories in this
country and abroad.

Significance of these studies extends
well beyond the more accurate preop-
erative determination of amputation
level in the ischemic limb. There is very
little current information about the na-
ture of wound healing in the presence
of ischemia. This work is directed to
more fully understand this process.

Prosthetics Research—A synthetic
composite energy-storing foot has been
developed in conjunction with the
Boeing Technology Services. 1t is de-
signed to improve functional perfor-
mance for active lower-extremity
amputees. Prototypes have been bench
tested and stress analyzed. Design and
materials are now standardized. The foot
is undergoing testing on ten selected
amputees. Performance evaluation will
be reported within the next few months.

The Prosthetics Research Study has
enlarged its Amputee Evaluation Group
to include fifty subjects. These individ-
uals have been carefully selected from
a larger volunteer group and are avail-
able for field testing of new and modi-
fied lower-extremity prostheses and
components. The majority of these in-
dividuals are from the veteran amputee
population.

Surgical and immediate Postsurgical
Amputation Research—Clinical re-
search continues concentrating on dis-
tal levels of amputation in the ischemic
lower limb. Of particular investigative
concern are amputations through the
forefoot and midfoot. This area of lower
limb amputation is least well under-
stood. Healing failure following surgery
is frequent requiring higher secondary
amputation. A more precise knowledge
of the healing capability, as measured
by preoperative studies of the type PRS
is investigating, and innovative surgical
techniques, are urgently needed.

PRS continues to evaluate statistically
all amputations carried out by its staff.
These data form a base for inhouse cri-
tique and comparison with other
services.



Education—A list of current publications is
as follows:

1. Burgess EM: Postoperative Manage-
ment. Atlas of Limb Prosthetics, Surgi-
cal and Prosthetic Principles. American
Academy of Orthopaedic Surgeoms. The
C.V. Mosby Co., pp. 19-23, 1981.

2. Burgess EM: General Principles of Am-
putation Surgery, Atlas of Limb Pros-
thetics, Surgical and Prosthetic
Principles. American Academy of Or-
thopaedic Surgeons. The C.V. Mosby Co.,
pp. 14-18, 1981,

3. Burgess EM: Principles of Amputation
Surgery in the Upper Limb. Atlas of Limb
Prosthetics, Surgical and Prosthetic
Principles. American Academy of Or-
thopaedic Surgeons. The C.\. Mosby Co.,
pp. #2-94, 1981.

4. Keg = B: Prostheses and Assistive De-
vices for Special Activities. Atlas of Limb
Prosthetics, Surgical and Prosthetic
Principles. American Academy of Or-
thopaedic Surgeons. The C.V. Mosby Co.,
pp. 423-434, 1981.

5. Burgess EM: Principles of Amputation
Surgery in the Lower Limb. Atlas of Limb
Prosthetics, Surgical and Prosthetic
Principles. American Academy of Or-
thopaedic Surgeons. The C.V. Mosby Co.,
pp. 272-276, 1981.

A list of publications submitted for pub-
lication is as follows:

Enoka R, Miller DI, Burgess EM: Below-knee
amputee running gait. Accepted by Amer
J Phys Med.

Burgess EM, Matsen FA: Current concepts
for determining amputation levels in pe-
ripheral vascular disease. Accepted by
J Bone & Joint Surg.

Johansen KH, Burgess EM: Improvement of
amputation levels in limb revasculari-
zation. Accepted by Surg Gyn Obstet.

Kegel B, Burgess EM, Starr TW, Daly WK:
Effects of isometric muscle training on
residual limb volume, strength, and gait
of below-knee amputees. Accepted by
Phys Ther.

Burgess EM & Forsgren SM: The Prosthe-
tist. Chapter in Orthopedic Rehabilita-
tion edited by V.L. Nickel. New York,
Churechill Livingstone. In Press.

Burgess EM: Amputations of the Lower Ex-
tremity. Chapter in Orthopedic Rehabil-
itation edited by V. L. Nickel. New York,
Churchill Livingstone. In press.

Burgess EM: Amputation Surgery and Post-
operative Care. Chapter Three in Reha-
bilitation Management of Amputees,
edited by S. N. Banerjee and J.V. Bas-
majian. Baltimore, Williams and Wil-
kins. In press.

There were two presentations in this time
period:

1. Dr. Ernest M. Burgess: Instructional
Course, “Advances in Amputations,”
American Academy of Orthopedic Sur-
geons Annual Meeting, Las Vegas, Ne-
vada, March 1, 1981.

2. Shirley M. Forsgren: “Prosthetic Foot for
Active Sports—Preliminary Studies”
American Orthotics and Prosthetics As-
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sociation Region IX and California Or-
thotics and Prosthetics Association
Combined Meeting, Monterey, Califor-
nia, June 5-7, 1981.

The Prosthetics Research Study staff
supported by an excellent national fac-
ulty is conducting a Continuing Educa-
tion workshop in Seattle, September 11—
12, 1981. This course is entitled “Mod-
ern Amputation Surgery and Prosthetic
Rehabilitation” and is sponsored by the
American Academy of Orthopaedic
Surgeons.

Transcutaneous Oxygen Tension as
Predictor of Wound Healing

Limb Viability Laboratory
University of Washington
Dept. of Orthopaedics (RK-10)
Seattle, Washington 98195

Frederick A. Matsen Ill, M.D., Craig
Wyss, Ph. D.

Prosthetics Research Study
Eklind Hall, Room 409
1102 Columbia Street
Seattle, Washington 98104

Ernest M. Burgess, M.D.

This project is directed at exploring
the use of transcutaneous oxygen mea-
surements as a means of evaluating
noninvasively the severity of peripheral
vascular disease and the effect of ther-
apeutic measures. Five separate studies
are in progress: (i) prospective evalua-
tion of transcutaneous PO, before am-
putation for peripheral vascular
insufficiency; (ii) a longitudinal evalua-
tion of transcutaneous PO, values over
time in a patient population at risk for
peripheral vascular disease; (iii) pre- and
post-vascular-reconstruction measure-
ments of segmental transcutaneous ox-
ygen values; (iv) measurement of
transcutaneous oxygen during and after
exercise on a treadmill in patients with
claudication; and (v) development of a
multi-probe transcutaneous PO, moni-
tor for mapping transcutaneous oxygen
over the extremities.

A preliminary paper has been sub-
mitted covering a double-blind study of
58 amputations with respect to the pro-
spective evaluation of amputation suc-
cess or failure using transcutaneous
oxygen measurement at the proposed
site of amputation. Of 38 below-knee
amputations, all patients having pro-
spective transcutaneous PO, values
greater than 40 mm Hg healed primar-

ily; 15 of 19 patients having transcuta-
neous PO, values greater than zero but
less than 40 mm Hg healed primarily, 2
after local revision but 2 failed after in-
tercurrent thrombosis. All three patients
having prospective transcutaneous PO,
values of zero failed to heal and re-
quired revision to an above-knee am-
putation. There were only 3 primary
above-knee amputations and the bal-
ance of this group were various types
of foot amputations. Patients are being
added to this data pool continually.

Patients appropriate for longitudinal
study, pre- and post-vascular-recon-
struction, and exercise testing are picked
up as they appear on the vascular or
amputation services at the Veterans
Administration Hospital. For the longi-
tudinal study, limbs contralateral to an
amputation are studied at 6-month in-
tervals when patients return for check-
ups. Segmental transcutaneous oxy-
gens are measured in patients sched-
uled for vascular reconstruction and then
are measured again about 1 week after
their surgery to evaluate the effective-
ness of the treatment. Patients who
come into the vascular lab for exercise
testing are measured with transcutane-
ous oxygen electrodes just above the
ankie cuffs (used for evaluating ankle
blood pressure); these patients are fol-
lowed during and after exercise, and re-
sults are compared to the ankle pressure
measurements.

Development of the multi-probe
transcutaneous oxygen sensor is in the
prototype stage and will be completed
in about nine months. This muiti-probe
sensor will be used to measure simul-
taneously a number of skin sites for
mapping out prospective amputation
flaps and for monitoring the changes in
transcutaneous oxygen that attend ex-
ercise over the extremities of patients
experiencing claudication.

References

1. Matsen FA, Wyss CR, Simmons CW: The
effects of compression and elevation on
the circulation to the skin of the hand as
reflected by transcutaneous PO,. Plast.
Reconstr. Surg. In press.

2. Burgess EM, Matsen FA: Current con-
cepts for determining amputation levels
in peripheral vascular disease. (Edito-
rial} Accepted by J Bone Jt Surg.
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Manxillofacial Restorative Materials
and Techniques

Temple University School of
Dentistry

Broad Street and Montgomery
Avenue

Philadelphia, Pennsylvania 19122

VA Medical Center

1601 Kirkwood Highway

Wilmington, Delaware 19805

John F. Lontz, Ph. D., James W.
Schweiger, D.D.S., M.S., and
Mary D. Nadijcka, Ph. D.

Introduction

The research and development effort
continues with five project efforts inte-
grated into a comprehensive develop-
ment plan (1) from basic science and

Figure 1(a)—Starting two-part split mold of dental stone. Dimen-
sions are: Length: 11 inches; Width: 7 inches; and Height: 5 inches.

Weight is 16.5 |b. (7.49 Kg.).

IR AL BT R N RN

technology to clinical servicing through-
out the VA system and interested non-
VA maxillofacial clinics. Inasmuch as
small maxillofacial prosthetics attracts
very little commercial interest or shows
the prospect of profitable venture op-
portunity because of low market vol-
ume (2}, the development plan has been
extended in the direction of large pros-
thetic devices. Accordingly, special ef-
fort, as will be recounted in the
succeeding five project sections, has
been imposed on producing more flow-
able modification of PDM siloxane with-
out changing the inherent chemistry, and
devising or inventing a stone mold rein-
forced and stabilized with metal framing
to protect the stone mold, despite its
hardness, from fracturing and breaking
into pieces during the pressuring oper-
ation. Salient progress and success have

FIGURE 1.
Simplified, inexpensive Design B of large dental stone mold for fab-
ricating large prosthetic devices, beyond current limits with conven-
tional dental stone molds, using angle-iron encasing to stabilize the
stone mold against fracture from imposed-pressure molding and
from thermal stresses during polymerization at 100° C.

stone mold.

mold.

been achieved in this.

Although not extensively reported at
this time, the project section on human-
safe aspects continues to engage a ma-
jor portion of the effort in support of a
biocompatibility test protocol which has
already been submitted for panel re-
view in a committee of the American
Society for Testing and Materials. The
most pressing task is in separating and
specifying the factors in cell growth
medium that are in accord with current
developments in cell growth. The major
burden of this obligatory work is the
detailing, fine-tuning so to speak, of the
specified testing media and procedures
to assure reproducibility of the test re-
sults by other tissue culture laboratories.

Figure 1.(0)-—-Assembled, closed arrangement of stone mold with the
reinforcing case ready for filling in with additional stone, set from
water slurry, to lock the rectangular reinforcing case to the two-part

Figure 1(b)—Extended display introducing the rectangular angle iron
reinforcing case to encase the two-part components of the stone



Product Development

Of the tentative Performance Stan-
dards as required by FDA regulations
(1) and listed in a recent BPR (3), that of
the elastic modulus is being particularly
scrutinized for the 18 production cam-
paigns {to supply the VA-wide needs)
for effects of milling schedules, shelf life,
and applied tensile straining rates. These
effects constitute the essential features
for quality and uniformity which in-
creasing clinical acceptance of oligo-
merized PDM siloxane depends upon.

It has been observed that the speci-
fied range of 680-80 Ib/sq in (0.41-0.55
MPa) in tensile modulus has been in-
creasing with consequent production
campaigns to 100-140 Ib/sq in (0.69-0.97
MPa). This is tentatively ascribed to more
efficient blending of the prepolymer and
oligomer, based on longer milling time
in combination with elevated milling
temperatures. These milling adjust-
ments have been observed to produce
a more tractable, more moldable stock.

The milling adjustments have been
undertaken as one aspect of the Com-
prehensive Development Plan (1) to at-
tain lower viscosity {plastisol)
oligomerized stocks, with increased oli-
gomer content, for large prostheses
molding in dimensions beyond those
limited by the B5-inch diameter dental
stone molds (4). As recounted in the en-
suing fabrication project section, this
task effort proved highly successful. The
new 70/30 (prepolymer/oligomer} com-
position is programmed for studies on
effect of oligomer unit dimethylsiloxane
lengths in combination with a range of
catalyst levels on the extensile proper-
ties as was done with the 80/20
composition.

Fabrication

Maxillofacial restorations heretofore
have been limited to cross-sectional
areas of 16 square inches with a maxi-
mum circular width of 4 inches and a
maximurm depth of 2.5 inches, using the
largest (Hanau Giant) dental stone mold.
These dimensions preclude the fabri-
cation of a significant number of facial
and cranial reconstructions, of func-
tional and cosmetic augmentation of
congenital amputated limb defects, and
of various cosmetic implants. These en-
larged reconstructions are served by
prosthetic forms made from a variety of
undefined, often untraceable ingredient
sources, compounded forms of unspec-
ified, proprietary grades of latex rubber,
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acrylics, and polyvinylchloride plasti-
sols, etc. Presently available proprietary
compositions have one or more serious
consumer {end-use) deficiency, among
these being age-cracking (rubber), de-
tergent and solvent gumming (acrylic
terpolymers), tear rupture (RTV sili-
cones), shrinkage and stiffening (poly-
vinyl chloride), and gradual elastic
distortion or set. In general, the proprie-
tary formulations, usually left to the par-
ticular skill or preference of the
prostheses technologist, are deficient in
mechanical endurance, especially tear
resistance and sustained elasticity. All or
most of these deficiencies can be elim-
inated or substartially reduced in the
larger prostheses by use of PDM silox-
ane (5), with the availability and use of
a new series of molds larger than the
current dental stone mold sizes. Con-
sequently, in this project section, sev-
eral developments have been
undertaken to (i) provide simple, inex-
pensive mold frames to reinforce the
fracturable stone mold compounded
from gypsum, (ii) develop a modified
form of the current PDM siloxane (80/20
prepolymer/oligomer ratio) for in-
creased viscous flow, and (iii) work out
the technical details for thermal sched-
ule for polymerization to performance
standards. During this period of these
three tasks, initiated as reported in the
previous BPR, each has been advanced
to the point at which the first successful
right-foot prosthesis has been made (and
accepted by the client for consumer end-
use testing) using the new 70/30 pre-
polymer/oligomer PDM siloxane
composition.

The initial trial of pressure-forming of
a 11 in x 7 in (77 in2 area) rectangular
mold was carried out in the fabrication
of an internally pigmented (SY-2) form
of a prosthetic forward toe section of a
right foot, measuring seven inches in
length with an area of approximately 21
square inches extending to the back of
the client's heel. Repeating the model
foot molding described in a previous
BPR (5), the new rectangular box mold,
depicted in Figure 1, withstood success-
fuly without any fracturing the 2000 Ib
applied forming force with the new 70/
30 prepolymer/oligomer PDM siloxane
composition and the ensuing 3 hour
thermal polymerization schedule. This
first molded cosmetic foot prosthesis,
endowed with substantial tear resis-
tance (lacking with RTV silicones) has
been accepted by the client with satis-

faction. A series of replicate moldings
are in progress for the purpose of {i) re-
trieval, client-wear evaluation (tear re-
sistance, comfort, hygienic maintenance,
and signs of dermal sensitivity) and (ii)
ascertaining pressure limits of the new
rectangular box mold design with the
specified hardware. The client wear
evaluation will include a series of 3, 6
and 12 months usage with selected tests
for elastomer deterioration.

Pigmentation (Internal Shade Stocks)

The current standard six-shade inter-
nal pigmentation has been augmented
with a melanin replicating color for
which Monastral Gold {DuPont) has been
selected from a series of dry pigments
resistant to color fading and to hygienic
{sodium hypochlorite) disinfecting.

Unlike most darkening or red-sur-
pressing artist’s chars or carbon, Mon-
astral Gold has imposed less than a
5 percent diminution in the arterial red/
carotene yellow ratio (Hunter DCD b/a
as described in {6)). The first of a series
of production runs (Shade SY-2A) of
internally pigmented PDM siloxane has
been sent to outside maxillofacial pros-
thetics clinics for esthetic replication of
Afro cosmetic skin coloration to aug-
ment the current standard 6-shade
range, from carotene (yellow) dominant
to arterial (red) dominant shades of stock
material.

Toxicity and Potential Tumorigenicity

Under the regulatory provisions of the
Medical Devices Act (7), the protocol for
testing and demonstrating non-toxicity
of PDM siloxane has been formally sub-
mitted to the American Society for Test-
ing Material (ASTM) Committee F04,
Medical and Surgical Materials and De-
vices, at the Spring meeting, May 13—
15, 1981, at Phoenix, Arizona, and as-
signed the ASTM Designation
F04.20.06.52. Under the title, Standard
Practice for Assessment of Orofacial
Materials and Devices by Culturing with
Human Excised Donor (HED) Tissues,
the proposal now undergoes study by
a committee of panelists representing
producers, users and general interest
reviewers from whom comments will
be forthcoming, ranging from construc-
tive modifications to challenges for var-
ious reasons of rationale, relevance, and
so on. Thus a series of committee re-
views are expected with prospects of
modifications and experimental verifi-
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cation of changes obligated to attain
ultimate ASTM approval (8). It is ex-
pected this may take from 2 to 3 years
at the ASTM level serving as the vol-
untary agency (7) for FDA approval.

The principal components of the HED
tissue biocompatibility testing proce-
dure for nontoxicity include {a) specifi-
cations for chemically defined medium,
(b} augmentation with minimal and spe-
cific human serum protein factors for
attachrent, viability, and division, and
(c) provision for preliminary (7 day)
qualification of selected {a) and (b) com-
ponents with an established HED cell
line followed by extended (7 and 30 day)
testing with specific HED primary tissue
for rated (specification) biocompatibil-
ity. This protocol provides ample op-
tions and flexibility to the proposed
recommended practice for favorable
panel review.

Present emphasis is accorded to the
separation of the Holmes alpha-l-pro-
tein growth factor (AGF) from human
serum and blood fractions (9) and es-
tablishing an appropriate activity titer
for the above qualification test. It is ex-
pected that as the proposing laboratory
for the biocompatibility test, this project
will provide samples of the qualified AGF
to reviewing participants of the ASTM
F04 Committee. At present there are
three biocompatibility test proposals
under review by the F04 Committee re-
lating to other medical and surgical
prosthetic biomaterials of which only the
HED has the highest degree of human
relevancy.

Field Participation

The total number of participants,
based on requests for starter sets (kits)

of PDM siloxane, has reached a total of
52 VA and non-VA maxillofacial clinics.
This number represents only a fraction,
by about one-fifth, of expected partici-
pants as the initial program was set up.
Despite the drop-out of an estimated
one-fourth of the participants starting in
1978, there is evidence that private clin-
ics, especially those furnishing artificial
eyes, are coming into the program.

