AD=A075 107 AEROSPACE MEDICAL RESEARCH LAB WRIGHT=PATTERSON AFB OH

F/6 6/5
MECHANICAL AND PHYSICAL PROPERTIES OF THE HUMAN INTERVERTEBRAL ==ETC(L)
JUN 79 L E KAZARIAN » I KALEPS

UNCLASSIFIED AMRL=TR=79-3




“
\ |
R =

et
= 22
m""l%l I8

IS flis e




O AN S e de bt e o

AMRL-TR-79-3

AMA0T5107

e
R v .

MECHANICAL AND PHYSICAL PROPERTIES
OF THE HUMAN INTERVERTEBRAL JOINT

LEONE. KAZARIAN
INTS KALEPS

June 1979

i Approved for public release; distribution unlimited.

§ AIR FORCE AEROSPACE MEDICAL RESEARCH LABORATORY
AEROSPACE MEDICAL DIVISION

AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

9 10 16 118 |
B ;»ﬂ’ '

M




mmwmm mﬂ.umaumwhmmmmnmum
Government procurement operation, the Government thereby incurs no responsibility aor any obligation what-
soever, and the fact that the Government may may have formulated, furnished, or in any way supplied the said drawings,
specifications, ormm.hmtouwww«m , a8 in any manner licensing the holder
of any other person of corporation, or conveying ying any rights or permission to manufacture, use; or sell any patented

iumﬁouthtmhwmhnudmwo

MhmmmmatmunpnMAmMmmw.mmmu
purchased from: v

National Technical Information Service
5285 Port Royal Road
Springfield, Virginia 22161

mmoonmmumamwrmmwmmmmmwm
requests for copies of this report to:

Defense Documentation Center
Cameron Station
Alexandria, Virginia 22314

TECHNICAL REVIEW AND APPROVAL
AMRL=TR=79=3

mtnmmumnvhwdbymlWMM(ODMi.M&MNMWM
Service (NTIS). At NTIS, it will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.
FOR THE COMMANDER

{Hc‘m@\

mm and Bloengineering Diviston
Aerospace Medical Research Laboratory

AIR FORCE/S6700/20 July 1979 — 200




B e

SR

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered)

REPORT DOCUMENTATION PAGE REPORE ot BT
Y. REPORY NUMBER la. OOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
AMRL~-TR-79-3
4. TITLE (and Subtitle) 5. TYPE OF REPORT 4 PERIOD COVERED

MECHANICAL AND PHYSICAL PROPERTIES OF THE

HUMAN INTERVERTEBRAL JOINT Technical

6. PERFORMING ORO. REPORT NUMBER

[T AUTwowce) T CONTRACY OR GRANY NUMBER(®) |
L. E. Kazarian
I. Kaleps
(3 PERFORMING ORGANIZATION NAME AND ADDRESS 10, PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS
62202F, 7231-14-04
11, CONTROLLING OFFICE NAME AND ADORESS 12, REPORY DATE
Aerospace Medical Research Laboratory, Aerospace June 1979
Medical Division, Air Force Systems Command, . nuM;;ﬂOF!Aots

Nright—?ntterson Air Force Base, Ohio 45433
. MONI ING AGENCY NAME & ADDRESS(I! difterent trom Controlling Oftice)

-

8. SECURITY CLASS. (of this report)
Unclassified

1Sa. D(CkllSlFlCATlON OOWNGRADING
SCHEDULE
N A

6. OISTRIGUTION STATEMENT (of thia Report)

Approved for public release: distribution unlimited

17. DISTRIBUTION STATEMENT (of the abateact entered in Block 20, {{ different from Report)

18, SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse alde I/ necessary and identity by Block number)

Joints
Disk Degeneration
Mechanical Properties

R

20. ABSTRACT (Continue on reverse side {f necessary and |d v by Block bder)

Human intervertebral joints were subjected to a constant stress and the
resultant strain response was measured as a function of time. Thereafter, the
stress was partially removed and the strain again measured as a function of time

