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MEASUREMENT OF SURFACE DEFORMATION OF SOFT
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Abstract—A method is described for measuring the surface shape and deformations of soft tissue in three
dimensions. The method uses close range stereophotogrammetry to record the three-dimensional locations
of miniature eptical targets applied to the tissue surface. This has been applied to study of the human lumbar
intervertebral disc. Measurements of the strain along surface annuiar fibers have been made under varying
loads. In this case the maximum expected errors are about 0,15 mim, which corresponds to a strain of less than
1% Preliminary findings have differed from predictions made in published mathematical models for the disc
in that they show very little strain of the annulus in compression loading, but confirm axial torsional loading
as lable to produce mechanical disruption of the disc annulus.

INTRODUCTION

Soft tissues in general have mechanical properties
which are anisotropic and these tissues are incorpo-
rated into structures which have complex shapes and
are subjected to complex patlerns of loading.
Hence, in studying the mechanics of the structures,
displacement measurements by means of linear dis-
placement transducers may produce findings which are
difficult to interpret. A recent report (Arms et al., 1983)
showed that a miniature linear displacement trans-
ducer applied to different locations on the medial
collateral ligament of the knee demonstrated highly
variable deformations of the tissue depending on the
region being tested.

This is a report of a method for recording the surface
deformation of intervertebral discs. It probably has
applicability to many other soft tissue structures. The
intervertebral disc has a highly organized structure in
its ‘annulus with fibers in a criss-crossed formation,
arranged in lamellae. The intervertebral disc is a
remarkable structure in that it provides a high degree
of flexibitity for angular deformation while aiso having
the capability to carry very large compressive loads, It
appears that compressive load is carried predomi-
nantly by the central part of the dise (the nucleus
pulposus) and the annulus which surrounds the nuc-
leus is responsible for containing this high pressure. In
vive measurements of pressure within the nucleus
pulposus by Nachemson (1960) were consistent with
this model since the pressure within the nucleus was
found to be about 1.5 times the mean compressive
stress applied to the disc. However, measurements of
pressure in the region of the annuius {Horst and
Brinckmann, 1981; Ranu et al., 1979) have not ab-
solutely confirmed this concept. Part of the probiem is
the composite nature of the soft tissues in which the
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stress applied to the tissue is not necessarily the same ag
the hydrostatic pressure generated in its fluid com-
ponent. Mathematical models (Broberg and von
Essen, 1980; Hickey and Hukins, 1980) have helped to
define these interactions. In these models the nucleus
region is considered to be subjected to hydrostatic
pressure, while the fibers of the annulus elengate and
thus generate a tension force whose radial component
contains the nuclear pressure.

The mechanism by which tension is developed in
annular fibers is dependent upon disc bulging in most
cases, For pure compression of the intervertebral disc,
the two ends of an annular fiber would approximate
axially by the amount of the disc compression while
bulging of the disc would tend to create a longer path
for the fiber between its two attachmeni points.
Tension would result if the bulging effect were greater
than the effect due to the approximation of the end
points. This is a report of stereophotogrammetric
method for studying these effects on the surface layer
of the annulus fibrosus.

Photographic and optical methods have been used
previously for studying deformation of soft tissues;
Woo ¢t al (1979} stained the surface of articular
cartilage with bands and used an optical technigue
{using a TV camera) to record the distance between
these bands. This is essentially a one-dimensional
measurement of deformation. Butier et af. (1983) ¢ine-
photographed ink bands on tendons and fascia to
study the deformation under changing loads. A two-
dimensional method was described by Hoffman er al,
(1981) who photographed miniaturc sicel spheres
which had been glued to the surface of a joint capsule.
By photographing this array of surface markers, the
two-dimensional pattern of deformation of the struc-
ture was recorded. Klein et al. (1983) studied inter-
vertebral disc surface deformation by an indirect
method. They recorded, simultaneousty, the compres-
sion and the amount of radial bulge of rabbit inter-
vertebral discs, by photography. Using a simple mathe-
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matical model for the presumed pathway of the
annular fiber, they were able to calculate that com-
pressive loading of the disc produced minimal strain of
the surface fibers. The bulging of human intervertebral
discs has been studied by Shah et al. (1978), Reuber et
al. {1982), and by Brown et al. {1957} who all used one-
dimensional, contacting methods for studying defor-
mation. They did not make deductions about the tissue
strains associated with the deformations.