The principal problem continues to
reside first in the lack of professional or
technical job classification and secondly,
on the fulltime commitment of a pros-
thodontist or D.D.S. clinician. The latter
in most of the participating clinics has
to undertake the time-consuming bur-
den of the non-dental tasks of (i) max-
illofacial, sculptural replicating from
hydrogels to stone molds, followed by
(i) thermal molding, and by (iii) external
painting for cosmetic matching, tasks
which more properly can and should be
carried out by skilled technicians, partic-
ularly medical sculpturists. These tasks
require special laboratory devices and
supply items. Except for the devices,
notably forming molds, press, and oven
(or autoclaves), the supply items are fur-
nished in the starter kit shown in Fig-
ure 2 with a complete array of pigments
for external cosmetic matching and
items special to molding along with a
manual of procedure.

In the meantime, inquiries continue to
come for non-pigmented PDM siloxane
to be constructed into implants, an area
that would give a new impetus to med-
ical or surgical sculpturists. This area is
being purposely restrained until the bio-
compatibility test procedure now under
review by ASTM is formally adopted.
Although normal laboratory, environ-

FIGURE 2.
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mental and personal cleanliness in an
isolated room is the practice in the pro-
duction of PDM siloxane, it is necessary
and planned to set up a clean room nor-
mally required for medical or surgical
grade devices meeting Federal
guidelines.

To continue the availability and com-
petent utilization of PDM siloxane, this
project program continues to report on
the research and development and clin-
ical utilization at conferences of several
national professional organizations. Ad-
ditionally, a workshop similar to that or-
ganized in the Spring of 1979 is planned
for the Fall of 1981.

Production

A total of 18 production campaigns
and over 600 one-pound units of PDM
siloxane have been produced since in-
ception of the program in 1979. Each
campaign is specific to repeated lots of
prepolymer (General Electric SE4524U),
oligomer (Dow DC 200 silicone fluid),
catalysts (CST and AST), and modifica-
tions of processing procedures. The
modifications are related to the product
development tasks, mentioned in the
earlier section of this report, specifically
to extend the milling time and temper-
ature range of operation and to incor-
porate higher levels of oligomer. Each
production campaign is monitored by
quality control on expected product
performance, especially tensile con-
stants and tear resistance, and biocom-
patibility quality assurance.

References

1. Lontz, Jchn F and James W. Schweiger:
(ibid in succeeding reference) Maxillo-
facial Restorative Materials and Tech-
niques, Bulletin of Prosthetics Research

Starter kit of internally pigmented PDM siloxane in six (6) internally
pigmented shade with accessories for external, cosmetic painting to
match patient skin coloration. The kit includes:
{a) 6 one-pound stocks of PDM siloxane,

b) 10 pure pigments for external cosmetic painting,
)} xylene thinner for vehicle (d),

} adhesive vehicle (Silastic Type A Adhesive),

) separator {foiling over stone mold} compound,
f) product description list by chemical types,
g) accessory list with sources of commercial supply, and
h) manual {draft) of procedure for molding and painting.



BPR 10-32 Fall 1979; see Table 1, pages
378-379 detailing the six project efforts
with defined tasks (specific objectives)
integrated and consolidated toward the
goal of providing a standard, continuing
supply of safe and effective prosthesis
stocks and their derived prosthetic
devices.

Ibid BPR 10-32 Fall 1979; see pages 401—
402, Ctinical Services and Cost
Advantage.

Ibid BPR 10-34 (Vol. 17, No. 2) Fall 1980;
see Table 2, page 105.

Teledyne Hanau Company, 80 Sonevil
Drive, Buffalo, N.Y. 14225, Hanau Recon
Flask Cat. No. 155-1, Manganese Bronze,
overall dimensions 114’ length x 74"
width, and 776" height, priced at $350,
August 11, 1978.

Ibid BPR 10-35 (Vol. 17, No. 3) Spring
1981; see the project section Il {Fabri-
cation), molding a foot prosthesis.

Ibid BPR 10-27 Spring 1977; see pages
162-164, section on digital color differ-
ence indices on human skin. Also BPR
10-28 Fall 1977; p. 195-186.

Federal Register, July 25, 1978, Part V.
FDA, Medical Devices, Procedures for
Development of Standards.

Standards Survey, publication prepared
by Bureau of Medical Devices, FDA, 1980.
This survey lists the ASTM among the
various voluntary standards agencies
(see Reference (7)) providing biomater-
ials standards for materials and devices;
the ASTM acceptance of standards is by
series of panel reviews from a consen-
sus of interested producers and users.
Holmes, Richard, Gretchen Mercer and
M. Foght: Properties and Function of
Human alpha-I-Protein Growth Factor. In
Vitro 3:139, 1967; one of a series of pa-
pers reporting on the role of human
serum-derived growth factors now
adopted in the human excised donor
(HED) tissue culturing system.
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Rehabilitative Engineering
Support for the Atlanta
VA Medical Center

Georgia Institute of
Technology

Office of Interdisciplinary
Programs, 225 North Ave. N.W.
Atlanta, Georgia 30332

Gary W. Kelly

A Manual Wheelchair Wheel with In-
tegral Anti-Rollback (Gary Kelly, Princi-
pal Investigator, and Theresa Ackerman,
Research Technologist.)

The first prototype of the wheelchair
wheel was developed and tested.
Among the problems appearing in the
design were: the unit weighed too much,
rolling friction was too high, spacing of
the push rings was inadequate, a lock-
out was needed to disable the anti-
rollback feature, and surfaces needed to
be smoother with fewer prominences to
catch the user’s hands.

The efforts this year have been in two
directions: to determine further user
suggestions as to improvements in de-
sign, and to begin designing a wheel
that would meet as many of the known
criteria as possible.

Work is continuing on gathering as
much user input as possible, in order to
obtain enough information to rank-
order the preferences in design changes.
At present, it appears that the highest
preference is the reduction of friction,
followed by need for a lock-out, reduced
weight, cleaner surfaces, etc.

Design modification will continue,
taking into consideration the prefer-
ences and the intent of providing future
options such as forward dynamic brak-
ing, 2-to-1 or 1-to-2 gearing, and other
options.

It is anticipated that within the next 6
months the design decisions will be
made, and the second prototype with
reduced weight and friction as well as
many other human-factors improve-
ments will be constructed. In addition,
alternate construction methods are
being considered to reduce the cost and
enhance the manufacturing feasibility of
the wheel.

An Alternate Vehicle for the Physically
Handicapped. (Gary W. Kelly, Principal
Investigator, and Theresa Ackerman,
Research Technologist.)

At this time the authors are complet-
ing an analysis of the proposed vehicle’s
stability and other operating parame-
ters. All studies to date indicate that the
proposed vehicle will successfully meet
all of the established design criteria.
Work will continue on analysis of the
control design and this is expected to
evolve into a major project in itself. The
control system presently designed may
offer some surprising advantages com-
pared with present wheelchairs. The ad-
dition of a microprocessor and the innate
capability of self-leveling provides the
additional attraction of programmable
weight-shifting and contro! of accesso-
ries that is far superior to that of any
system presently offered or proposed,
as far as is known.

Some new accessories have been
perfected for use in power chairs (in-
cluding the proposed vehicle) by the re-
search staff at the Georgia Institute of
Technology. Among these are the auto-
matic leg-bag evacuator complete with
a robotic arm which would allow the in-
dependent use of restroom facilities. This
student project is nearing completion of
a first prototype for use on conventional
power chairs. Research is continuing on
other accessories that would be useful
in promoting independence of the ve-
hicle user. It is intended that the final
design be a system design rather than
a model with add-ons; each component
will be a modular unit integral to the
whole, which is expected to reduce pro-
duction costs.

Mr. Ken Morgan has been the gradu-
ate student who carried the majority of
the work to its present state. This report
draws upon his graduate thesis for the
Master's Degree in Mechanical Engi-
neering. The study will be carried on by
a new team who will further develop a
clear description and graphics presen-
tation that will be used in additional dis-
cussions with wheelchair users, to gain
more insight into their needs and also
to involve them further in the design
process.

In addition, the planning for the elec-
tronic control system will continue along
with studies of vehicle dynamics, struc-
ture, and human-factors design. It is es-
timated that this study is approximately
2 years from completion of detailed en-
gineering drawings—from which a pro-
totype can be built.
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Sonic Orientation and Navigational Aid
(SONA) (Gary W. Kelly, Principal Inves-
tigator, Robert D. Atkins, Research Sci-
entist, and Theresa Ackerman, Research
Technologist.)

The present design of the sonic ori-
entation and navigational aid (SONA)
has reduced the size of the packaging
required for the transmitter. Efforts at
reduction beyond this point may not
make sense, since the limits of available
touch-tone keyboard sizes is being
reached. Tests with present units dem-
onstrate the packaging to be satis-
factory, though much more actual eval-
uation is needed.

With the addition of the new General
Instruments music board to the receiv-
ers, the tone quality problems have been
solved. Virtually all the technical prob-
lems associated with this project seem
to have been eliminated.

The receivers have been improved by
the addition of new tone synthesizer
chips. The best version is the program-
mable General Instruments board. This
promises to provide an infinite variety
of tones at low cost and with high qual-
ity. Similar boards are appearing on the
market with highly attractive low costs.
This probiem appears solved with even
greater simplicity than was initially
anticipated.

This project now intends to address
the utilization of more complex trans-
mitters and receivers. These new de-
vices are replacing the older ones rapidly
and have considerably more coding
possibilities. Future plans for SONA in-
clude the use of the device for elevator
control, a decentralized environmental
control system, and (coupled with
speech output) an information system
for blind travelers. The hardware will be
updated to provide the capability for
these uses later.

Special consideration will be given
over the next 18 months to coding.
Adoption of reasonable standard codes
and location for SONA must be deter-
mined. Efforts will continue to involve
other centers in testing and evaluating
this unique orientation aid which aliows
the visually impaired traveler to identify
and locate specific kinds of known ele-
ments within his environment, such as
entrances and exits, elevator call but-

tons, etc.

Electronic Typewriter for the Visually
Impaired (Gary W. Kelly, Principal Inves-
tigator, Lawrence Moriarty, Research
Scientist, and Theresa Ackerman, Re-
search Technologist.)

A typewriter for the visually impaired,
designed to meet the needs of persons
with usable residual vision who could
utilize large print, is based on word-pro-
cessor technology. It consists of a key-
board, a processor with memory,
cassette storage of information, and a
large character display.

The philosophy of the device’s con-
struction has changed in the last 6
months, and the attempt has been to
modularize the entire device into elec-
tronic subsystems that are compatible
with almost any TTL circuitry. At this
fime the video board, the RS232 serial
interface, the display, the display soft-
ware, and the cassette interface board
are separate operational subsystems in-
terrelated through the central 1802
Processor.

The research team is developing a
system that is not tied to one processor
or mainframe word-processing/text-ed-
iting system. This may have some
unique design advantages.

The decision to modularize the entire
device into electronic subsystems was
made to accommodate the newly
emerging word-processors, which may
ultimately be readily modified to meet
the needs of this device—rather than
requiring the specialty manufacture of
a dedicated device for the visually im-
paired. At present, the research staff is
studying several new word-processors
that are portable and have the capability
of being modified with one or more of
the presently developed subsystems to
allow their performance as cassettes 1o
a large-print reading machine for the
visually impaired. This effort is ex-
pected to be successful, and technical
discussions have begun with one large
electronics manufacturer to modify one
of their machines for the purpose of
dermonstrating this capability.

The users would aid in evaluating this
approach over that of continued con-
struction of a dedicated system. We ex-
pect that the piggy-back approach of
loading additional subsystems onto ex-
isting devices will provide, at lower cost,
a device superior to the present proto-
type. We anticipate having the first suc-
cessful system operating in 12 months.

A Musical Language Computer Termi-
nal for the Visually Impaired (Gary W.
Kelly, Principal Researcher, and David
Ross, Graduate Research Assistant.)

The most recent accomplishments in
the project have been the development
of improved software which allows more
versatility, including use as a prelimi-
nary training tool. The tone-generating
software for the ALF Products music
board has been improved to allow use
of the nine-voice board. This board,
while lacking some of the features of the
earlier three-voice boards, is still suit-
able for this use at a significantly re-
duced cost.

In addition, improvements have been
made in the teaching programs to allow
for an increased vocabulary. These pro-
grams have been useful in the prelimi-
nary work done with a small sample of
blind students.

It is expected that, over the next 6-to-
9 months, additional software will be
developed to allow this musical lan-
guage to be used with a text editor
package available for the Apple Il Plus.
it is anticipated that even better soft-
ware for teaching the language will also
be available. Efforts will continue to ob-
tain the cooperation of other facilities to
evaluate the language and its uses.

Communicator for the Speech Im-
paired (Gary W. Kelly, Principal Investi-
gator, and Theresa Ackerman, Research
Technologist.)

This portable battery-operated device
consists of a Morse Code entry system,
a microprocessor, memory, and a dis-
play. It is designed to permit the user to
input any phrase or set of characters
into the Morse entry system for trans-
fation into normal alphanumeric text ap-
pearing on the display.

The Communicator has undergone
several design alterations since the con-
struction of the first prototype, each
adding versatility and cost effective-
ness. The most recent design, initiated
in May 1981 and rapidly approaching
fruition in the form of a fully working
prototype, is technically state-of-the-art
and gives the power and versatility to
make the communicator an extremely
useful device to the widest possible user
population.

There are now two models, one with

the Morse Code input and one with a
pushbutton keypad input. With the ex-



ception of the input, the two models are
functionally and operationally identical.
All of the software and 95 percent of the
hardware is identical between them,
thus giving added versatility without
losing economies of scale.

The microprocessor is Intel's 8748,
which has become the industry stan-
dard for one-chip microcomputers. We
have designed the device using a slow
clock (3.6 MHz) which cuts the cost of
the microcomputer to as low as $19.00
in volume. This can be less, if the pro-
jected volumes justify mass program-
ming. The use of Intel’s revolutionary
2816 EEPROM,, just introduced, gives the
user the capability to program his own
messages. Message capability has been
increased to 112 programmable lines
which are linkable to any length. The
use of a liquid crystal display insures
that the display will be visible even in
direct sunlight and, when coupled with
an increased use of CMOS components,
-promises 6 or more hours of continuous
operation per charge.

We believe that the present configu-
ration represents the final iteration in
the design process, as all major short-
comings of the previous designs have
been addressed and eliminated. It is still
possible, however, for some minor “fine
tuning” to be required as we continue
to get feedback from potential users of
this device.

The new model will feature 112 user-
programmable messages. A good rede-
sign providing an improved housing of
the model, of optimal shape and size, is
expected to be completed within the
next 6 months.
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Introduction

Numerous approaches have been
made to facilitate communication with
hearing-impaired and profoundly deaf
persons. A number of methods and var-
iants are widely used. An extensive
summary has been prepared by Gar-
mon (1). Various forms of sign lan-
guage, finger spelling, lip reading, oral
gestures, cued speech, and amplifica-
tion constitute elements of total com-
munication. Instead of competition
between elements, some now believe
that combinations may be effective.

Cued speech is a very effective tech-
nique for facilitating speech communi-
cation with people who are deaf.
Developed by Orin Cornett, cued speech
makes use of eight hand shapes held at
four different positions near the face by
the speaker. These manual syllable cues,
in combination with lipreading, can en-
able realtime speech perception by a
deaf person with accuracy comparable
to that of an individual with normal
hearing (2). Not a form of sign language,
cued speech is described as a code de-
signed to take the guesswork out of Ii-
preading. For it to enable clear
communication, of course, the speaker
must know and use cued speech.

Recognition of the limitations inher-
ent in any communication method for
deaf people that requires each speaker
to learn a special code led to the estab-
lishment, in 1971, of a collaborative re-

search effort between Gallaudet College
and Research Triangle institute (RTl). The
objective of this project was and is the
development of a wearable device, now
called the automatic cuer or Autocuer,
which through electronic speech analy-
sis can present to the deaf wearer visual
cues equivalent to those of manual cued
speech.

Research demonstrating the feasibil-
ity of an autocuer—that such a hypo-
thetical device could remove ambiguities
from lipreading—was performed dur-
ing the period 1973-76 with support pri-
marily from the National Institute of
Neurological and Communicative Dis-
orders and Stroke. Gallaudet College
trained deaf subjects, then tested them
on their ability to perceive speech pre-
sented via computer-cued videotapes.
RTI developed the hardware and soft-
ware for this effort, including a mini-
computer-based speech analyzer for
automatic generation of cues. The re-
sults of this work are reported in (3).

Figure 1 illustrates how the Autocuer
display will appear to the user. The dis-
play shows, on a syllable-by-syllable ba-
sis, the results of the speech analysis.
Consonant ambiguity is removed by vi-
sual symbol shape; each shape repre-
sents one of nine groups of visually
contrastive consonants. Vowel ambigu-
ity is removed by visual symbol loca-
tion; each of four locations represents
one of four groups of visually contras-
tive vowels. As seen in the figure, the
symbols and locations are produced us-
ing two seven-segment displays. The
wearable Autocuer will incorporate two
seven-segment light-emitting diode
(LED) displays built into one lens of eye-
glasses, to produce the symbols super-
imposed on the user's visual field; the
user will move his head to position the
cue symbols beside the speaker’s mouth.

Initiation of VA and NASA Invoivement

By 1978 sufficient progress in speech
science and integrated circuit technol-
ogy had been made to justify undertak-
ing the development of the wearable
Autocuer. RTl and Gallaudet began dis-
cussions with the Veterans Administra-
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FIGURE 1.
“He can go” and “Get a coat” appear similar to the lipreader. The Autocuer analyzes the speech signal and displays visual symbols to clear
up such ambiguities. Wearer can position eyeglass-mounted display so that symbols appear near speaker’s mouth.

tion and with NASA concerning such an
undertaking. Key technology required for
the wearable Autocuer was identified in
the results of NASA R&D programs, and
a 3-month study funded by NASA was
begun in March 1979 to examine all as-
pects of Autocuer feasibility. The study
results did verify technical and com-
mercial feasibility of the wearable Au-
tocuer. A group of older deaf adults
(primarily veterans) were trained and
tested at Gallaudet to verify that older
adults typical of the VA deaf population
can accurately receive speech syllables
through Autocuer cues plus lipreading.

The joint VA-NASA project to develop
and field test a modest number of wear-
able Autocuers began in August 1979.
Because of the active technical role to
be played by NASA in transferring its
technology to the project, the decision
was made that NASA would be the con-
tracting agency.

Project Status

Project key accomplishments through
June 1981 include the following:

1. Autocuer and Autocuer Display pat-
ent applications were filed with the U.5.
Patent Office in October 1980.

2. An exclusive license agreement
(based on the above inventions) and a
no-cost contract for the commercializa-
tion of the Autocuer were signed by RTI
and Gallaudet with Telesensory Sys-
tems Inc. (TSI of Palo Alto, CA in De-
cember 1980. Under the terms of the
contract, TSI will build 24 wearable Au-
tocuers for use in the field test.