Based upon the data, an analytical/mechanical model was formulated for
which the Young's Moduli and a coefficient of viscosity were determined. The
measured data indicate marked differences in the compressive behavior of the
intervertebral joint excised from the thoracic and lumbar column. Several
types of disk degeneration were ohserved and studied. It is sugpested (CON'T)

00 'l;g:'fn 1473 coition oF t NOV 88 1S OoBsOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

20 (Con't)
that the disk acts as a sealed pressurized unit. If tears or ruptures occur

in the joint whereby nuclear fluid can easily escape from the intervertebral
disk and be in direct contact with the vertebral centrum, the mechanical
properties of the joint are significantly altered.

SECURITY CLASSIFICATION OF TH!S PAGE(When Date Enteced)

S 2T SN Py Rt




SUMMARY

This investigation has yielded several interesting findings on the intervertebral joint response to static
compressive loading. 4 " "

¢ When the normal intervertebral joint is subjected to loading, it clearly exhibits creep characteristics.
¢ The magnitude and character of the creep curve is a function of the morphologic condition of the i
intervertebral disk.
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¢ If nuclear herniation occurs, the ability of the disk to carry axial compressive loads is compromised.

An analytical model corresponding to the experimental data was generated. The Young's Moduli and the
coefficient of viscosity mrrnmn:i?ng to the model were presented. There is some indication that the recovery
mechanics of the intervertebral joint do not behave in a linear viscoelastic manner; additional analytical
investigations are currently underway to determine the extent of this nonlinearity.
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INTRODUCTION

The intervertebral joint consists of the intervertebral disk, the adjoining vertebral centra with their paired
posterior zygapophyseal articulations, and associated ligamentous structures. The intervertebral joint is a
flexible structure that reacts as a hydraulic load absorber and transmitter. The joint reduces the jarring effects
of mechanical vibrations and impact produced by walking, running, jumping, or any other activity, wherein
the spinal column is subjected to movement or stress. The intervertebral joint is essential for normal
mechanical spinal function.

This investigation evaluates biomechanical data collected while subjecting the human intervertebral joint to
long-term axial compressive loading. The objectives of the experimental effort are to describe and measure the
long-term creep response of the intervertebral joint in compression and to develop a theoretical model
describing the creep mechanics for normal and diseased intervertebral joints.

‘The creep test measures the axial structural stability of the intervertebral joint. The test can be of relatively
long duration; therefore it is of great biomechanical and clinical importance due to abnormal stress
application, which may occur to surrounding hard and soft tissue structures. Creep tests are also important for
analytic modeling of dynamic joint response and determinating corresponding material property coefficients.
Creep test information can be applied to many clinical and research areas, such as physical medicine,
anatomy, orthopedics, rehabilitation, and for selecting suitable materials for disk replacement.

MATERIALS AND METHODS

The test apparatus illustrated in Figure 1 was used to measure creep and recovery. It consisted of an acrylic
plastic container, a positioning box which had secured onto its base an acrylic plastic platen, a humidifier, lead
weights, and associated electronic equipment. A linear voltage differential transformes (LVDT) was fixed to a
side of the outer box, while its core was mechanically fixed to a side of the internal positioning box. An
electrical schematic of the system is shown in Figure 2. Figure 3 is a photograph of the entire test system. The
creep and recovery characteristics of 47 vertebral joints removed from four male cadavers, ranging in age from
27 to 40, were studied. Cause of death in each case was suicide.