METHOD

The technique described here uses close range
stereophotogrammetry to record, in three dimensions,
the locations of selected points on the soft tissue
surface. The arrangement of the apparatus is shown in
Fig. 1. Two cameras (Olympus OM]1, Zuiko MC
50 mm lenses) were directed towards & spine prepar-
ation mounted in endfittings and positioned in a
mechanical testing machine. The imbedding material
was a dimensionally stable dental plaster {Whip-Mix
Corp., Louisville, KY). The spine preparation con-
sisted of two vertebrae with the intervening inter-
vertebral disc, after removal of the posterior clements
and the longitudinal ligament of the spine. This
dissection permitted a clear view of the posterolateral
part of the annulus which was the region of the disc of
special interest in this study (Fig. 2). The viewing angle
between the cameras was about 60°, The cameras were
focused on surface microtargets which had previously
been glued to the disc surface by means of cyanoac-
rylate cement. Illumination was by a 1 kW modelling
tamp, The targets were placed along the supposed line
of an annular fiber. This line was quite easily visualized,
especially under manual torsion of the specimen. The
visualized lines (‘fibers’) were seen to make an angle of
about 60° with the longitudinal axis of the spine, as
noted previously (e.g. Hickey and Hukins, 1980).
Normally, seven microtargets were used to mark the
“fiber’. The targets were standard photogrammetric
checkered targets which had been photo-reduced and
printed onto ‘Kodak RC’ photographic paper. The
miniature targets were then punched out of the
photographic paper by means of the sharpened tip of a
no. 16 spinal needle. The microtarget image within the
thin emulsion layer of the photographic paper sep-
arated from the paper backing during this progess. The
tip of this needle had been prepared by firstly grinding
it flat and subsequently mounting in a lathe and
tapering the inside and outside of the needle to
produce a sharpened circular cutting edge. The resuit-
ing microtargets were about 0.8 mm in diameter.

The stereophotograph pairs were analyzed using a
direct linear transformation (DLT) computer program
(Marzan, 1979). This computer program calculates the
threc-dimensional location of points which are visible
in the fields of view of two or more cameras. The
location of these points is calculated within a frame of
reference defined by control points on a calibration

object. This calibration object (Fig. 3} replaced the
spine specimen for a calibration photograph at the
beginning of each test. It was then removed and the
spine specimen was put back in place for testing under
varying loading conditions. At the completion of a test
the films were removed from the cameras and de-
veloped and mounted in a film strip projector so that
images could be projected onto a digitizing tablet
(Summagraphics Corporation) interfaced to a Digital
Equipment Corporation PDP 11 computer. The com-
pater supervised the building of'a data file consisting of
X-Ycoordinates of image points digitized from each of
the stereo pair of photographs. Subsequently, the DLT
computer program was used to generate a second file
consisting of the three-dimensional coordinates of
each of the microtargets, in each loading configuration
of the specimen. :

The three-dimensional coordinates of target points
were used to calculate three characteristic dimensions
of the fiber”. These dimensions were: the axial {vertical)
distance between the endpoints of the vertebrae (H),
the disc radial bulge (B} which was defined as the
perpendicular distance of the most central microtarget
on a ‘fiber’ to the line joining the endpoints of the
‘fiber’, and the ‘fiber’ length (L) which was defined as
the sum of the Pythagorean distances between ad-
Jjacent microtargets along the length of the ‘fiber’. The
method of calculating these three characteristic dimen-
sions is illustrated in Fig. 4. Only the calculation of the
first dimension, the vertical or axial height of the fiber
(If} was dependent on the orientation of the specimen
relative to the principal axes for measurement. To
minimize variability due to this effect, both the central
axis of the calibration object and the central axis of the
spine were aligned as nearly as possible to the vertical,

Changes in the dimensions of the ‘fiber’ during a test
were used to measure its deformation. The change in
the height (H) measured the compression of the disc,
The change in the bulge (B) gave an incremental
measure of the radial dimension of the disc, and
changes in the ‘fiber” length (L) were used to measure
average ‘fiber’ strain. Thus the strain was the propor-
tional change in fength of the ‘fiber’ as defined by the
line through the seven surface markers,

ACCURACY

The accuracy of the measurement technique is
limited mainly by the ability to identify target points
accurately and reproducibly at the time of digitizing,
This in turn depends upen a number of factors
including photographic technique, lens quality, and
the inherent clarity of the target point. Earlier studies
which used the heads of small pins driven into the
lissue as larget points showed that these were con-
siderably less easy to identify than the microtargets
subsequently developed. Other sources of error in-
clude errors in the calibration jig, lens and film
distortions, digitizing random errors and computer




Fig. 1. Arrangement of cameras for stereophotogrammetric measurement of the surface deformation of an
intervertebral disc.

Fig. 2. Anexampte of one of a stereo pair of photographs of an intervertebral disc, ready for digitizing. Also
visible on each side of the frame are fixed controf points used as reference points during digitizing,
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Fig. 3. Calibration object used in direct linear transformation method of close range stereophotogy
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Fig. 4. Methed for calculating three principal dimensions of
a surface annular fiber of an intervertebral disc.

roundoff errors. Systematic errors might be due to the
markers tethering the tissue and the finite thickness of
the markers.