3. Using output from the Autocuer
speech analyzer, deaf subjects at Gallau-
det College scored 77 percent correct
word recognition accuracy as compared
with 57 percent accuracy on equivalent
uncued speech and 86 percent accuracy
on error-free computer-cued speech.

These tests were completed in
April 1981.

4. As of June, 1981, the design of the
wearable Autocuer was nearing com-
pletion, and construction of prototypes
was under way at RTl. The first dem-
onstration of wearable units to NASA
and the VA was planned for
November, 1981.
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Sensorineural hearing loss in adults
is frequently accompanied by a problem
in speech discrimination, that is, diffi-
culty in phonemic differentiation at su-
prathreshold sound levels. Since the
mere use of amplification does not al-
leviate the problem of reduced speech
discrimination ability, instruction in lip-
reading becomes an important com-
ponent of the aural rehabilitation
program. Although the literature
abounds in methods, materials, and ap-
proaches in lipreading instruction, very
little reference is made to quantification
of improvement resulting from lipread-
ing instruction.

Communicative efficiency of a hear-
ing-impaired person results from hear-
ing and seeing others talk. However, the
use of bisensory input in lipreading in-
struction has not been examined as a
part of aural rehabilitation procedures.
The application of computer-assisted in-
struction in lipreading with an auditory-
visual interactive device, such as the
David Instructional System (Vontech,
Inc.), lends itself appropriately to a more
scientific examination of the effects of
auditory-visual stimulation than has
been available in the past.

The goal of this project is to provide
new information on the effectiveness of
computer-assisted instruction as a sup-
plementary procedure for drill and prac-
tice in a program of lipreading
instruction for post-lingually hearing-
impaired adults. The first-year objec-
tives include the development, con-
struction, and video-tape production of
12 lists of 25 sentences each which are
sequentially and progressively more dif-
ficult as lipreading stimuli. These sen-
tences will be used as drill and practice
material in a program of lipreading in-
struction at Olin E. Teague Veterans’
Center (OETVC).

Beginning the second year, 12 lipread-
ing lessons will be developed. Twenty-
four patients at OETVC will be given
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audiological evaluations, the Utley
Lipreading Test, and the Hearing
Performance Inventory which measures
the degree of hearing handicap. These
subjects will be given 12 1-hour group
lipreading lessons. During the interval
between group lipreading lessons, these
subjects will receive supplementary drill
and practice with computer-assisted in-
struction in lipreading provided by the
David Instructional System. For one
group of subjects, linguistic redundancy
will be systematically increased to the
degree necessary for correct identifica-
tion of drill and practice sentences. For
another group of subjects, auditory re-
dundancy will be systematically in-
creased to the degree necessary for
correct identification of drill and prac-
tice sentences. Data will be analyzed to
determine (i) whether the magnitude of
the change in Utley lipreading scores in
the Linguistic Redundancy group and the
Auditory Redundancy group is signifi-
cantly different, (ii) whether changes in
the Hearing Performance Inventory pro-
files are related to Utley lipreading
scores, and (iii) whether there are sig-
nificant changes in the degree of hear-
ing handicap as measured by the
Hearing Performance Inventory follow-
ing lipreading instruction.

The probable impact or long-term sig-
nificance of this research will lie in a
number of interdependent outcomes:
(i) increased understanding of the effect
of systematic use of auditory-visual
stimulation on the development of lip-
reading skill, (ii) guantification of im-
provement in lipreading skill as a
function of instruction and type of prac-
tice, (iii) the development of a more sci-
entific basis for construction of
lipreading stimulus materials that vary
from easy to difficult, {iv) identification
of the utility of computer-assisted in-
struction in lipreading for post-lingually
hearing-impaired adults, and (v) a better
understanding of the effects of lipread-
ing instruction in terms of how im-
proved lipreading skill relates to a
person’s degree of hearing handicap.

The Clinical and Acoustic
Parameters of Hearing Aid
Effectiveness

VA Auditory Research Laboratory
Washington, D.C. 20422

G. Donald Causey, Ph. D.
Lioyd S. Bowling, Ed. D.
Linda J. Hood and Claire L.
Hermanson, Research Audiologists

Clinical evidence and experience in-
dicate that there is a wide range of com-
municative (auditory) performance in
persons whose thresholds range from
normal to the limits of the audiometer.
Even persons having similar audi-
ograms with respect to severity and
configuration can demonstrate varying
abilities to extract meaning from speech
and environmental stimuli. To measure
this performance clinically, we must seek
those tests whose scores reflect such a
range of disability. It is most likely that
no single score can adequately repre-
sent a hearing handicap.

In the continued search for a satisfac-
tory discrimination test, it is necessary
to compare existing tests and their
properties to the test in question. Since
the CID W-22 Auditory Test (Hirsh et al.,
1952) is still commonly used in clinical
settings and its performance is well-
known, it is customary and proper to
use it for comparison purposes. The
basic underlying construction of the CID
W-22 Test is phonetically balanced lists
of monosyllabic words. In contrast, a
phonemic balancing scheme was fol-
lowed by Lehiste and Peterson (1959)
and Peterson and Lehiste (1962) in the
formation of the CNC (consonant-nu-
cleus-consonant) Test. One of the out-
growths of the CNC Test has been the
Northwestern University Auditory Test
No. 6 (Tillman and Carhart, 1966), more
commonly referred to as the NU 6. The
present study utilizes these three audi-
tory discrimination tests in a quest for
information regarding the equivalency,
reliability, and future utility of the NU 6
Auditory Test as it is presently recorded.

The commercially available record-
ings of the CID W-22 Test were used in
this study. The CNC lists were recorded
by a young male graduate student in
broadcast communications. In an effort
to incorporate the effects of coarticula-
tion, a carrier phrase in which the test
word was embedded was used. The
phrase is “say the again.” A fe-
male speaker with considerable experi-
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ence in radio and stage productions was
employed to record the NU 6 lists. The
carrier phrase “say the word " was
utilized. Both talkers had general Amer-
ican speech with absence of regional
dialect.

It was the purpose of the following
experiments to (i) determine the perfor-
mance-intensity (P-) function of the
NU 6 Auditory Test with normally-hear-
ing subjects, (ii) determine the P-| func-
tion of the NU 6 with hearing-impaired
subjects, (iii) determine the equivalency
of the four lists of the NU 6, (iv) deter-
mine the reliability of the NU 6, and (v}
compare performance scores on this test
with those obtained on the CID W-22
and CNC Tests.

Experiment 1

Procedure. Forty college students with
normal hearing (thresholds < 20 dB HL
from .25 to 8 kHz) and negative otolog-
ical histories were used as subjects. The
subjects ranged in age from 19 to 29
years with a mean age of 24 years. All
subjects were tested in an IAC Series
1200 sound suite, using a Sony TC 353D
tape recorder and the speech circuit of
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a Grason-Stadler 1701 audiometer. Test
materials were administered via mon-
aural earphone. Each subject was in-
structed to write his response and guess
if not sure of the exact word.

A speech reception threshold (SRT)
was established for each subject and
used as the basis for administering the
four lists at different sensation levels.
The first 10 subjects received lists 1
through 4 at decreasing sensation levels
of 42, 30, 18, and 6 dB. The second group
of 10 subjects received lists one through
four at increasing sensation levels start-
ing with 6 dB and progressing to 18, 30,
and 42 dB. The methods of presentation
for the third and fourth groups repli-
cated those for groups 1 and 2 except
with different sensation levels: 36, 24,
12, and 0 dB. An equal number of right
and left ears were used to minimize
possible ear effects.

Results and discussion. The data were
examined at eight different points along
the P-l function with 20 subjects at each
level. A mean and standard deviation
were computed for each of the eight lev-
els of presentation. These data points

are plotted in Figure 1. The knee of the
function occurs at a sensation level (SL)
of 24 dB. The slope of the linear portion
of the function was found to rise ap-
proximately 4.7 percent per decibel in-
crease in intensity. This was determined
using the mean scores at sensation lev-
els of 6, 12, and 18 dB. This rise com-
pares favorably with 56 percent per
decibel increase reported by Tillman and
Carhart {(1966) for a different recording
of the same test. The mean threshold of
intelligibility for these subjects occurred
at approximately 12 dB SL. This is
somewhat higher than the 50 percent
point on the function established by Till-
man and Carhart. For their sample, the
mean threshold of intelligibility was ap-
proximately 8 dB SL.

Experiment 2

Procedure. The subjects consisted of 40
male veterans ranging in age from 34 to
74 years, with a mean of 53 years. Each
veteran received a complete hearing
evaluation at the Audiology Service of
the Veterans Administration Medical
Center in Washington, D.C., immedi-
ately prior to participation in this inves-
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Mean audiogram with standard deviations for the 160 sen-
sorineurally-impaired subjects used in Experiments 2, 3,
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Performance-intensity function of 40 normally-hearing adults on the

NU 6 Auditory Test and limits of one standard deviation.
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Performance-intensity function of 40 sensorineurally-im-
paired adults on the NU 6 Auditory Test and limits of one
standard deviation. Twenty scores were used to obtain each

mean.

tigation. Only patients exhibiting hearing
losses greater than 20 dB from 1 to 8
kHz were used as subjects. None had
air-bone gaps greater than 10 dB, ab-
normal acoustic reflex thresholds, PI-PB
rollover, or positive results on acoustic
reflex decay measurements. The mean
audiogram for these subjects is dis-
played in Figure 2.

All subjects were tested in an IAC Se-
ries 1200 sound suite, using a Grason-
Stadler 1702 clinical audiometer with a
Presto A908 tape recorder. Subjects were
provided with answer sheets and in-
structed to write their responses and
encouraged to guess if unsure of the
exact word. Test materials were pre-
sented via monaural earphone and, to
prevent lateralization at the higher sen-
sation levels, appropriate masking was
used in the nontest ear. The NU 6 Test,
Lists 1 through 4, were presented in a
counterbalanced manner. Eight presen-
tation levels were employed to obtain
eight data points along the function with
20 subjects receiving test stimuli at 20,
28, 36, and 44 dB SL (re SRT) and the
other 20 at 24, 32, 40, and 48 dB SL.

Results and Discussion. Figure 3 dis-
plays the mean discrimination scores at

NU 6 Auditory Test.

the eight chosen sensation levels. Dis-
crimination scores were better at an SL
of 20 dB than at an SL of 24 dB without
explanation. On the linear portion of the
slope, there is approximately a 1 percent
per decibel increase in performance in
the range of 28 through 44 dB. The knee
of the function occurs at a sensation level
of 44 dB. This is somewhat higher than
the 40 dB sensation level generally con-
sidered appropriate for achieving
PB Max.

Experiment 3

Procedure. Forty male veterans ranging
in age from 30 to 81 years with a mean
of 54 years served as subjects. Each vet-
eran met the previously-established cri-
teria for sensorineural hearing loss. The
test environment remained the same as
in the previous experiment.

Each subject was administered all four
lists of the NU 6 Test via monaural ear-
phone at a sensation level of 48 dB (re
SRT). The order of presentation of the
lists was counterbalanced to avoid pos-
sible order effects.

Results and discussion. The results of
the equivalency study are displayed in
Figure 4. A repeated measures analysis

Means and standard deviations of scores of 40 sensori-
neurally-impaired aduits on each of the four lists of the

indicated that a significant difference (p
<.001) exists among the four lists. Pair-
wise comparisons were made among
the means using the Tukey procedure
(Winer, 1971). Results of these compar-
isons showed no significant difference
(p < .05) between Lists 1, 3, and 4. How-
ever, List 2 does differ from each of the
other lists (Table 1) by being more dif-
ficult. List 2 might be better utilized as
a practice list while Lists 1, 3, and 4 can
be considered equivalent.

Experiment 4

Procedure. Ten of the subjects who par-
ticipated in the equivalency study re-
turned for a second administration of
the test in order to evaluate test-retest
reliability. An average of 5 weeks elapsed
between the first and second tests. Cor-
relation coefficients comparing test and
retest scores for each of the four lists
were calculated.

Results and discussion. Results indi-
cated that a significant correlation {p <
.001) between test and retest scores
does exist, thus demonstrating good
test-retest reliability and stability of this
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discrimination measure over time
(Table 2).

Experiment 5

Procedure. Another group of 83 male
veterans who met the previously-estab-
lished criteria for sensorineural hearing
loss served as subjects. As part of the
routine audiological examination,
PB Max was obtained using the CID
W-22 Auditory Test. In all cases, the sen-
sation levels necessary to achieve the
optimum scores were greater than
44 dB.

Each subject was administered one of
the two CNC Lists (1—-4, and 1-10) and
one of the three NU 6 Lists (1, 3, and 4),
which are known to be equivalent, at the
level of PB Max for the W-22 Test. The
same clinical equipment was used for
all measures. Results appear in Figure 5.

A repeated measures analysis indi-
cated that a significant difference exists
among the three discrimination texts {p
< .001). Pairwise comparisons {Tukey
procedure) among the test differences
showed no significant difference be-
tween the NU 6 and CNC Tests (Table 3).
However, the W-22 Test was shown to
differ quite significantly from the other
two measures. Examination of the data
shows that the W-22 scores are much
higher and have less variability.

Figure 6 was generated from data ob-
tained from selected subjects included
in the previous comparisons and from
additional subjects with hearing loss
isolated to higher frequency regions.
These data demonstrate the conspicu-
ous difference between the W-22 and
CNC and NU 6 Tests as a function of
hearing loss configuration. With one ex-
ception, the CNC and NU 6 Tests per-
form remarkably alike. That one
exception is with subjects who have
normal hearing only at 0.25 kHz. In that
category, the difference in mean scores
between the two tests is approximately
23 percent with the CNC Test scoring
better.

An analysis of a selected portion of
each of those two tests was conducted
to determine if there were any obvious
differences in spectrum. There appears
to be much more energy in the region
0.3 to 0.6 kHz in the CNC Test than in
the NU 6 Test, attributable to the differ-
ence between the.talkers. This may have
produced the performance distinction
between the two tests in subjects with
normal hearing at 0.25 kHz and im-
paired hearing at all other frequencies.

TABLE 1.
Differences between mean scores for the four lists of the NU 6 Auditory Test for 40 male
veterans with sensorineural hearing loss.

List 1A 2A 3A 4A
1A — 4,60 .15 2.10
2A — — 4.45% 6.70*
3A — —_ — 2.25
*n < .05

TABLE 2.

Mean discrimination scores for the lists of the NU 6 Auditory Test obtained on test and retest,
differences between means, and correlation coefficients for 10 male veterans with sensori-
neural hearing loss.

List Test Retest Difference r
1A 74.20 78.00 3.80 .96*
2A 71.00 74.00 3.00 .92%
3A 76.00 77.20 1.20 .93+
4A 77.80 79.60 1.80 .95*
< .001

TABLE 3.

Differences between mean scores for W-22, CNC, and NU 6 speech discrimination tests for

80 ears with sensorineural hearing loss.

Test W-22 CNC NU 6 (female speaker)
W-22 — 13.63* 14.40*

CNC — — 0.77

*n < .05

Summary References

As Kruel, Bell, and Nixon (1969) and
Hood and Poole (1980) point out, speech
discrimination tests should be thought
of not as lists of words but as recordings
of those words. The particular circum-
stances of a recording, i.e., talker, equip-
ment, environment, etc., impart a set of
characteristics to the recordings that are
unigue. Therefore, it should be under-
stood that the results described herein
pertain to a particular recording of the
NU 6 by a female voice.

With regard to the ability to under-
stand monosyllables in quiet surround-
ings, it is felt that the data on the NU 6
{female voice) demonstrates a decided
advantage over the CID W-22 Auditory
Test. The data on test-retest reliability
and equivalency, the degree of relation-
ship to the CNC Test, and the distinc-
tions the NU 6 makes between
individuals with varying degrees of high
frequency loss, strongly support its use
clinically. Further investigations of this
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electrotactile patterns on the skin. A
16-week controlled treatment trial is
being conducted with patients with se-
vere sensorineural hearing loss and pa-
tients with severe aphasia to compare
performance when wearing Teletactor
with their performance when not wear-
ing Teletactor.

During the period from January 1,
1981 through June 30, 1981, the com-
puter system to generate and present
acoustic stimuli and record subject re-
sponses was designed and ordered. In
addition, screening for patients to iden-
tify those who meet selection criteria
was initiated. Individual treatment pro-
grams have been written for four pilot
subjects, three with aphasia and one
with sensorineural hearing loss. These
pilot subjects have been entered into a
treatment trial that utilizes “live voice”
stimuli while we await the arrival and
assembly of our computer system.

Development of a Camera for
Application in Sensory Aids
for the Blind

VA Medical Center
3801 Miranda Avenue
Palo Alto, California 94304

Sally L. Wood, Ph. D.

Introduction

The purpose of this project is to de-
velop a hand-held camera for use in &
reading machine for the blind. With this
reading machine a user should be able
to scan printed material using a hand-
held camera and hear spoken English
output. The new camera will provide
good quality images for input to a char-
acter recognition module which identi-
fies the images as individual characters
and words. This stream of characters
will serve as input to a text-to-speech
module which produces the spoken out-
put heard by the user. The camera will
have high enough resolution and a large
enough field of view to allow the read-
ing of print sizes between 6 pt. and 20 pt.
type, which roughly corresponds to type
with a capital letter height between
.05 inches and .2 inches and includes
most common reading material.

The camera will be compatible with
the Optacon, a tactile reading device
which is a product of Telesensory Sys-
tems Inc (TSI), and with the Voice Out-
put Reading System, HS-2, which will

be developed by TSI. The currently used
Optacon camera limits the potential per-
formance of the Voice Output Reading
System. The details of the problems
which arise when this camera is used
were discussed in the previous issue of
the Bulletin of Prosthetics Research. it
is expected that the improved quality of
the images from the new camera, as
well as the larger field of view for each
character, will increase the accuracy of
the character recognition software,
which will in turn improve the quality of
speech output.

Design Goals

The new camera is intended to offer
improved performance over the current
Optacon camera which is used in both
the Optacon and the Voice Output Read-

ing System, HS-1. It will contain a mod-
erately high resolution solid state retina
which will provide high resolution input
images for an image preprocessing
stage. This stage will simultaneously
determine both the size and the orien-
tation of the printed text. The resulting
information will be used to automati-
cally track a line of text, even if skewed,
and to extract individual character im-
ages which will be transformed to a uni-
form size. This automatic control of line
tracking will make camera positioning
and movement much less critical. In ad-
dition, the automatic magnification con-
trol will replace one critical adjustment
now required of the user. The result of
both these features will be that much
less skill, effort, and training will be
needed in order to operate the reading
system.

FIGURE 1a.

This image was digitized to 6 bits of grey level from a half inch strip of text printed in 14 point

(rather large) type.

FIGURE 1b.
This image was digitized from text printed in 10 point type {a commonly used size) with
about 12 degrees of line skew. This skew is slightly exaggerated by the display angle.




The larger images and improved sig-
nal-to-noise ratio are expected to im-
prove the performance of the character
recognition software. In addition, the
new camera will allow increased read-
ing speeds because the new retina can
be sampled at a faster rate than the Op-
tacon retina. The new camera may also
contain a 6x24 Optacon retina for mo-
tion detection and tactile feedback. This
would allow camera motion to be de-
tected by image cross correlation so that
no external encoders which might ham-
per camera movement would be
needed.

Summary of Previous Work

An experimental camera with a 1024
point linear array was built and evalu-
ated by TSI The images from this cam-
era were superior to the images obtained
from the currently used Optacon cam-
era. Motion detection software, which
uses cross-correlation of sequential 6x24
Optacon images, is currently operating
in the HS-1 prototype systems which are
now under evaluation under a separate
merit review contract.

Current Status

During the past six months an inves-
tigation of threshold, orientation, and
magnification detection algorithms was
begun at the Palo Alto RER&D Center.
Images of pages printed in a variety of
fonts were digitized to 8 bits of grey level.
The image size was 512x512 and the
spot size was about .006 inches. The type
size varied from 6 point to 14 point, and
a line skew of up to 12 degrees was
tested.

A small section of 14 point type, set
in the Optima font which is a sans-serif
style, is shown in Figure 1a. Sampled
horizontal scans through the image,
which would subsequently be thresh-
olded, are shown for a strip of the orig-
inal text which is a little less than
.5 inches deep. Although the image was
digitized to 8 bits, the limited dynamic
range made effective use of only 6 bits.
With this resolution a digitized small let-
ter (“x-height”) would be 15 picture ele-
ments tall. This can be observed by
counting the number of horizontal traces
through a character. Even though this
resolution is 25 percent greater than the
minimum recommended by earlier
studies using the Optacon input for
character recognition, the problem of
choosing a thresholding algorithm that
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resolves the crossbars of the two “t" s
shown is readily apparent.

A sample of 10-point Caledonia type
with a 12-degree line skew is shown in
Figure 1b. In this case the x-height is 11
which is within the recommended range
for Optacon use with the reading ma-
chine. An image of 6-point type with this
resolution was appropriate for magnifi-
cation and orientation detection, but it
was not as easily interpreted by visual
observation as the two figures shown.

Preliminary work shows that orienta-
tion-dependent line integrals through
segments of the digitized image vield a
reliable magnification and orientation
estimate. This method will be further in-
vestigated to establish performance
limits. Filtering algorithms suitable for
automatic thresholding to reduce the
image to one bit of grey level per picture
element will be tested using these
images.

Three prototype cameras will be de-
signed and built under contract by TSI
Blind subjects will test and evaluate the
Voice Output Reading System, HS-2, us-
ing the new camera. This work will be-
gin upon completion of contract
negotiations.

Development of an Advanced Optical
Character Recognition Speech-
Output Accessory for Blind People

Telesensory Systems, Inc.
3408 Hillview Avenue
Palo Alto, California 94304

Pat Clark, M.S., and
Robert Savoie, Ph. D.

Telesensory Systems, Inc. is devel-
oping a family of devices intended to
meet the print reading needs of blind
people. One of these devices, the Op-
tacon, was introduced in 1971. There are
now over 7,000 in use throughout the
world. Two additional devices are under
development. One is an accessory for
the Optacon that recognizes printed
characters and speaks words intelligibly
in a synthetic voice as the reader scans
print by hand. The other is a speech-out-
put reading system that automatically
scans print under the control of a blind
user. The research and development
leading to the new devices is partially
supported by an inter-agency contract
from the Veterans Administration, the
Bureau of Education for the Handi-

capped, and the Rehabilitation Services
Administration. Over a 30-month pe-
riod, it is intended to implement iow-
cost Optical Character Recognition (OCR)
techniques suitable for use with an Op-
tacon, low-cost high-quality text-to-
speech techniques, and a means for au-
tomatically scanning a bound book.

Results of the first 27-month effort
(starting September, 1978) were previ-
ously reported. By the end of 1980 five
hand-scan prototype units had been built
and successfully demonstrated to rep-
resentatives of the sponsoring agen-
cies. During the first months of 1981
these units were used daily by blind TSI
employees. In June 1981, TSI received
a contract from the Veterans Adminis-
tration to conduct a design evaluation
of the hand-scan prototypes. Three ad-
ditional units were built and will be sub-
jected to a formal field evaluation at
private sites.

During the final months of the project
much effort went into refining the
breadboard unit of the automatically
scanned reading system. New optical
elements were introduced to reduce re-
flection and to increase reliability. New
circuitry for signal detection and thresh-
olding was added. Distortion correction
hardware and software were imple-
mented. Software to deal with format
and read pages was moved from the
mainframe computer to the breadboard
hardware.

The result of these efforts is a stand
alone system which, under operator
control, can scan a single sheet of ma-
terial. The breadboard scanner can per-
form a low-resolution “format” pass over
the page to locate and identify page fea-
tures such as columns, titles, and page
numbers. The results of this pass can
be displayed in real time on a graphics
terminal attached to the breadboard. It
can also perform a high-resolution
“read” pass to collect image data which
is then enhanced and formatted for in-
put to an OCR (Optical Character Rec-
ognition) program. The enhanced data
can either be displayed locally or written
on a floppy disk for transmission to the
OCR program which runs in a main-
frame computer.

A number of tasks have to be accom-
plished before this breadboard system
can become a manufacturable product.
Packaging will have to be designed to
allow the system to read bound books.
The optical and mechanical systems
must be further designed for improved
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retiability and ease of production in vol-
ume. The electronics will have to be ex-
panded to include interfaces to an OCR
and TTS (Text to Speech) computer. The
page-formatting software should be de-
veloped further to handle complex for-
mats. A set of user controls must be
integrated and subjected to human fac-
tors evaluations. The current bread-
board system proves that most of the
technical problems have been solved;
many practical problems remain.

Design Evaluation of the
Hand-Scan Voice Output
Reading System

Telesensory Systems, Inc.
3408 Hillview Avenue

PO Box 10099

Palo Alto, California 94304

Jeffrey J. Moyer, MLA.

There is a need for a thorough design
evaluation of the Telesensory Systems,
Inc. (TSI) Voice Output Reading System
based on the Optacon. This initial Hand-
Scan Voice Output Reading System has
been developed at TSI, in part utilizing
funds from the VA, The Bureau of Edu-
cation for the Handicapped, and the Re-
habilitation Services Administration.
Extensive consumer feedback is needed
in order to review the design and per-
formance of this system, which could
substantially overcome the print handi-
cap of blindness for many individuals.

The TSI Hand-Scan Voice Output
Reading System prototype (HS-1) will
be evaluated through a period of exten-
sive field trials. These trials will involve
the placement of four units in diverse
evaluation sites for use and review by
blind people with a variety of reading
needs. The units will be placed in the
VA Blind Rehabilitation Centers in Palo
Alto, California and Hines, Hllinois, in a
public school system in DeKalb County,
Georgia, and a series of individual em-
ployment settings in the San Francisco
Bay Area near TSl In addition, three
units apart from these VA systems have
been placed at The Cleveland Society
for the Blind Sight Center, The Braille In-
stitute of America in Los Angeles, and
the American Council of the Blind na-
tional office in Washington, D.C.

Each evaluation site will be managed
by a site coordinator, trained by project
staff concerning HS-1 operation, train-
ing techniques and research protocol.
Site coordinators will assess individuals

for the requisite skills needed to suc-
cessfully operate the system, train
screened individuals, test for reading
speed and comprehension, and inter-
view participants concerning response
to the system following training. They
will also provide following-along sup-
port for participants as needed, sched-
ule the system for independent use
training, and report performance prob-
lems to project staff.

The project Principal Investigator will
interview all participants in depth con-
cerning their use of the system and re-
sponse to it, and compile data
concerning the following areas: system
features {user controls, optical character
recognition, text reformatting), the sys-
tem’s tracking aid, general system per-
formance, and the device's applications
and limitations.

All data will be compiled and reported
to the VA and to TSI for the purpose of
recommending design changes for a fu-
ture production unit.

Status.—A training program for site
coordinators was held during the week
of July 20, 1981. Site coordinators were
brought to TSI for the 3-day program
concerning all aspects of the evaluation
project. Following the training, units
were shipped to the various sites.

An Auditory Prosthesis for
Sensorineural Hearing Loss

VA Medical Center
150 Muir Rd.
Martinez, California 94553

E. William Yund, Ph.D.,
Helen J. Simon, Ph. D. and
Robert Efron, M.D.

Hearing loss is conventionally classi-
fied into two main categories—conduc-
tive and sensorineural. In the first, the
hearing loss (as measured by elevation
in threshold of detectability) can be at-
tributed exclusively to a lowered effi-
ciency in the transmission of acoustical
energy to the cochlea. The use of hear-
ing-aid amplifiers to compensate for
such conductive hearing losses has
proved to be of great value. The second
category, “sensorineural” hearing loss
(SNHL), represents what might be called
“all other” forms of hearing loss. Al-
though threshold elevations are usually

present, amplification of the acoustic
energy is not often of any significant
benefit to such patients and, even worse,
frequently results in further deteriora-
tion of the patient’s ability to process
acoustic information—particularly
speech information. It would be fair to
say that at the present time most pa-
tients with a significant degree of sen-
sorineural impairment will derive limited
or no benefit from contemporary hear-
ing-aids (1).

The central idea of this research proj-
ect is the analysis of SNHL, specifically
cochlear pathology, in individual pa-
tients in terms of the consequences to
the patient’s ability to process spectral
or pitch information. From this point of
view, the more peripheral stages of the
neural auditory pathways become a
system that introduces spectral and/or
intensity distortion into the signals it
transmits to higher auditory centers. Re-
cent research in this laboratory as well
as others indicates that it may be pos-
sible to characterize the distortion pro-
duced in an SNHL patient by means of
simultaneous dichotic pure-tone stim-
uli. Within the context of a theoretical
model of pitch processing {(2), the SNHL
distortion can not only be characterized,
but it is also possible to compute a
compensatory signal distortion for each
patient, which when combined with his
SNHL distortion will tend to normalize
the neural signals reaching the higher
auditory centers. To the extent that these
central neural signals are normalized, the
patients’ ability to deal with auditory
stimuli, especially with spectrally com-
plex ones like speech, should be greatly
improved. Indeed, the overall goal of this
research is to specify the design of a
signal-distorting hearing aid which
compensates for the hearing deficits
produced by damage to the sensori-
neural mechanism.

During the period from January 1 to
June 30, 1981, six subjects with varying
degrees of SNHL have begun the series
of monaural and dichotic tests neces-
sary to characterize each of their hear-
ing losses. Four normal-hearing controls
have also begun the same series. The
results obtained thus far are restricted
to frequencies at 1000 Hz and below and
must be considered preliminary at this
time, but it is clear now that the tech-
niques (used previously only in subjects
with normal hearing) can be applied
successfully to SNHL subjects. Of par-



ticular interest is the stage of the theo-
retical model (the intensity-response or
I-R function) which corresponds to the
ear’s ability to determine the intensity of
a sound and generate the appropriate
neural response for that intensity (3). Of
course, it is well known that the ear with
SNHL is not operating normally with re-
spect to its intensity-response transduc-
tion mechanism—threshold elevation
alone established that—but no tech-
niques have been available previously
to measure the shape of the I-R function
throughout the intensity range in either
SNHL or normal-hearing subjects. Pre-
vious work in this laboratory has led to
an innovative method of measuring the
i-R function in normal-hearing subjects.
One major aspect of the current study
is to perform similar measurements with
SNHL subjects.

The I-R functions of normal-hearing
subjects tend to have a constant slope
in the range of 50-t0-90 dB SPL, and
when the slope does change, it changes
in a gradual, regular way. In contrast, the
I-R functions measured so far for hear-
ing-loss subjects at 1000 Hz have shown
somewhat more rapid and irregular
changes in slope than those of control
subjects. Although it is much too early
to draw conclusions concerning the sig-
nificance or utility of these measure-
ments, such abnormalities in the
intensity-response transduction mech-
anism could account for some deterio-
ration or loss of information in the
processing of complex acoustic signals
(e.g. speech). Further testing will con-
tinue on these and other subjects, and
tests will be added as computer hard-
ware acquisition and software devel-
opment progress. The first test of a
computer simulated hearing-aid for one
of the current hearing-loss subjects will
probably occur in about 1 year. It is such
hearing-aid simulation tests which will
determine the significance and utility of
the measurement of the I-R function in
subjects with sensorineural hearing loss.

References
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Communication Aids Research
for the Blind

Central Rehabilitation Section
for Visually Impaired and
Blinded Veterans

VA Hospital

Hines, lllinois 60141

Harvey Lauer and Leonard Mowinski

(The studies and evaluations covered in
this report are not funded as research
by the Rehabilitative Engineering Re-
search and Development Service.)

Communication aids research at the
Central Blind Rehabilitation Section is
conducted by Harvey Lauer and Leon-
ard Mowinski. It includes some basic re-
search, testing, evaluation, and
dissemination of information.

The urgent need for some blind peo-
ple to use computers if they are to com-
pete with their sighted peers has given
rise to several instruments. An example
is the VersaBraille made by Teiesensory
Systems, Inc. As a stand-alone device it
can serve for braille reading, compos-
ing, editing, and personal filing. The
mode! we have acquired for an evalua-
tion project being done by VAREC, New
York, serves also as a computer termi-
nal. A formal protocol has been written
in New York: however, all aspects of
VersaBraille (except for extensive read-
ing) have already been experienced by
subjects eager for familiarization.

It was found that braille users can eas-
ily read the “soft copy” braille output
and that professionals who would have
need for such an instrument can readily
learn to use it as a stand-alone device.
Though the manual is very good, those
who have not had experience with com-
puting machinery would be best ad-
vised to receive personal instruction. Use
as a computer terminal was successful
in many instances. The Model P2
VersaBraille was interfaced with com-
puters, modems, a printer, and the Kur-
zweil Reading Machine for interacting,
editing, and the production of hard-copy
print. Initial instruction and installation
can be complex and may require special
skills and even a site visit.

Electronic technology for the sighted
is undergoing yet another revolution,
and many of the results are especially
useful to the visually impaired. Even
more surprising is the fact that fewer
adaptations are needed. The staff,
therefore, attended a computer conven-

tion and an exhibition on consumer
electronics, and contacted dealers and
distributors for information and dem-
onstrations. Following is a list of items
and categories about which Lauer and
Mowinski can supply information and
some written reports: talking clocks and
watches, speech compressors, talking
calculators, musical calculators, new
features of tape machines such as in-
dexing or tabulation, digitally-tuned ra-
dios, new radios with TV audio bands,
personal stereo radios and tape ma-
chines with miniature headsets, com-
puter games blind people can play, and
making music with synthesizers and
computers. Talking tools including mi-
crowave ovens, thermometer, currency
identifier, multimeters, computer termi-
nals, etc., and dictating machines with
microprocessors.

Two of those items deserve special
mention. The revolutionary design of
new miniature headsets is very wel-
comed by blind people because it com-
bines comfort, high fidelity, and minimal
reduction of sounds from the environ-
ment. The Type N’ Talk, made by Votrax,
is a text-to-speech converter which can
be plugged into many computer sys-
tems. Its small size, low cost and clear
speech may revolutionize talking termi-
nals and computers.

The Voxcom is a module which at-
taches to a modified cassette recorder.
it is a card reader permitting recordings
of fifty seconds or more to be stored on
a single card. Because it may serve as
a filing medium for those who cannot
use braille, it is being tested in the Blind
Center. (The Voxcom is being tested at
the CBRC in a project supervised by the
research staff and conducted by an in-
tern in Rehabilitation Teaching, Shif
Toda.) The popuiar APH player/recorder
has been modified to work well with the
Voxcom.

The staff is working with researchers
at the Hines RER&D Center who are
conducting a project to evaluate perfor-
mance of blind people with reading aids
and with braille. Basic research into the
value of the tonal output for the Opta-
con described in the previous report is
also underway.

The evaluation of the Hand Scan-1
(HS-1), an optical character recognition
speech-output system for the Optacon
reading machine has begun. The Cen-
tral Blind Rehabilitation Center is one of
six sites where this prototype unit from
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Telesensory Systems, Inc., will be eval-
uated. Development of this unit was
supported by an interagency contract
from the Veterans Administration, the
Bureau of Education for the Handi-
capped, and the Rehabilitation Services
Administration.

Mr. Mowinski attended a 3-day train-
ing seminar at Telesensory Systems to
learn the function and operation of the
HS—1. The unit was delivered on July 29.
Protocol for the evaluation was supplied
by TSI The Blind Center will provide
the manufacturer with documentation
on system reliability, optical character
recognition, user controls, tracking ac-
curacy, training and training materials,
and application of the system. The vet-
eran population tested will consist of
experienced Optacon users as well as
veterans with no reading machine
experience.

In June, Mr. Lauer served on an ad-
visory panel for the American Founda-
tion for the Blind. It concerned the
development and evaluation of a full-
page “soft copy” braille display for which
the AFB has a National Science Foun-
dation Grant.

Mr. Lauer was selected as one of sev-
eral consumer respondents at the 1981
conference of the Rehabilitation Engi-
neering Society of North America in
Washington, D.C. Two of his papers to
be published in the proceedings deal
with the role of consumers in rehabili-
tation engineering, and the rationale for
employing several communication me-
dia or channels for the blind.

Clinical Application Study
of Reading and Mobility Aids
for the Visually Impaired

Western Blind Rehabilitation
Center

VA Medical Center

Palo Alto, California 94304

Joseph J. Hennessey, M.A.,
Diane L. Morrissette, M.Ed.,
Susan L. Meirose, M.A., and
Gregory L. Goodrich, Ph. D.

{The studies and evaluations covered in
this report are not funded as research
by the RER&D Service of the VA. The
period covered here is from January 1,
1981, through June 30, 1981.)

HS-1 Evaluation—The HS-1 (Hand
Scan 1 or “Talking Optacon”), a reading
machine for the blind, is currently being

developed by Telesensory Systems, Inc.
(TSI). Under a contract from the VA, pro-
totypes are presently being evaluated at
the Braille Institute of America in Los
Angeles, The Cleveland Sight Center, and
our own site, the Western Blind Reha-
bilitation Center (WBRC) in Palo Alto.
Other sites soon to be added to this
evaluation are the DeKalb County
schools in Atlanta, The American Coun-
cil for the Blind in Washington, D.C., and
the Central Blind Rehabilitation Center
at the Hines VA facility.