Random errors in the measurement technigue were
studied experimentally. Three experiments were per-
formed. In each of these experiments, markers were
attached to a human lumbar intervertebral disc which
was subsequently frozen. This specimen was then set
up in the test apparatus but instead of loading the disc
it was tilted and rotated in each of the principal
directions about 5° from a starting position in turn,
and translated smali distances relative to the starting
position. No changes in the ‘fiber’ dimensions shouid
have occurred. Afler developing of the films and
digitizing, each of the measurements was considered as
a repeated measure and the variance of the measure
about the mean value gave an estimate of the measure-
men{ accuracy. In one test, the entire sequence of
recordings was digitized seven fimes, to give an
estimatc of the variance due to the manual digitizing
procedure.

The standard deviation of the measurements was
about 0.05 mm, giving an expected error (95 % confi-
dence) of about 0.15 mm. In the case of measurement
of the disc fiber elongation, this corresponds to an
error equivalent to less than 1% strain. The study
involving repeated digitizing indicated that about half
of the variance was due to manual digitizing errors and
about half arose from other sources. The ultimate
strain of annulus tissue at failure was found to be
about 209 by Galante {1967) and Wu and Yao (1976),
The method’s accuracy was therefore considered ad-
equate for study of the disc deformation relative to the
ultimate strain,

PRELIMINARY FINDINGS USING THIS TECHNIQUE

Two calf lumbar discs and three human lumbar discs
have been studied. These were all fresh specimens

which had been stored at --20°C prior to testing, All
the discs were tested under compressive loads up to
2.5 kN. Two human discs have also been studied with
axial rotation torques of up to 17 Nm. We were
especially interested in the surface annular fiber
average strain produced under these loading con-
ditions. Compression load was applied by the hy-
draulic ram of a materials testing machine which was
set to advance this ram at a rate of 2 mm min~*. The
cameras were fitted with motor drives which permitted
photographed pairs to be made at increments of
0.2 mm of ram movement during loading and unload-
ing of the specimen, In the case of axial torque loading,
this was applied via a pair of cables attached to the
endfittings of the spine and running over puileys so
that dead weights could be added in increments of
45 N. Sample graphs from these experiments are
shown in Fig. 5.

Very little elongation of the surface annular fibers
was measured in seven compression tests. In one test
there was an average strain of 3% at 2.5 kN axial
compression (Fig. 5a). In all other tests the strain was
less than 2%, This is in agreement with experimental
findings of Klein et al. (1983}, but is less than predicted
by mathematical models (Broberg and von FEssen,
1980). The surface annular bulge (B) increased by
approximately 0.5 mm during these compression tests
{Fig. 6). Measurements of axial compression {catcu-
fated from H) were also approximately 0.5 mm, in-
dicating that there was compression of the vertebral
bodies and embedding material as well as of the
intervertebral disc, since the compression applied by
the hydraulic ram was about three times the compres-
ston measured at the disc.

In tests with torsional load, a torque of 17 Nm
produced elongation of the ‘fiber’ corresponding to
positive or negative strains approaching 10 %, depend-
ing on the direction of the torque relative to the line of
the ‘fiber’ (Fig. 5b). This strain is less than half the
ultimate strain of annulus material found by Galante
{1967),and Wuand Yao (1976). In these tests, there was
negligible change in the height of the specimen and in
the radial bulge. After the test with negative torque
(producing shortening of the fiber) there was a residual
deformation as described by Galante (1967).

CONCLUSIONS

A technique has been developed for accurate
measurement of the surface deformation of soft tissue
in three dimensions. The technique is essentially non-
contacting except that miniature optical targets must
be applied to the tissue specimen.

The technigue is inexpensive to use as described here
with inexpensive 35 mm cameras and standard film
materials. A digitizing tablet and on-line computer are
also required. As described, the technique is ‘quasi-
static’ and has been used to record deformations at
relatively slow rates. The recording rate could be
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Fig. 5. (a) Graph of annular fiber strain in a human lumbar
intervertebral disc under axial compression loading up to
2.5 kN, plotted as a function of the axial compression of the
disc. The open circles show results of a study of the anterior
part of the disc. The crosses are for a postero-lateral part of
the same disc. If fluid were lost from the disc during
compression then the fiber strain during unloading would be
less than that during loading, because of the volume change.
In this graph the anterior ‘fiber’ demonstrated the opposite
effect. A similar phenomenon was observed in another
specimen. It may be a result of fluid displacement within the
disc during loading, During the tests the specimen was not
rigidly censtrained to pure compression. (b) Surface annular
fiber strain in an intervertebraf disc under the action of axial
torque, piotted as a function of this torque. Positive strain
represents elongation of the fiber,

increased by use of high speed motor drives for the
cameras, synchronization of shutters and electronic
flash illumination.

In preliminary tests of lumbar intervertebral discs,
the surface annular strain was found to be very smalk in
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Fig. 6. Graph showing the increase in the bulge (B) of an
intervertebral disc during compression toading, These meas-
urements come from the same tests as those used in Fig, 5a.
The broken line was deduced from predictions for a theoret-
ical model in Fig. 15 of Broberg and von Essen (1980).

axial compressive loading but was much greater under
the action of axial torque.
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