The unit has three components. The
CPU (central processing unit) is about
17 inches wide, 20 inches deep, and
13 inches high, and weighs about
55 pounds. The operator’s console (into
which a standard Optacon is inserted)
measures approximately 8 inches wide,
8 inches deep, and 4 inches high. The
tracking aid, about the size of a clip-
board, provides the surface onto which
the reading material is clipped and the
Optacon camera is attached for easier
tracking. The entire unit weighs about
66 pounds.

The controls are simple, conveniently
located, and few in number. On the CPU
are the on/off switch, jacks for a tape
recorder and earphones, the volume
control, and the rate control with set-
tings for 60, 100, 180 and 300 words per
minute. The operator’s console has the
intensity and threshold controls—which
are on the inserted Optacon—plus three
other switches for controlling the sys-
tem. There are two 3-way switches. The
first has settings for record, ready (nor-
mal voice output code), and Optacon
mode (tactile reading only). The second
switch has settings for spell speech only,
normal spoken word output, and spell
last word. There is also a paddle switch
to control the memory (which holds 1000
characters). On the camera there is the
magpnification control.

The synthetic speech is of high qual-
ity, clear, and easy for all students to
understand after a listening time of 1 to
3 hours.

The system is programmed to rec-
ognize 12 major type fonts, and does
well with many of the variations on these
fonts. It recognizes many of the com-
mon symbols, but there is a need for
additional ones, such as the percent
{%) symbol. Some consideration is being
given to making it possible for the user
to choose the types of symbols to be
recognized—mathematical,  scientific,
and other specialized symbols. The pro-

gramming is on tape, so it is easy to
change, but it takes 6 minutes to
download.

Evaluation of the optical character
recognition error rate is an area where
more research is needed. At present, it
is difficult to separate this error rate from
the human error rate when tracking with
the hand-scanned camera. Tracking is
one of the more difficult skills needed
to operate the system, and hours of
training are required before it is mas-
tered. The present tracking aid allows
for too much vertical movement of the
camera, and a very tight tracking toler-
ance is required before individual char-
acters are recognized accurately. The
general error rate varies greatly, de-
pending upon the tracking skill of the
individual user. However, if the tracking
can be mastered, it allows the user to
read material with a more complicated
format than an automatic scanner could
deal with.

Thus far, maintenance has not been
a major problem. There have been only
two problems requiring the attention of
a TSI engineer. On one occasion, with
the use of a telephone MODEM, the
problem was diagnosed from TSI and
the appropriate action was taken.

There are many questions yet to be
resolved about reading machines in
general and this one in particular. It is
hoped that we can begin to find an-
swers to some of these during the next
year's evaluation.

Night Vision Aid and Wide Angle Mo-
bility Light (Evaluations}—The WBRC
has completed its study evaluating the
effectiveness of the Night Vision Aid
(NVA) and Wide Angle Mobility Light
(WAML) in reducing the mobility prob-
lems of people with night blindness. An
explanation of the operation of the aids
and the research methodology have
been included in a previous issue of the
Bulletin of Prosthetics Research (BPR
10-33, Spring 1980).

Thirty-five subjects participated in the
study over a 15-month period, and 24 of
them completed all phases of the proj-
ect. The remaining 11 subjects did not
complete the study because of sched-
uling conflicts, visual acuity and/or vi-
sual fields which did not warrant the
need of a night mobility aid, discharge
from the rehabilitation program prior to
completion of the research project, or
further loss of vision during the project.

Twenty-one of the subjects were vet-



erans who were either enrolled in the
WBRC program at the time of their par-
ticipation in the study, or were formerly
in the WBRC program. The remaining
three subjects were nonveterans from
local communities who were referred to
the project by VA optometrists and
ophthalmologists. The participants were
between 25-82 years old, with an av-
erage age of 52. Of the 24 subjects, there
were 21 men and 3 women.

The results of the study have been
summarized and analyzed, and a com-
plete description of the study is being
prepared for publication. The data
showed that, on the average, the sub-
jects’ night mobility with the WAML
more closely approximated their day-
time mobility than did their night mo-
bility with the NVA. This was true for
both of the objective measures used:
(i) measurement of time to complete the
evaluation routes and {ii) number of er-
rors counted during the routes. The re-
sults showed that the subjects averaged
approximately the same number of er-
rors when using the NVA as when trav-
eling at night without the aid. The
average time to complete the route was
slightly greater when employing the NVA
than when negotiating the environment
at night without any aid. In all, 20 sub-
jects had better times and scores with
the WAML and 3 performed best with
the NVA. One individual had a better
time with the NVA but a better score
with the WAML.

In addition to the objective results,
participants’ subjective comments re-
garding both devices were recorded.
Seventeen subjects stated that they pre-
ferred using the WAML and seven pre-
ferred the NVA. Subjects who preferred
the NVA gave such reasons as its size
and portability, inconspicuousness and
acceptable cosmetic appearance. A few
subjects preferred the NVA because the
maximum focal range extended to infin-
ity, and they could therefore see for
greater distances with the NVA than with
the WAML. Although the majority of the
subjects preferred the WAML, they cited
drawbacks such as weight, size and
conspicuousness.

The Central Blind Rehabilitation Cen-
ter (CBRC) in Hines, lllionis, and the
Eastern Blind Rehabilitation Center
(EBRC) in West Haven, Connecticut, are
conducting evaluation projects follow-
ing the same protocol.
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Mowat Sensor Study-—A follow-up
study was begun on the Mowat Sensor,
an electronic mobility aid designed for
the visually handicapped. The operation
of the device and the evaluation proto-
col for this study were described in the
previous issue of the Bulletin of Pros-
thetics Research (BPR 10-35, Spring
1981). A preliminary followup study had
previously been conducted by the au-
thors and was reported in the Journal
of Visual Impairment and Blindness
(Morrissette, Goodrich and Hennessey,
1981).

The start-up date for the project had
been delayed due to a delay in comple-
tion of a monitoring device which is to
be added to the Mowat to gather addi-
tional project data. (The monitoring de-
vice is being developed by the Palo Alto
VAMC RER&D Program.) Since the
monitor will not be completed for ap-
proximately 6 more months, the project
has been modified to accommodate for
the delay.

Wide Angle Mobility Light Followup
Study—A followup study of the Wide
Angle Mobility Light (WAML) has been
completed. The purpose of the study
was to ascertain the effectiveness of the
WAML as a night mobility aid for people
with night blindness, as well as deter-
mining its maintenance reliability, usage
rates, limitations, and user-suggested
modifications.

A telephone survey was conducted of
all known professionals and visually
handicapped individuals who had either
purchased the device or had it pur-
chased for them. The names of the pur-
chasers were supplied by the
manufacturer, Farallon-Oceanic Indus-
tries in San Leandro, California, and the
distributor, Innovative Rehabilitation
Technology, Inc., in Los Altos, California.

Thirty-two visually handicapped in-
dividuals and 23 professionals in the field
of low vision were contacted. All indi-
viduals who were contacted agreed to
answer the survey questions, and each
interview required 15-45 minutes. The
data are presently being summarized
and analyzed, and when this is com-
pleted the results will be submitted for
publication.

Head-High Obstacle Detector—The
WBRC is working cooperatively with the
VAMC Palo Alto RER&D Center to de-
velop an object detector to aid in the
safe mobility of the visually handi-

capped. Visually limited and totally blind
people who negotiate the environment
with the long cane receive advance in-
formation and protection from the cane.
The cane protects the user from waist
height and below. Even with perfect cane
skills, however, the cane does not offer
any protection to the user above the
waist. As a result, the visually handi-
capped traveler is not protected from
contacting overhanging tree branches,
bent poles, head-high signs attached to
poles and similar hazards. A head-high
obstacle detector has been proposed
which would act as a warning system
for such hazards.

The goal of the project is to develop
a small, lightweight, cosmetically ac-
ceptable aid which would provide the
user with consistent, reliable informa-
tion regarding the presence of obstacles
located at head level. Other goals spec-
ify a device which is simple to operate,
inexpensive, and usable by visually im-
paired individuals with additional
handicaps.

A first-generation prototype has been
developed by the project engineer, Dan
Pliskin. The device employs two 40 kh
crystal transducers which emit ultra-
sonic bursts. Reflected signals are then
converted into a tactile output. The aid
is worn like a medallion around the neck,
and tactile feedback to the user is pro-
vided by a vibrator located in the neck-
strap. The body of the prototype
measures approximately 3% inches
wide, 3% inches high and 1 inch deep.
With the neck strap, the device mea-
sures 10%; inches long. One of the proj-
ect goals is to design an aid which is
smaller and less conspicuous.

The design criteria call for a beam
which extends horizontally from 1 to 2
inches beyond the shoulder width of the
user and, vertically, covers from the up-
per chest area to a point 1 to 2 inches
above the head. The precise range has
yet to be determined, but the objective
is to enable the user to detect obstacles
in the immediate area and still allow the
individual sufficient time to react to the
signal.

A second-generation prototype, pres-
ently being devised, will be tested with
subjects prior to further development
and evaluation on a larger scale.
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Investigations of Acoustic Reflex
in Elderly Persons

VA Medical Center
1901 S. 1st Street
Temple, Texas 76501

David J. Thompson, Ph. D.

The human acoustic reflex is a brain-
stem-mediated system that produces
contraction of the middie-ear muscles
upon presentation of an appropriate
acoustic stimulus to an ear. Certain as-
pects of the acoustic reflex have clinical
application, and investigations in recent
years have provided useful data for pre-
diction of hearing loss from reflex
thresholds (Popelka, 1981) and for as-
sessment of certain auditory pathology
(Borg, 1976).

The primary goal of this research pro-
gram is provision of guantitative infor-
mation on the effect of aging on the
human acoustic reflex. Subject samples
for most studies are composed of nor-
mally-hearing persons in the 20—79 year
age range. Data are gathered with an
aural acoustic-immittance® instrument,
which is the basic instrument in a non-
invasive procedure for analysis of the
acoustic reflex.

The initial phase of the project is cen-
tered around interfacing and calibration
of computer hardware and analog in-
strumentation, development of soft-
ware for acquisition and analysis of aural
acoustic-immittance measures, and lo-
cation of suitable subjects in the
50-to-80-year age range. The major ac-
tivity during the reporting period has
been the development of an efficient
algorithm for computer-controlled mea-
sures of perstimulatory adaptation of the
acoustic reflex. Written on a Nicolet
MED-80 computer, these programs
control stimulus generation, direct
memory acquisition of data in 4 kbyte
segments, and routines for direct-mem-
ory-access of data for absolute mea-
surement of quantitative characteristics.
This program set is the first of a family
of programs for automated measure-
ment of aural acoustic-immittance mea-
sures, including tympanogram, acoustic-
reflex threshold, and the input-output
function of the acoustic reflex.

Other activities have included work

aRefers to measures of acoustic impedance
or acoustic admittance acquired in the (hu-
man) ear canal (ANSI Standards for Aural
Acoustic-immittance Instruments, Draft
1980A).

mittance—The Measurement of Middle
Ear Function (AS Feldman and LA Wili-
bur, eds.) pp. 282-294, Williams & Wil-
kins, 1976.

on a report on transcranial conduction
of signals used for contralateral activa-
tion of acoustic reflex, and the devel-
opment of graphics software for
representation of acoustic-reflex

measures.

2. Popelka GR: in Hearing Assessment with
the Acoustic Reflex (GR Popelka, ed.)
pp. 2346, Grune & Stratton, 1981,
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Rehabilitative Engineering R&D Center
Veterans Administration Medical Center
3801 Miranda Avenue

Palo Alto, California 94304

Larry J. Leifer, Ph. D., Director; Franklin G. Ebaugh, M.D., Acting Medical
Director; Patricia A. McCarty, M.A., Technical Assistant.

1981 is the International Year of Disabled Persons, by resolution of the General
Assembly of the United Nations. The expressed purpose of the International Year of
Disabled Persons is to “undertake to further full participation of disabled persons in
the life of their society.” The efforts of this center have focused upon heightening
public awareness of the large disabled community, and reducing the number of
barriers faced by many of these individuals because of physical limitations.

This year, the RERanD Center has undertaken a program directly attuned to public
education regarding rehabilitation research. The Center hosted a public Open House
on Saturday, April 11, 1981, presenting current research of the RER&D staff as well
as rehabilitation-oriented projects by Stanford University engineering graduate and
undergraduate students. A high degree of interest and enthusiasm was evident
throughout the 4-hour event. The Center continues to receive requests for tours and
presentations from individuals as well as professional and service-oriented groups
interested in rehabilitation. An average of 4 such groups per month are
accommodated.

In addition to such public education endeavors, a weekly seminar series has been
initiated for the purpose of educating both investigators and support staff at the
Center. Experts from various rehabilitation-related fields of research and clinical ser-
vice conduct seminars in their area of expertise at the Palo Alto RER&D Center,
facilitating an exchange of information and ideas.

Toward the goal of reducing the number of barriers encountered by disabled
persons, Center personnel continue research on the design and development of
rehabilitative devices using high technology. It is expected that these efforts, both
short and long term, will facilitate the increased integration of physically limited
persons into the mainstream of society.

The following summaries represent work that has been accomplished on the var-
ious projects under way at our Center during the period January—June, 1981. An
additional seven proposals are being prepared for submission to the Fall 1981 VA
RER&D Merit Review, and another has been submitted for consideration to the
Paralyzed Veterans of America Technology and Research Foundation.

Toward Better Methods of
Nerve Repair and Evaluation

Personnel: Vincent R. Hentz, M.D.
(VA); Larry J. Leifer, Ph.D. (VA); and
Gordon 8. Abraham, M.S. (VA).

This is a new VA Merit Review project.

Need—Further investigation of better
methods of nerve repair and regenera-
tion must address two fundamental and
interrelated problems: (i} the inability to

surgically restore normal anatomical
configuration at the repair site; and (ii)
the present lack of objective techniques
to evaluate the results of repair and sub-
sequent regeneration.

Background—Previous investigations of
nerve repair techniques have utilized
either suture methods at the epineurial
or perineurial level, or sutureless meth-
ods applied at the epineurial level. in-
consistent results have been obtained,



both because objective methods to
measure return of function in clinical and
laboratory studies have not existed and
because the repair methods mentioned
above failed to restore normal anatom-
ical configuration at the severance site.

Goals—This project is designed to test
the following two hypotheses: (i) su-
tureless repair techniques utilizing newly
developed biodegradable membranes
at the perineurial level can better restore
anatomical configuration at the repair
site than conventional suture methods,
and can increase the number of axons
proximal to the repair site making func-
tional distal connections; (ii) recently
developed computer derived methods
that permit mapping of mixed and mo-
for nerves by axon conduction velocity
distributions (NCVD) can provide a
quantitative evaluation of functionally
connected axons.

Method

Foliowing preoperative nerve con-
duction velocity distribution studies,
controlled injuries will be created in the
median and ulnar nerves of a previously
developed primate model, the macaca
fascicularis or cynomolgus monkeys.
Tensionless nerve anastomoses will then
be performed, using either standard re-
pair techniques such as epineurial or
perineurial suture methods, or perineu-
rial tubulization techniques utilizing sev-
eral newly developed biodegradable
materials (including hypoantigenic col-
lagen and polyglycolic acid mem-
branes). Early events will be studied by
standard histologic methods. Serial
nerve conduction velocity distribution
studies will be used to observe changes
in the nerve proximal to the repair site.
At varying postoperative intervals, re-
generation across the repair site will be
assessed using conventional electro-
physiologic techniques and newly de-
veloped computer-derived nerve
conduction velocity distribution meth-
ods and methods to integrate the area
under the compound action potential.
This information will be correlated with
standard histologically derived axon
histometrics. These studies of repairs
performed in a tensionless manner will
be modified in a nerve gap model to
study the effects of tension on nerve re-
pair and regeneration in the primate.
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Measurement of Muscle Mechanical
Properties in vivo Using a Buckle
Transducer

Personnel: Parvati Dev, Ph.D. (VA):
Michael R. Zomlefer, Ph. D. (VA), and
Vincent R. Hentz, M.D. (VA, Stanford)

This new project is supported through
the RER&D Center core budget.

Need-Tendon transfer surgery for re-
construction of the upper limb is based
on knowledge of the force and maxi-
mum excursion of the muscle whose
tendon is transferred. The changes in
muscle tension with changes in muscle
length during contraction are not well-
known, but will significantly affect the
performance of the transferred muscle
at different joint angles. There is a need
to know the length-tension relation for
all muscles used in reconstruction of the
upper limb.

Approach

A small (2 cm x 1 cm) E-shaped chro-
mium-steel buckle has been developed,
based on a design available in the lit-
erature, which can be slipped onto the
tendon. As the tendon is tensed, the
buckle is stressed and the correspond-
ing strain is measured by strain gauges
glued to the buckle. During surgery,
when the tendon to be transferred is ex-
posed, the buckle can be slipped onto
the tendon before it is cut to determine
the muscle’s resting tension {which is
often the tension at which it is reat-
tached at its new insertion). Once the
tendon is cut, the muscle’s length-ten-
sion relation can be measured for both

passive muscle and muscle that is elec-
trically stimulated. During reattach-
ment, tendon tension is monitored so
that the desired tension can be precisely
established.

Status—A working prototype of the
buckle transducer has been tested on
the cat’s Achilles tendon. A larger ver-
sion, suitable for use on human wrist
and finger tendons, is being developed.
Permission for the experiment is being
sought from the Human Subjects
Committee.

Pending—Once the required permis-
sion for experimentation is obtained, the
buckie will be used in the operating room
during elective surgery for hand recon-
struction. The informed consent of the
patients will be sought.

Tallking Computerized
Bulletin Board

Personnel: Gregory L. Goodrich,
Ph. D. (VA);, David L. Jaffe, M.S.; Sue
Melrose (VA); Douglas H. Williams
(Psycho-Linguistics Research); Carol A.
Simpson (Psycho-Linguistics Research),
and Susan H. Phillips (Sensory Aids
Foundation).

Support for this new project is pro-
vided from RER&D core budget.

Need--Therapists, physicians, re-
searchers, consumers, manufacturers,
and engineers are all a part of the re-
habilitation community. Many local,
state, national, public, and private or-
ganizations participate in providing aid
for the disabled. Despite conferences,
newsletters, and local meetings, the di-
verse nature of rehabilitation makes it
difficult for segments of the community
to keep abreast of research activities,
new products, new services, events, and
current information.

Approach:

A similar lack of efficient information
transfer prompted computer hobbyists
to implement “Computerized Bulletin
Board Systems.” Using terminals, mo-
dems, and the telephone, they were able
0 access a centralized computerized
communication node to send and re-
ceive messages regarding club meet-
ings, new programs or hardware,
equipment for sale, or just gossip. These
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systems have multiplied to over 200 and
now exist in all parts of the country. Sys-
tems have also been developed to meet
the specialized needs of amateur radio
operators and some non-technically-ori-
ented common-interest groups.

A computerized bulletin board sys-
tem would provide an ideal information
node for the rehabilitation community.
lts advantages are:

1. It removes the temporal and spacial
coincidence requirement from the infor-
mation transfer. The sender transmits
information to the computer at his con-
venience. The computer stores that
message digitally until the recipient is
ready to access the system and read it.

2. Both private and broadcast modes
are implemented. Message senders can
specify a specific person as the desti-
nation or they can designate the mes-
sage open to “all interested parties.”

3. “To,” “From,” “Date,” and “Subject”
fields are an integral part of the mes-
sage. Users can perform a computer-
ized keyword search on these fields to
read only messages in which they have
interest.

The main disadvantage of the above
system, for rehabilitation use, is that a
user must access the system using a ter-
minal and a modem. Many members of
the rehabilitation community do not
have this type of equipment at their dis-
posal. Others, such as vision-impaired
individuals, would find such a system
difficult to use unless they employ an
Optacon.

To overcome this problem, a “talking
bulletin board” is proposed. In this sys-
tem, a computer-operated speech syn-
thesizer is used to convert the digitally
stored messages to audio speech for
transmission over the telephone lines.
{Digital communication would still be
supported.) The system would prompt
the user for the various modes of op-
eration. These would include: (i) Enter
a message, (i) Request help, (iii) Read
a message, (iv) Scan messages for key-
words, (v) Enter ‘expert’ mode, and (vi)
Hang up.

For the purpose of entering text and
performing mode changes, the user
would use the Touch-Tone pad to com-
municate with the system. A $40 com-
mercial adapter that fits over the
telephone would make non-Touch-Tone
phones compatible with the bulletin
board system.

Among the uses contemplated for the
completed system are:

1. Generalized information mode: in-
formation relevant to the rehabilitation
community can be exchanged without
the need for personal phone conversa-
tions, newsletter publications, or peri-
odic meetings.

2. On-Line Evaluation: prescribed re-
habilitation devices can be evaluated
systematically by requiring users to fill
out a computerized form message on a
regular basis. Problems with those de-
vices can be communicated via this sys-
tem as well.

3. Employment: a ‘Position Wanted’
and ‘Jobs Available’ section can be in-
corporated into the message scheme.
The system can then act as an auto-
mated clearing house for employment
opportunities for the handicapped.

4. Consumer feedback: comments in
regard to the usefulness or modification
of specific rehabilitation devices can be
made.

Status—A prototype version of the
above system is being implemented. The
initial hardware includes a Votrax Type-
N-Talk speech synthesizer, a Z80 micro-
processor, a telephone interface, and a
Touch-Tone decoder. Software is written
in BASIC for ease of testing and devel-
opment. A stand-alone system will sub-
sequently include large off-line disk
storage and be supervised by a human
system operator.

Pending—Funding for this project will
be sought from the Veterans
Administration.

Publications

Goodrich, Gregory; “Consideration of
Standards for Computer Sensory Aids
for the Handicapped,” Conference at
Western Blind Rehabilitation Center; Fe-
burary, 1980. Bull Prosth Res BPR 10-34,
Fall 1980 17(2):201-205, 1980.

Ultrasonic Head Control Unit for Smart
Wheelchair

Personnel: David L. Jaffe, M.S. (VA).

Support for this continuing project is
provided by RER&D core budget and by
the Paralyzed Veterans of America.

Need-—The lack of mobility is a disabil-
ity that an estimated 50,000 quadri-
plegic individuals encounter. It is their
top priority to be able to personally
command any mechanical mobility they
do acquire, and thereby achieve a higher
level of independent living.

Approach

Although the use of an electric wheel-
chair provides the most obvious means
of providing mobility to quadriplegics,
attempts to produce a compatible ve-
hicle have involved a mechanical user/
device interface such as a chin or head
controlled joystick. These interface de-
vices are far from ideal, since intimate
contact with them must be maintained
and critical positioning is required to ac-
commodate the user. Limited chin ex-
tension and marginal control of those
movements aggravate the control prob-
lem and prove frustrating in use, for
many. Additionally, chair motion tends
to be quite jerky due to the acceleration
feedback effect of the chair motion on
the user’s chin position. Other chair con-
trol designs, such as pneumatic switch
control, suffer from similar disadvan-
tages as well as increased difficulty in
mastering control and sanitation prob-
lems (aesthetic factors frequently have
been overlooked in the design of wheel-
chair systems for quadriplegics).

By utilizing ultrasonic distance-rang-
ing technology to track the user’s head
position and proportionally control the
chait's movement in joystick fashion with
this head position, many problems that
plague current designs for quadriplegic
individuals can be overcome. Minimal
motion of the user’s head to the front
directs the chair to move forward, while
positioning the head to the left, right, or
to the rear produce corresponding mo-
tions. Combinations of those orthogo-
nal positions allow smooth turns, while
the magnitude of motion defines the
speed of travel. Since very minimal mo-
tion ‘is required to use this system, and
the control is easy to learn; this non-
contacting, remote-sensing ultrasonic
method of wheelchair control offers the
possibility of an improved method of
quadriplegic control of electric
wheelchair.

Status—Currently, work is focused on
producing a flexible independent ultra-
sonic head control unit which will be a
stand-alone transducer of head posi-
tion. Information acquired by this unit
would then be used for electric wheel-
chair navigation and also for robotic arm
control and communication board input.

Pending—Hardware and software are
currently being developed to implement
the ultrasonic head control unit. Once
operational, the unit will be integrated



with an electric wheelchair and the ro-
botic arm.

On the wheelchair, DC bridge control-
lers will be used for increased efficiency
as well as the elimination of the bulky
and noisy motor relays used in the ex-
isting configuration. These controllers
will feature motor current sensing cir-
cuits and a regenerative system that re-
charges the batteries during braking. In
addition to its superior performance, the
DC bridge circuit has the advantage that
it can be directly driven by a computer-
generated pulse-width-modulation out-
put signal.

To increase the overall gain of the
wheelchair system, an inertial frame will
be employed. This will serve to mini-
mize the effects of acceleration on per-
formance. Additionally, this feature will
indicate the approach of vehicle insta-
bility as well as inform the user of an
attempt to climb a grade that is too
steep. Low-battery alarm, computer
watch-dog circuits, and a user-accessi-
ble panic switch will be required for a
reliable system.

The microcomputer systems for the
wheelchair and the ultrasonic head con-
trol unit will be designed to dynamically
adjust to the user. In such a design, the
microcomputer will ‘learn’ the user's
range of motion as well as his rest po-
sition. The final design will attempt to
capture the above features on a single
circuit board that can be fitted onto an
existing commercial electric wheelchair
at a cost of less than $500.

Publications:

Jaffe, David L., “"Smart Wheelchair,” Sixth
West Coast Computer Faire, San Fran-
cisco, Calif.; April, 1981.

Jaffe, David L., “Smart Wheelchair,” Fourth
Annual International Rehabilitation En-
gineering Conference, Washington, DC;
August 1981.

Epstein, Richard; Gerding, Leslie; and Jaffe,
David L., “Head-Controlled/Smart
Wheelchair,” ASME Design Engineering
Conference; April 1981.

La, Bill; Koogle, Tim; and Jaffe, David L.,
“Microcomputer Controlled Omnidirec-
tional Mechanism for Wheelchairs,”
EMBS, Houston, Texas; September 1981.

La, Bill; Koogle, Tim; and Jaffe, David L.,
“Toward Total Mobility: An Omnidirec-
tional Wheelchair,” Fourth Annual Con-
ference on Rehabilitation Engineering,
Washington, DC; August 1981,
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Development/Evaluation
of Recreational Bicycles for the
Disabled

Personnel: Douglas F Schwandt,
MSME (VA), Peter W. Axelson, BSME
(VA), and Larry J. Leifer, Ph.D. (VA,
Stanford). ’

Support for this continuing project is
provided by RER&D core budget and the
Northern California Charpets of the
Telephone Pioneers of America.

Need—As a recreational activity engen-
dering both physical and emotional vi-
tality, bicycling is particularly appropriate
for an individual endeavoring to over-
come difficulties involving mobility and
participation. Existent cycling equip-
ment does not meet this need.

Approach

Our continuing approach focuses on:
(i) improving the Para-Bike, a hand-pe-
daled prototype bicycle initially devel-
oped under VA support in the Stanford
University Design Division Master's Pro-
gram; (i) developing a tandem version
of the Para-Bike (for able-bodied and
disabled to ride together); and (iii) iden-
tifying appropriate manufacturers and
ways 1o move the Para-Bike concepts
into the marketplace for the direct ben-
efit of disabled riders.

Status

Two working prototypes of the Para-
Bike have been developed: One is the
Para-Bike with adjustable steering ge-
ometry, the result of a VA funded stu-
dent pilot project in the Stanford
University Design Division Master’s Pro-
gram {completed June 1980}. The other
is the competition version of the Para-
Bike, which demonstrated the versatility
and potential of the concept by allowing
a paralyzed veteran (within one year of
spinal injury), and a recently paralyzed
b4-year-old individual, to participate in
the Annual International Human Pow-
ered Vehicle Championships {(Pomona,
California, May 2-3, 1981) and ride the
Para-Bike to the arm-powered world re-
cord speed of 24 mph. This latest pro-
totype has advanced and simplified the
Para-Bike design (with improvements in
efficiency, compactness, ridability and
rmanufacturability) as a recreational bi-
cycle for the disabled.

The first prototype with adjustable
steering geometry has proved to be a
valuable ongoing resource in the optim-
ization of steering and drive perfor-

mance in subsequent design and
prototyping. The seating has also been
found to be a very important aspect of
the vehicle design, as it is the rider/ve-
hicle interface combined with the steer-
ing configuration which present the
greatest influence on the performance
of the Para-Bike for a particular rider.

Pending—Further refinements in the
design of the Para-Bike are underway to
prepare for the transition into produc-
tion. A tandem version of the Para-Bike
{for able-bodied and disabled individu-
als to ride together) is on the drawing
board. A cooperative effort with the
University of British Columbia will in-
volve tandem prototyping and place-
ment of the first production prototypes
of the Para-Bike into a comprehensive
disabled physical educational curricu-
lum in the spirit of this International Year
of the Disabled Person.

Publication

Schwandt, Doug, “Para-Bike,” Sports ‘n
Spokes, Phoenix, Arizona, November/
December 1980, pp. 18-19, 21.

Patterns of Conduction
Of Impulse Trains
in Myelinated Fibers

Personnel: Sally L. Wood, Ph. D. (VA);
Kenneth L. Cummins, Ph. D. (VA); Ste-
phen G. Waxman, M.D. (VA, Stanford),
and Jeffrey D. Kocsis, Ph. D. (Stanford).

Support for this continuing project
comes from the RER&D core budget.

Simulations of collision neurography
techniques have been run [1] in which
two stimulus pulses are applied at dif-
ferent points along a nerve. The mini-
mum time required for the initiation of
a propagating response from the sec-
ond (test) stimulus in each direction is
used as a measure of the stimulus-pa-
rameter-dependent forward and reverse
refractory characteristics. This time was
adjusted for the conduction delay from
the first (conditioning) stimulus site. The
refractory period was examined as a
function of the conduction velocity (CV),
depth of the axon, and amplitude of the
test stimulus pulse.

These results showed the expected
variation of refractory period with CV at
small depths and low stimulus intensi-
ties. As stimulus intensity and depth in-
creased, the forward and reverse
refractory periods began to differ due
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FIGURE 1. ‘ .
This figure shows an example of the differences in forward and reverse refractory periods.
Each horizontal trace is a time waveform “recorded” at a specific position along a 28 cm
length of axon. The vertical axis represents distance along the axon. At time t=0 a condi-
tioning stimulus (S1) is applied at the 22 ¢cm point. At some time later a test stimulus (S2)
is applied at the 14 cm point.

in Figure 1a the test stimulus was sufficient to excite a propagating response in the reverse
direction only. In Figure 1b the increase in IBl {interval-between-impulses) allows the test
stimulus to generate a propagating response in both directions. The propagating response
in the forward direction travels at a much slower velocity than the reverse direction as can
be seen by the arrival time of the second impulse at a distance of 12 cm on either side of S2.

to virtual cathode effect of the spatial
spread of the stimulus (Fig. 1). These
effects reduced the effective interval-
between-impulses (IBl) in the forward
direction while increasing the effective
IBl in the reverse direction. Similar pat-
terns of forward and reverse refractory
period behavior were observed at all
CV's tested, although the specific depths
and intensities at which a particular type
of behavior was observed were CV de-
pendent. These results provide one ex-
planation for previously reported
discrepancies in experimental findings
regarding the CV dependence of refrac-
tory period.

Pending—The simulation program is
being modified to include recently avail-
able empirical data on ionic channels in
mammalian CNS and a more general
temperature dependence. It will be res-
tructured to allow easier and more di-
rect interaction with the user, so that
extensive previous computer experi-
ence is not required. The program will
be used to study propagation in single
axons under normal, and a variety of
pathological, conditions. Results of the
simutations can be combined to give
estimates of compound responses re-
corded remotely. For example, the new
program will be used to study the ef-
fects of reduced diameter in demyeli-
nated segments of a myelinated axon.
The amount of reduction required in
order to promote conduction into and
through a demyelinated region will be
examined under a variety of conditions.
The effect of the demyelinated segment
on the conduction characteristics of the
total fiber will be investigated with re-
spect to relative refractory period and
entrainment. The effects of the absence
of potassium conductance, in conjunc-
tion with modified sodium and leakage
conductances, will also be simulated.

Publications

Wood SL, Cummins KL: Bidirectional
nerve refractory characteristics: simu-
lations of conduction resulting from di-
rect and remote stimulation. Proc. 3rd
Annual Conf. of the IEEE Engineering in
Medicine and Biology Society, Houston,
Texas, Sept. 1920, 1981,



Spinal Injury Patient
Transport System

Personnel: Eric E. Sabelman, Ph.D.
{VA); Timothy A. Koogle, Eng. D. (VA);
Robert L. Piziali, Ph. D. (VA, Stanford),
and Connel Wilmot, M.D. (Santa Clara
Valley Medical Center).

This continuing project is supported
by RER&D core budget.

Status—Two of these transport sys-
tems have been completed in a proto-
type configuration and are currently
being used at the Santa Clara Valley
Medical Center for transporting pa-
tients. Feedback to date has been very
positive. We will be using inputs from
the SCVMC to produce production pro-
totypes in which we will be using more
advanced materials and more conve-
nient fixation systems.

(Note: the device, previously de-
scribed and illustrated, is a stretcher-like
transporter incorporating a traction de-
vice and lateral head, axial shoulder, and
torso-strap restraints. Editor)

Analytical Modeling
of the Human Lumbar Spine

Personnel: Lyle W. Swenson, Jr.,
Ph. D. (VA); Robert L. Piziali, Ph. D. (VA,
Stanford), and Timothy A. Koogle,
Ph. D. (VA).

Support for this continuing project is
provided by RER&D core budget.

Status—This project has continued to
develop general capabilities in numeri-
cal methods appropriate for spinal mod-
eling and general modeling of the
human musculo-skeletal system. The
project is currently awaiting appropriate
data to test the performance of the
model. It is anticipated that this will be
completed in the next six months.

(Note: among the features of the an-
alytical model developed by this project
is the use of non-linear spring force-de-
flection data in accounting for ligamen-
tous and intervertebral disc interactions.
Editor)

The Mechanics
of Human Cancellous Bone

Personnel: Lyle W. Swenson, Jr.,
Ph. D. (VA); Robert L. Piziali, Ph. D. (VA,
Stanford), and Kil-Soo Kim, M.S.
(Stanford).

Support for this continuing program
is provided by RER&D core funding.
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Status—Work in this project area has
been continuing. The static two- and
three-dimensional problems have been
completed and work is underway on the
dynamic problem.

improved Predictive Filtering
Techniques for Non-invasive
Analysis of Neuromuscular
System

Personnel: C.C. Boylls, Ph. D. (VA),
and F. E. Zajac, Ph. D. (VA).

Support for this continuing project is
provided by RER&D Center core budget.

Need—The evaluation of therapies for
human neuromuscular disease pro-
cesses benefits from the replacement of
invasive assessment techniques by
noninvasive methods of comparable
sensitivity. We thus have examined the
feasibility of extracting the contractile
properties of motor-units in muscle us-
ing indirect predictive filtering methods
as a replacement for muscle biopsy.

Approach

Following the discharge of a motor
unit, the fibers of the unit contribute a
small increment to the tension in a mus-
cle. if one records (with a needle elec-
trode) both the time-series of motor-unit
discharges and the corresponding
whole-muscle tension, then a filter can
be mathematically constructed which
tries to predict the time-course of ten-
sion change following each motor-unit
volley. If accurate, then this time-course
allows the unit to be identified accord-
ing to its twitch-contraction properties.

The construction of an accurate pre-
dictive filter, however, is made difficult
by such factors as: (i) nonlinearities and
time-dependence in the unit's twitch-
contraction behavior; (ii) statistical non-
stationarity in the motor-unit discharge
train and nonuniformity of the fre-
quency representation within that train;
and (iii) the presence of correlated activ-
ity (e.g., synchrony) in other motor-units
within the muscle. We have been eval-
uating the sensitivity to these sources
of error of predictive filters constructed
by various methods.

Status—The behavior of the “simplest”
predictive-filter technique, Wiener's
least-squares linear predictor, has been
studied with reference to motor-unit
models derived from Hill's equation. For
a linearized Hill's-equation model, the

filter predicts tension exactly, provided
that the unit's time-series of discharges
contains all frequencies (not necessarily
uniformly) within the bandpass of the
model. However, for the nonlinear
model, the extracted twitch-contraction
profiles nearly always underestimate
both the time-to-peak and the duration
of the twitch. The underestimates, in
many instances, fall below 70 percent of
the actual values. We believe, therefore,
that a considerably more sophisticated
predictive-filter technique will be re-
quired before the goal of accurate twitch-
contraction estimation can be achieved.

Pending—This project has been sus-
pended until a suitable filtering tech-
nique can be found. We expect to
consider both Volterra-series estimators
and methods based upon model-refer-
enced system identification in making
that choice.

Development and Evaluation of
an Omnidirectional Wheelchair

Personnel: William H.T. La, Ph.D.
(VA); Timothy A. Koogle, Eng. D. (VA);
David L. Jaffe, M.S., and Larry J. Leifer,
Ph. D., (VA, Stanford).

Support for this continuing project is
provided by RER&D Center core budget.

Need—Conventional wheelchairs have
limited mobility, requiring a large area
in which to maneuver. Homes, buildings
and public transportation systems have
to be modified at great costs in order to
accommodate these chairs. There is a
need for a wheelchair that has no ma-
neuvering constraints beyond the mo-
bility limitations of its physical size.

Approach

Total mobility of a vehicle on the
ground plane requires three degrees of
freedom of motion: forward-backward
translation, left-right translation and ro-
tation on the vertical axis. This total
mobility can be achieved in the simplest
way with three independently driven
wheels that provide positive traction
along three lines of action forming a
well-defined triangle. The wheels have
to be capable of moving sideways with-
out binding or slipping, and must there-
fore be fitted with idle peripheral rollers.

Status—An experimental prototype of
the three-wheel-drive, omnidirectional
wheelchair has been built, using mostly
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FIGURE 2

Experimental Prototype of the Omnidirectional Wheelchair

available components (modified E&J
frame, automobile bucket seat, Solo
motors and controller, and Bowman
controlier (Bowman Electronics, San
Anselmo, CA.)). An analog translator
converts the inputs from a three-axis
joystick and feeds them into the Solo
and Bowman units. The three omnidi-
rectional wheels were built by graduate
students at Stanford University under
the sponsorship of Unimation. The
24-volt electrical system is powered by
two Gel Cell batteries.

The prototype exhibits some impre-
cision in direction control. Pure low-
speed translation in odd directions is
difficult to achieve, due to the dead zones
in controller and motor response. The
wheelchair also has a tendency to veer
when accelerating or braking. The three-
axis joystick requires some adaptation
on the part of people who are used to
the operation of a conventional electric

wheelchair. The present wheels give a
rather rough ride due to their limited
size and the lack of resilience of the
rollers (Fig. 2).

Pending—Different designs of the frame
and wheels are being studied. Shaft en-
coders will be mounted on the motors
to implement feedback control. A micro-
processor-based digital controller is
being assembled; it will enable us to
test various control schemes and will
help us investigate the dynamics of this
wheelchair.

Publication

La, H.T.,, “Omnidirectional Vehicle,” U.S. pat-
ent no. 4,237,990, 1980.

Experimental and Theoretical
Study of Mammalian Movement

Personnel: F E. Zajac, Ph. D. (VA), and
W.S. Levine, Ph.D. (University of
Maryland).

Support for this continuing project is
provided by the RER&D Center core
budget and by National Institutes of
Health (NS 11971).

Status—Since our last report we have
solved the optimal control problem for
a human subject jumping to his maxi-
mum height using only his calf muscles
for propulsion. When these computer
and analytical results are compared with
experimental data, we find good agree-
ment even for simple muscle models.
Critical to this agreement, however, is
accurate specification of the properties
inherent to these models. Future work
will concentrate on more complicated
jumps so that we can understand the
interaction of externally-imposed and
internal body constraints on the bio-
mechanics and neural control of
movement.

Development and Evaluation of

a Downhill Ski-Sledding

System for Persons with

Disabilities

Personnel: Peter W. Axelson, B.S.
(VA); Larry J. Leifer, Ph. D. (VA, Stan-
ford), and John J. Csongradi, M.D. (VA,
Stanford).

Support for this project is provided by
RER&D Center core budget.

Status—User and Instructor question-
naire information was used to develop
the Arroya V ski-sled which incorporates
user feedback and suggested modifica-
tions from the 1979-80 ski season. (Dur-
ing that ski season, 15 Arroya IV ski-sleds
were field-tested at nine ski areas, in-
cluding Winter Park Ski Area in Colo-
rado and Snoqualmie Ski Summit near
Seattle, Washington). Users indicated
that, while turns were easy to complete,
they were difficult to initiate. This sug-
gestion led to the use of four edges on
the Arroya V, two forward edges which
allow skiers to initiate turns and two rear
edges which allow completion of a turn.

RERanD Center core budget funded
the construction of ten Arroya V proto-
types which were ready in March of the
198081 ski season. These sleds were
used in slalom and giant slalom com-



petitions, at the 1981 National Handi-
capped Ski Championships at Winter
Park Ski Area in Colorado, by 35 skiers
with varying disabilities. (The freestyle
event was eliminated this year. How-
ever, an official downhill event was
added.) The competition was close and
exciting for all of the racers involved.
The all-around top male and female Ar-
roya competitor will represent the United
States at the World Handicapped Ski
Championships in Switzerland in March
1982.

Representatives from all of the RER&D
evaluation centers and other ski-sled-
ding programs met to discuss the var-
ious issues associated with downhill ski-
sledding programs. The issues covered
were (i) tethering vs. nontethering, (ii)
ski area insurance problems, (iii) and ski
area personnel involvement with chair-
lift loading and unloading procedures.

Pending—This RER&D Center will seek
to locate a manufacturer capable of pro-
ducing the Arroya in its current state of
development. The Center also plans to
continue to monitor the evaluation of
Arroya V ski-sleds, to publish a user/in-
structor manual for downhill ski-sled-
ding, to monitor the certification of Level
I, I, and Hil ski-sledding instructors and
the certification of advanced users.

Study of Upper-Limb
Biomechanics Using Ultrasound
Transmission Imaging

Personnel: Vincent R. Hentz, M.D.
(VA, Stanford); Parvati Dev, Ph. D. (VA),
and Kenneth W. Marich, M.B.A. (S.R.L
International).

Support for this continuing project is
provided by the RER&D Center core
budget.

Need—Modern functional, and espe-
cially biomechanical, analysis of living
hands has been restricted because, until
now, no safe non-invasive method for
studying bone and soft tissue relation-
ships has existed. Ultrasonic transmis-
sion imaging combines the advantages
of X-ray laminography and fluoroscopy,
and permits risk-free visualization of soft
tissues and bone in real time.

Approach

One major objective of this study is
fo extend the capabilities provided by
ultrasonic transmission imaging to the
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study of upperlimb function. Another
major objective is to develop mathe-
matical models of hand biomechanics
for the eventual evaluation of specific
abnormalities and for the selection of
optimal rehabilitative measures includ-
ing reconstructive surgery.

Status—Those areas of the project that
deal with ultrasound transmission im-
aging, and require collaboration with SRI
International, are suspended while
awaiting the evaluation of a research
proposal resubmitted to VA RERanD
merit review.

In-house development of a mathe-
matical model, and computer simula-
tion of a single joint, the wrist, is
ongoing. The wrist is modeled as a uni-
versal joint with two degrees of free-
dom. Tendons around the joint are acted
on by simulated muscles with specified
length-tension properties. The simula-
tion is an interactive one, allowing the
user to insert or delete muscles and to
alter tendon moment arms and inser-
tion points. The data for the model are
derived from the literature and from an-
atomical measurements (Brand, Paul W.:
Orthopedic Clinics of North America,
Symposium on Tendon Transfer in the
Upper Extremity, Vol. 5, No. 2, April
1974).

Instrumentation for the measurement
of muscle mechanical properties is
under development (see project by Dev,
Zomlefer and Hentz).

Pending—The kinematics of the model
will be compared with the kinematics of
a cadaver wrist and the model will be
refined as necessary. The model will then
be made accessible to hand surgeons
to determine its acceptability and level
of usefulness.

Nerve Conduction Velocity
Distributions: Clinical
Research Applications

Personnel: Kenneth L. Cummins,
Ph. D. (VA); Leslie J. Dorfman, M.D. (VA,
Stanford); Larry J. Leifer, Ph.D. (VA,
Stanford); Gordon W. Abraham, M.S.
(VA).

Support for this continuing project is
shared by the Muscular Dystrophy As-
sociation, the RER&D Center core bud-
get, and the VA Merit Review research
program.

Need—There is a need for sensitive non-
invasive electrophysiologic techniques
for the study of the dynamics of periph-
eral nerve growth, development, dam-
age, disease, healing and response to
treatment.

Status

Initial studies of DCVs (2-CAP method,
Cummins et al.) in mixed motor/sen-
sory median nerves suggest that DCV
analysis, when controiled for stimulus
intensity and temperature, provides a
reliable measure of nerve-bundle con-
duction characteristics that can detect
subtle peripheral nerve abnormality,
even when conventional electrophysiol-
ogic techniques yield normal findings
(see BPR 10-35, Spring 1981, VA RER&DS
Progress Reports, pp. 131-132.)

We are continuing our study of dia-
betic patients in an effort to follow the
course of diabetic neuropathy in re-
sponse to dietary control and drug treat-
ment. That study is principally an
evaluation of the ability of our DCV
methods to detect and follow the course
of subtle peripheral neuropathy.

Also, patients with MS, hemiplegia,
and spinal cord injury are being studied,
in order to investigate the possible cor-
relation of peripheral neuropathy with
lesions of the central nervous system.

Our method for studying motor nerve
DCVs (collision method, Leifer et al.) has
shown an undesirable sensitivity to
stimulus intensity. This sensitivity has
been isolated to the intensity depen-
dence of refractory period and its rela-
tionship to conduction velocity (CV)
{Cummins and Abraham, 1981). The na-
ture of the relationship between refrac-
tory period and CV has been studied via
computer simulation (Wood and Cum-
mins, 1981).

The refractory characteristic which is
important in collision neurography is the
minimum time interval between the ar-
rival of an action potential at a specific
point along a nerve and the time when
a second (propagating) action potential
can be elicited at that point (IBImin—
minimum interval-between-impulses).
This interval is, in general, dependent
on CV, remoteness of the stimulus site
from the nerve, and stimulus intensity.
In fact, for high stimulus intensities this
interval depends on the direction of
propagation being considered (“for-
ward” or “reverse,” see Figure 3). This
result may well account for the inability
of many investigators to demonstrate a
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clear inverse relationship between re-
fractory period and CV for “forward"” re-
fractory period studies in humans (Hopf
and Lowitzsch, 1975 and Betts et al.,
1976).

For the collision paradigm, both empir-
ical evidence and computer simulations
indicate an inverse relationship be-
tween “reverse” IBImin and CV. There-
fore any attempt to characterize the
range or distribution of motor CVs in
humans should take this relationship into
account. Ignoring this fact results in er-
rors on the order of 20-40 percent for
the estimated range of CVs.

Pending—Development of a stand-alone
system for estimating DCVs will begin
in the near future. This computer-based
instrument will be centered around a
commercially available system for elec-
trophysiological analysis of averaged
evoked potentials and compound ac-
tion potentials (Pathfinder Il, Nicolet In-
strument Corp.).

Bibliography

Cummins KL, Dorfman LJ, Perkel DH: Nerve
fiber conduction velocity distributions
Ii. Estimation based on two compound
action potentials. Electroenceph Clin
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FIGURE 3.

Minimum interval between impulses (IBImin) as a function of conduction velocity (CV) for
three different stimulus intensities. Resuits obtained from computer simulation of a myeli-
nated nerve fiber. Forward (F) IBImin’s, which represent conduction of the test action poten-
tial in the SAME direction as the conditioning action potential, are indicated by boxes or
diamonds. Reverse (R} IBimin’s, which represent conduction of test action potentials in the
OPPOSITE direction of the conditioning action potential, are indicated by stars or X's. Nerve

Depth is 0.5 cm.

For a Stimulus intensity of twice threshold (I: Tx2) the forward and reverse IBimin’s are
identical; IBImin varies inversely with CV. When stimuius intensity is increased to five times
threshold (I: Tx5) the forward IBimin becomes greater than the reverse IBImin, and no longer
varies inversely with CV. The transition in the relationship between forward IBimin and CV
occurs at an intensity of three times threshold and a CV of 16 m/sec.
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analysis. Proc IEEE 65:747-755, 1977.

Cummins KL and Abraham GS: Refractory
studies in collision neurography. Proc
34th ACEMB, Houston, Sept. 1981.

Wood SL and Cummins KL: Bidirectional
nerve refractory characteristics: Simu-
lations of conduction resuiting from di-
rect and remote stimulation, Proc 3rd
IEEE/EMBS Conf, Houston, Sept, 1981.

Hopf HC and Lowitzsch K: Relative refrac-
tory periods of motor nerve fibers, in
Studies on Neuromuscular Diseases,
K. Kunze and J E Desmedt (Eds), pp 264~
267, Karger, Basel, 1975.

Betts RP, Johnson DM, Brown BH: Nerve fi-
ber velocity and refractory period dis-
tributions in nerve trunks, J Neurol
Neurosurg Psychiat 39:694-700, 1976.

Internal and External Stabili-
zation of the Disrupted
Dorsal Lumbar Spine

Personnel: Inder Perkash, M.D. (VA);
Donald A. Nagel, M.D. (Stanford); Tim-
othy A. Koogle, Eng. D. (VA); Robert L.
Piziali, Ph. D. (VA, Stanford), and John
J. Csongradi, M.D. (VA, Stanford).

Support for this continuing project is
provided by the Veterans Administration.

Status—This project has tested two ca-
davers using Harrington distraction rods,
Harrington distraction rods with seg-
mental wiring, Harrington compression
rods, and the Luque segmental stabiliz-
ing system. These tests have been suc-
cessful and will be part of the data base
to compare the four different ap-
proaches. In addition, two cadavers have
been tested with simulated cervical frac-
ture dislocations. The normal Luque
segmental wiring technique was inves-
tigated, followed by a study of a varia-
tion of the Luque rod developed by our
research group. This latter system has
performed better than the normal Lu-
que approach and we are in the process
of establishing an experimental proto-
col to fully evaluate the two approaches.

A completely instrumented Harring-
ton rod has been received and is now
being mated with a telemetry package
appropriate for implantatién. The cur-
rent system has three channels and we
are checking the performance of the
system in the laboratory. Plans are
underway for a complete telemetry
package for the rod. In addition, initial
contacts have been made with the
NASA/Ames Research Center to con-



Rehabilitative Engineering

147

Bulletin of Prosthetics Research BPR 10-36 Fall 1981

Research and Development Center

Hines VA Medical Center
Hines, lllinois 60141

Wilton H. Bunch, M.D., Ph. D., Director

John Trimble, Ph. D., Engineering Director

This report of the VA Rehabilitative Engineering Research and Development
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and sensory aids, and systems evaluation and research design. It then gives
samples of continuing and proposed work in the several laboratories, and a
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Presbyterian St. Luke’s Medical Center, Rehabilitation Institute of Chicago, Field
Electronic Publishing, and four additional Services within VA Hines Hospital.

Current work is reported as follows:

APPLIED BIOMECHANICS AND
KINESIOLOGY CORE LABORATORY

Biomechanical Study of
Spinal Fusion and its Effect on
the Free Segments

Avinash Patwardhan, Ph. D., Ray
Vanderby, Ph. D., and Wilton
Bunch, M.D,, Ph.D.

The objectives of the research are:

1. To perform a parametric study to
generate quantitative data describing the
range of motion of the spine and the
magnitude and location of peak forces
.and moments acting on the fused seg-
ments, as well as on the free-motion
segments above and below the level of
fusion. The effects of the following pa-
rameters will be investigated: (i) the

duct a cooperative effort using mon-
keys as test specimens. This will allow
us to collect data on the performance of
Harrington type instrumentation during
the incorporation of bone grafts follow-
ing . fracture dislocation in an upright
animal.

Development of a Camera for
Application in Sensory Aids
for the Blind

Personnel: Sally L. Wood, PH. D. (VA).
This new VA merit-reviewed project was
funded in Fiscal Year 1981.

The initial report will be found else-
where in this issue of BPR, in the “Sen-
sory Aids” section of the VA RER&DS
Progress Reports.

number of fused segments; (ii) the lo-
cation of fusion along the length of the
spine; (iii) the amount of residual mo-
tion at the fusion segment; (iv) the load-
deformation properties of the motion
segments; (v) the geometric configura-
tion of the spine; and (vi} the applied
loads.

2. To investigate the stress distribu-
tion within the fused as well as adjacent
free-motion segments subjected to the
segmental loads obtained as described
above, as functions of the various
parameters.

In order to meet these objectives, the
following activities will be undertaken:

1. Experimental study to obtain the
load-deformation properties of the mo-
tion segments of human spine;

2. Experimental study to obtain data
describing the geometric configuration
of the spine;

3. Formulation and validation of the
motion simulation model of the spine;

4. Experimental study of residual mo-
tion in fused segments of canine spines
and instrumented human spine
segments;

5. A parametric study, using the vali-
dated motion simulation model of the
spine, to generate data describing the
range of motion of the spine, and the
peak values of segmental loads acting
on the fused as well as adjacent free-
motion segments;

6. Experimental study of human arti-
cular facets to obtain force/deflection
data;

7. Development and validation of a
three-dimensional model of human ar-
ticular facets;

8. Experimental study of effects to lig-

aments on spinal stiffness using tran-
section approach to obtain individual
ligament stiffness;

9. Formulation and validation of a
three-dimensional finite element model
of a human spinal motion segment in-
corporating the effects of ligaments and
facets;

10. Comparative study of stress dis-
tributions in normal spinal motion seg-
ments versus fused segments, and also
versus normal segments adjacent to
fused segments when abnormal load-
ing or motion is indicated.

APPLIED NEUROPHYSIOLOGY
LABORATORY

An Animal Model for
Spinal Cord Injury

John Trimble, Ph. D., Sami Dughman,
M.D., Talat Khan, Ph. D., and
Wilton Bunch, M.D., Ph. D.

At present, there is considerable con-
flict over the pathophysiological changes
following experimental spinal cord in-
jury. There is also conflict regarding the
relationship between these changes and
measures of spinal cord function. It is
possible these conflicts result from the
lack of reproducible and quantifiable in-
jury models, as well as inaccuracies in
the physiological and pathological mea-
surements following experimental
trauma. There is also the problem that
the most commonly used experimental
injury models are not directly relevant
to clinical injuries.

The proposed project will attempt to
resolve these conflicts and to create an
experimental injury model which is
closely relevant to clinical injuries. This
will be done by developing reproducible
and quantifiable injury models for both
open and closed experimental injuries.
In addition, accurate simultaneous mea-
surement of physiological, histological,
and functional variables will allow cor-
relation between pathophysiological
measurements and measures of spinal
cord function.

An open contusion injury and a closed
flexion injury will be used for experi-
mental studies. In addition to vital signs
and arterial blood gases, we will also
measure tissue blood flow, tissue oxy-
gen tension, somatosensory evoked re-
sponse, monosynaptic reflex, and
edema. Correlation of these measure-
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ments following both types of experi-
mental injury will be done to obtain a
complete temporal description of path-
ophysiological and functional changes.

Psychophysical and Electrophysio-
logical Measures of Somesthetic
Function

John Trimble, Ph. D., Don Dallman,
PE., Don Stewart, R.EEG.T., and
Wilton Bunch, M.D., Ph. D.

Most current electrophysiological
measures of somesthetic function in
humans involve the use of evoked po-
tentials to electrical stimuli. Although
these measures have proved clinically
useful, their functional significance re-
mains obscure. The primary reason for
this problem is the lack of neuroanatom-
ical specificity of electrical stimuli. The
goal of this study is to produce electro-
physiological or psychophysical mea-
sures of somesthetic function which
provide an indication of the functional
integrity of specific neuroanatomical
pathways in humans.

This goal will be accomplished by
comparing psychophysical and electro-
physiological responses to both electri-
cal and mechanical stimuli. Since the
mechanical stimuli are mediated by well-
defined receptor types as well as neu-
roanatomical pathways, comparison of
electrophysiological responses to the
different stimuli may provide informa-
tion regarding pathways mediating the
responses to electrical stimuli. In addi-
tion, comparisons of the psychophysical
responses to both stimuli may provide
an indication of the functional signifi-
cance of the response to electrical
stimuli.

Effects of Nerve Growth Factor
on Functional Recovery After
Spinal Cord Injury

Talat Khan, Ph. D.

Previous studies have shown that
nerve growth factor (NGF) enhances re-
generative growth of dorsal column ax-
ons following acute spinal-cord injury in
cats. Functional recovery coincident with
this regeneration was confirmed with
evoked potential measures. The objec-
tive of this study is to further define the
role of NGF in regeneration, as well as
to expand knowledge of the morphol-
ogical and functional changes induced
by NGF.

Experimental contusion injuries will be

produced in cats. The forces involved in
the injury will be quantified using in-
strumentation constructed in this labo-
ratory. Following injury, an implantable
osmotic pump will be placed in the in-
tramedullary grey matter for infusion of
NGF. Infusion will be continued for six
to twelve weeks following injury.

Following the recovery period, the
functional recovery of the spinal cord
will be assessed with kinesiological and
electrophysiological measures. In addi-
tion, a quantitative histological study of
the cord will be made to accurately de-
scribe the nature and extent of
regeneration.

Preliminary results suggest NGF
causes regenerative changes in both the
dorsal funiculus (as reported previ-
ously) and also in the ventral funiculus.
Future studies will be directed to deter-
mining the functional significance of the
observed changes, and to quantifica-
tion of the histological changes.

COMMUNICATIVE AND SENSORY AIDS
LABORATORY

Factors Affecting the Use of
Reading Aids by the Blind

B.L. Zuber, Ph. D., John Trimble,
Ph. D., Harvey Lauer, Len
Mowinski and Dave Hislop

This study embodies a quantitative
and rational approach to the develop-
ment of performance measures for three
methods of reading by the blind: audi-
ble-output and tactile-output electronic
aids, and braille.

A non-contact monitoring method al-
lows recording of manual tracking pat-
terns during reading by blind subjects,
and provides both hand position and
hand velocity information. The infor-
mation available from these tracking
patterns should allow identification of
the major constraints on information
processing during reading by the blind,
and should indicate whether these con-
straints are physiologically or mechani-
cally based.

Crucial to this study is the use of a
controlled input. Subjects will be read
texts which have been quantitatively
graded and rank ordered along a scale
of difficulty level. Such a controlled in-
put allows separation of test-related ef-
fects from those reflecting the

performance of the reader. This tech-
nique, and others to be utilized in this
study, have proved effective in elucidat-
ing the nature of information process-
ing by sighted readers.

Within the framework of the approach
and methods outlined above, the major
objectives of the proposed study are:

1. Development of baseline values for
rational performance measures of read-
ing by the blind;

2. ldentification and localization of the
major constraints in the man-machine
system represented by the blind reader
and the reading aid;

3. Elucidation of some fundamental
characteristics of information process-
ing mechanisms utilized by blind read-
ers; and,

4, Extrapolation of experimental re-
sults to provide improved approaches
to: the training of blind readers, and to
the development of future reading aids.

Measuring the Performance of
Blind Travelers

John Trimble, Ph. D. and
Rebecca Hollyfield, Ph. D.

Because limitations on independent
travel impose serious handicaps on blind
travelers, improvements in travel skills
have been a major part of the rehabili-
tation effort. These efforts have taken
two general forms: mobility training
programs and electronic travel aids.
Neither of these approaches, however,
has been as effective as had been an-
ticipated. Improvements in both of these
areas depend upon increased knowl-
edge about the tasks performed by the
blind traveler, the information required
to do them, and the cognitive and per-
ceptual abilities that are the bases for
successful mobility. Such a research
program would require a quantifiable
measuring system that is sensitive to
the safety, efficiency, and stress of the
blind pedestrian. While there have been
problems associated with measuring the
stress placed upon the blind traveler by
the mobility task, safety and efficiency
have proved useful in performance
measurement. The measures used up
to this time for these two variables have
been averaged scores which do not per-
mit an assessment of the responsive-
ness of those measures to particular
environmental variables and thus do not
permit a detailed task analysis of the
mobility task. A continuously measured
variable would permit such a correlation



between environment and mobility be-
havior. The project in progress concerns
the development of such a measuring
system. A position determining device,
combined with time measures, will per-
mit the estimation of such variables as
speed and acceleration of walking, the
proximity of the traveler to environmen-
tal objects, and the continuity and veer-
ing of the traveler’'s walking.

Such a measuring system will be cre-
ated by placing a matrix of conductive
tape on the floor and a piece of conduc-
tive material on the shoe of the subject
who will be walking over the surface.
By means of a special-purpose elec-
tronic circuit, the position of the pedes-
trian will be determined on each footfall
based upon the coordinates of the two
axes that are connected by the conduc-
tive material on the subject’s shoe. This
position, combined with previous posi-
tion measures and time measures, will
provide estimates of the distance and
direction traveled, the speed and accel-
eration of travel, and proximity to pre-
determined environmental objects.
While the resolution and linearity of the
measures will be tested prior to subject
involvement, the sensitivity of the sys-
tem will be ascertained by comparing
these measures for two groups of trav-
elers, one of which will be trained cane
users and the other naive cane users.

SYSTEMS EVALUATION AND
RESEARCH DESIGN
CORE LABORATORY

A Study of the Effectiveness of a
Blind Rehabilitation Program

Ross W. Lambert, Jr., M.D.,
Selwyn Becker, Ph. D.,
Ben Wright, Ph. D., Shelia
Courington, M.S., and
John Malamazian

The objective of this study is to dis-
cover ways of improving the effective-
ness of blind rehabilitation training so
that blind persons can develop a greater
degree of personal and financial inde-
pendence. We propose to do this by as-
sessing the degree of effectiveness of
the Central Blind Rehabilitation Center
in bringing about positive changes in
the lives of blind patients, and by de-
veloping means of predicting individual
success in the rehabilitation training.

This broad goal of improving rehabil-
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itation treatment can be subdivided into
several key questions, each of which
must be addressed by a specific re-
search objective:

1. To what degree does the CBRC effect

changes in a patient’s life-state?
The dimensions of life-state have
been defined during the course of
pilot studies preparatory to this
study. We will use the scales de-
rived from these pilot studies to as-
sess patients’ life-states prior to
rehabilitation treatment, and again
after treatment. This will permit us
to measure the amount of change
in patient’s lives which is due to re-
habilitation treatment. This process
will demonstrate both strengths and
weaknesses in the existing pro-
gram, and thus lead to ways of im-
proving that program.

2. How can we measure the outcomes

of rehabilitation treatment and how can

we measure the patient variables which

predict positive and negative outcomes?
The objective here is to create mea-
suring instruments or scales which
can be used to evaluate any blind
rehabilitation program, and thus
improve the quality of treatment
and the efficiency of service allo-
cation in all such programs. We will
use a method of test design which
permits an unusual degree of valid-
ity, reliability, and generalizability—
and which allows a great precision
in specifying the amount of a given
skill or characteristic possessed by
the individual patient.

3. Which personal, psychological and
social factors seem to be associated with
positive changes in life state subse-
quent to rehabilitation?
We need to be able to predict which
patients are more likely to succeed
in being rehabilitated, and which are
less likely to succeed. To accom-
plish this, we must examine the
patterns of demographic, psycho-
logical, and social characteristics of
individua!l patients to determine
which patterns are related to posi-
tive outcomes. Once this is done,
we can then use those patterns to
predict the success of future pa-
tients, and therefore improve the
degree of success, and increase the
probability of successful outcomes.

The Effectiveness of Differing
Outpatient Treatments of
Low Back Pain

John Fisk, M.D., Ross Lambert,
M.D., Selwyn Becker, Ph.D.,
Phyliis Dimonte, R.PT., and
Shelia Courington, M.S.

The basic purpose of this research is
to assess rigorously the relative effec-
tiveness of Back School as a treatment
for low back pain (LBP), as compared to
more traditional treatments. In order to
do this we will execute a controlled ex-
periment in which selected participants
will be randomly assigned to the var-
ious treatments. Participants will be se-
lected on the basis of criteria that ensure
that they are LBP sufferers, and that the
outcome variables are appropriate to the
sample.

Although we are primarily interested
in the treatment of veterans with LBP,
there are no established outcome crite-
ria for the purpose of assessing treat-
ment effectiveness with this population.
Therefore, the experiment will be car-
ried out on a more general population
of essentially healthy, employed per-
sons. By doing this, we can determine
the usefulness of a variety of other out-
come variables in assessing treatment
efficacy with the veteran population.

Patients who meet our selection cri-
teria will be randomly assigned to one
of the following treatments: (i) manage-
ment with medication and therapy, (ii)
Back School with personal instruction,
(iii) Back School with audio-visual in-
struction only, (iv) diathermy placebo
treatment, and {(v) no treatment (control
group).

These five treatments will be com-
pared on two basic outcome variables:
time from onset to remission of symp-
toms, and amount of time lost from work
at 6 and 12 months after treatment. But
we will also assess the usefulness of
other outcome variables that are more
appropriate to the veteran population.
These are: (i) functional ability on spe-
cific tasks, before and after treatment,
(i) frequency of post-treatment medical
attention for LBP, (iii) the patient’s per-
ception of discomfort and limitations of
activities, (iv) psychological state and
social adjustment, and (v) levels of med-
ication for LBP.

Thus, the five possible treatments will
be compared in terms of their effects on
seven outcome variables. Data analysis
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will serve two purposes: to assess the
relative effectiveness of the treatments
on all seven outcomes, and to correlate
the two established outcome criteria
with the five suggested criteria. This will
permit us to define appropriate out-
come criteria for persons who are not
expected to return to work after treat-
ment or remission of symptoms.

Publications

Bunch WH: Rehabilitation in children. In
Nickel VL (Ed.), Modern Rehabilitation,
New York, Churchill Livingstone Inc. In
Press.

Bunch WH and Trimble J: Present status of
intra-operative spinal cord monitoring.
J. Bone & Joint Surg. in press.

Bunch WH, Vanderby R and Stonecipher TK:
Segmental instrumentation in the re-
duction of spondylolisthesis—a biome-
chanical analysis and case report.
Biomech Symp, ASME 1981.

Deller JR and Anderson DJ: Automatic clas-
sification of laryngeal dysfunction using
the roots of the digital inverse filter. IEEE
Trans Biomed Eng, BME-27:714-721,
1980. }

Deller JR: A deterministic model for a cer-
tain class of autoregressive systems with
stochastic coefficients. IEEE Trans
Acoust Speech Signal Process, ASSP
29:312-314, 1981,

Deller JR: Some notes on closed phase glot-
tal inverse filtering. IEEE Trans Acoust
Speech Signal Process (In press).

Fisk JR, Winter RB and Moe JH: The lum-
bosacral articulation and its relationship
to scoliosis. J Bone & Joint Surg 62—
A:39-45, 1980.

Fisk JR: Paralytic scoliosis. Orthop Surg: A
Weekly Update 1(16):1-8, 1980.

Fisk JR (Ed.): Proceedings of the workshop
“Investigating Spinal Stability”. RER&D
Center, VA Hines Hosp. In press.

Hoffman CA, Bunch WA and Simon-Ke-
stnbaum J: Management of psycholog-
ical problems. In Atlas of Limb
Prosthetics, St. Louis, Mosby Company,
1981,

Jacobs K, Leponis J and Bunch WH: Spinal
cord blood flow under Nitroprusale hy-
potension. Spine. In press.

Lambert RW, Jr.: Data analysis in radiotracer
studies; data base management. In
Johnston JA (Ed.), Encyclopedia of Ra-
diotracers in Biology and Medicine,
Chapter 20, Vol. 7, CRC Press. In press.

Lambert RW, Jr, and Becker SW: Construc-
tion of attitude-toward-blindness scale.
J. Educational Measurement. In press.

Patwardhan AJ, Soni AH and Sullivan JA:
A generalized method to locate a body
in 3-D space using X-ray exposures in
two oblique planes. Int Fed Theory of
Machines and Mechanisms. 1980,

Patwardhan AJ: Motion simulation of an
articulated robotic arm subjected to
static forces. J Mech Design, ASME. In
press.

Scarff TM, Bunch WH, Dalimann DE and To-
leikis JR: Herniated lumbrosacral discs.
Lancet, 93, July 12, 1980.

Schnell MD and Bunch WH: Management
of pain in the Amputee. In Atlas of Limb
Prosthetics. St. Louis, Mosby Co., 1981.

Smith DJ, Bunch WH, Dallman DE and Trim-
ble JL: Dermatomal somatosensory
evoked potentials in lumbar root entrap-
ment. Spine. In press.

Smith DJ, Millar EA and Lambert RW Jr:
Assessment of the accuracy of three
techniques to predict leg length discrep-
ancy. Pediatric Orthop. In press.

Smith DJ, Lambert RW Jr. and Millar EA: A
pocket calculator program for assess-
ment of leg length inequality. Computin
Biol & Med. In press.

Stoll J and Bunch WH: Segmental trans-
verse loading for correction of congen-
ital scoliosis. Spine. In press.

Stonecipher TK, Vanderby R and Broutman
L.: Mechanical properties of large suture
material. Surgical Forum, 1981.

Stonecipher TK, Vanderby R, Sciammarrella
CA, Lei SS and Fisk JF: The mechanical
consequence of failure of ossified union
in attempted posterior spinal fusion—a
canine model ASME Biomech Symp
1981.



	Development and Evaluation
of a New Artificial Larynx
	Development of a Communication Control Aid Using Electromagnetic Tracking Technology
	Studies of Normal and Abnormal
Motion
	Remote Control Writing
	Quantitative Analysis of the Effect
of Total Hip Arthroplasty on
Stress and Strain in the Human
Pelvis
	The Effect of Partial Versus Full
Weightbearing on Late Loosening
After Total Joint Replacements in
the Lower Extremities
	Evaluative and Corrective
Techniques for Neuromuscular
Deficits
	Evaluative and Corrective Techniques for Neuromuscular Deficits
	Development of
Upper Extremity Orthoses
Employing Electrical Stimulation
	A Single Unit Study of Muscle
Afferents in Human Movement
	Functional Spinal Cord
Regeneration
	Studies for the Design of a New
System for Stabilization of the
Cervical Spine
	Development of a Wheelchair
Using a Myolectric
Control System
	Seat Cushions for the Paralyzed
	Foot Biomechanics
	Interdisciplinary Development and
Evaluation of Externally Powered
Upper-Limb Prostheses and
Orthoses
	Foreign Body Reaction in the Lung
to Intravenously Injected
Biomaterials
	A Grommet Bone Liner for Flexible
Implant Arthroplasty
	Textured Grommets for Flexible
Implant Arthroplasty of Finger
Joints
	Microsurgical Techniques Applied
to Orthopaedic and Hand Surgery
	Student Projects in the
Development of Replacement
Ligaments and Tendons Using
Polylactic Acid/Filamentous
Carbon Composites
	Development of Hydrogel Surfaces
for Dental and Orthopedic
Implants
	Bone Strength : In Vivo Stress
and Strain
	In Vivo Loading of Knee Joint
Replacements
	Orthopaedic Implant Device
Retrieval and Analysis
	Development of Hindfoot Joint
Resurfacing Prosthesis
	Stimulation of Repair of Cortical
Bone Transplants by Implantation
of Piezoelectric Materials
	Engineering Applications in
Orthotic and Prosthetic Treatment
of Musculoskeletal Defects
	Prosthetics Research
	Lower-Extremity Amputation
	Upper-Extremity Amputation
	Evaluation of
Peripheral Vascular Disease by a
Real-Time Multispectral Imaging
System
	Instrumentation for Clinical
Investigative Engineering Center
	Evaluation of
Physiologic Suspension Factors
in Below-Knee Amputees
	A Program to Improve Efficiency
and Reduce Risks
for Wheelchair Locomotion
	The Mechanical Properties of
Porous Coated Orthopaedic Alloy
	Rehabilitative Engineering
Research Program
	Total Knee lmplant—Biotelemetry
	Program for Evaluating
and Monitoring the
Disvascular Patient
	Seating Systems for Body Support
and Prevention of Tissue Trauma
	Clinical and Laboratory
Study of Amputation
	Transcutaneous Oxygen Tension as
Predictor of Wound Healing
	Maxillofacial Restorative Materials
and Techniques
	Rehabilitative Engineering
Support for the Atlanta
VA Medical Center
	Development of the Autocuer
Speech-Analyzing
Lipreading Aid
	Effect of Auditory Cues in
Computer-Assisted Instruction
in Lipreading
	The Clinical and Acoustic
Parameters of Hearing Aid
Effectiveness
	Development of a Camera for
Application in Sensory Aids
for the Blind
	Development of an Advanced Optical
Character Recognition Speech-
Output Accessory for Blind People
	Design Evaluation of the
Hand-Scan Voice Output
Reading System
	An Auditory Prosthesis for
Sensorineural Hearing Loss
	Communication Aids Research
for the Blind
	Clinical Application Study
of Reading and Mobility Aids
for the Visually Impaired
	Investigations of Acoustic Reflex
in Elderly Persons
	Toward Better Methods of
Nerve Repair and Evaluation
	Measurement of Musde Mechanical
Properties in vivo Using a Buckle
Transducer
	Talking Computerized
Bulletin Board
	Development / Evaluation
of Recreational Bicycles for the
Disabled
	Patterns of ConductionOf Impulse Trainsin Myelinated Fibers
	Spinal Injury Patient
Transport System
	Analytical Modeling
of the Human Lumbar Spine
	The Mechanics
of Human Cancellous Bone
	Improved Predictive Filtering
Techniques for Non-Invasive
Analysis of Neuromuscular
System
	Development and Evaluation of
an Omnidirectional Wheelchair
	Experimental and Theoretical
Study of Mammalian Movement
	Development and Evaluation of
a Downhill Ski-Sledding
System for Persons with
Disabilities
	Study of Upper-Limb
Biomechanics Using Ultrasound
Transmission Imaging
	Nerve Conduction Velocity
Distributions: Clinical
Research Applications
	Internal and External Stabilization
of the Disrupted
Dorsal Lumbar Spine
	Biomechanical Study of
Spinal Fusion and its Effect on
the Free Segments
	Development of a Camera for
Application in Sensory Aids
for the Blind
	An Animal Model for
Spinal Cord Injury
	Psychophysical and Electrophysiological
Measures of Somesthetic
Function
	Effects of Nerve Growth Factor
on Functional Recovery After
Spinal Cord Injury
	Factors Affecting the Use of
Reading Aids by the Blind
	Measuring the Performance of
Blind Travelers
	A Study of the Effectiveness of a
Blind Rehabilitation Program
	The Effectiveness of DifferingOutpatient Treatments ofLow Back Pain