POSITIONING
BOX

SPECIMEN GUIDE TRACKS

Figure 1. The Creep Test Apparatus
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Figure 2. Flectrcal Schematic of the Instrumentation Sy stem

Figure 3. The Creep Vest Apparatus and nstrumentation Sy stem




Each spinal unit was removed en masse within 24 hours following death. Anterior-posterior, lateral and
oblique radiographs were taken. Using an electric band saw, parallel hard tissue slices were cut at each
vertebral level perpendicular to the vertebral end plates and at a level of maximum vertebral body waisting.
Each slice was cut parallel to the line of demarcation between the cartilaginous end plate and vertebral bone.
This procedure was conducted carefully to avoid creating any nonuniformity of load distribution throughout
the experiment. The posterior articular facet joints and spinal ligaments were left intact. Each specimen was
labeled, inserted into a plastic bag, and placed in a deep freeze. Before testing, each vertebral specimen was
removed from the deep freeze and allowed to stand 14-16 hours to thaw at room temperature. Throughout the
thawing period, the specimen remained sealed in its plastic bag to minimize tissue dehydration. Just before the
test procedure, each vertebral body-bearing surface was stamped onto a foam rubber ink pad and the inked
specimen was stamped onto millimeter-scaled paper. From this print, the vertebral body area was determined.
The initial height of the specimen was measured using a set of vernier calipers. For testing, the specimen was
placed cephalad-side upwards between the platens of the creep box. (The posterior spinal column was not
loaded, but free to tense.) The humidifier was turned on. The dead weight load of 30 Ib (with a resulting total
40-1b weight applied to the specimen) was manually placed upon the weight tray. The total creep period was

8 hours :1. Thereafter, the dead weight was removed, and the specimen allowed to recover for approximately
16 hours. During the recovery period the applied weight was 10 Ib. Figure 4 illustrates a typical data plot. The
direction of the arrows depicts the path taken by the pen of the X-Y recorder.
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Figure 4. Typical Normal Creep Plot. The direction of the arrows depicts path taken
by the pen of the X-Y recorder.




ANALYSIS OF DATA

When the intervertebral joint is subjected to a static compressive load. its structure will deform and adjust itself
to oppose the applied force. Figure 3 illustrates the salient features of a typical normal ereep curve for the
intervertebral joint. The X-Y plotter displays an instantaneous compression immediately following load
application. For very short loading times (less than | second), the deformation seems to consist of an
instantaneous elastic deformation, Point A, The period after the initial deformation is followed by a period in
which the predominant deformation is characteristic of a viscoelastic response, from Point A to Point B. In the
next region, the curve approaches a low constant level. When the specimen is unloaded, an immediate increase
in height is noted, Point B to Point C. Thereafter, the specimen gradually elongates but in no case does it
recover to its original length, Point C to Point D.

\
ELASTIC

STRAIN

ke VISCOELAST

o

=~ ELASTIC —+[>-VISCOELASTIC~
@)
=

m

TIME

Figure 5. Salient Features of a Creep Curve Hlusteating Elastic and Viscoelastic Regions

A typical creep curve for o normal intervertebral joint is illustrated in Figure 0. The pretest radiograph of the
vertebral unit utilized to generate the curve is shown in the upper right hand corner of the curve. A curve for a
diseased intervertebral joint is illustrated in Figure 7. Shown is the effect of vertebral epiphysitis
(Schewermann’s Disease) on the creep response, along with a radiograph of the diseased joint. Figure 7 shows
that the viscoelastic response of the intervertebral joint is obliterated. None of the data generated under this
category was quantitated. Creep curves were also collected for various degrees of Schimorl's nodes, vertebral
body fractures, divergent gradations of disk degeneration, and intervertebral disk protusion into the vertebral
centrum. In each case the elastic portion of the curve was retained. while the viscoelastic portion of the creep
curve was destroved,
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To conveniently identify particular creep curve characteristion, all curves were clasaified into three
phenomenological types based on the respective amplitudes of the creep curve atages. These were identified an
and called accordingly:

Type 1 — Soft Solid Curve
Type 2 — Solid Curve
Type 3 — lrregular Curve

It muat be kept in mind that this grouping of curves is not absolute and that certain overlap of characteristice
exists. Interpretation is not easy because of the continuous creep proceases and is not readily explained into
discrete unrelated mechanisms.,

The general characteristios of these three groupings of mechanical behavior can be understood beat by
considering the combined stress/time and strain/time diagrams shown in Figure 8. A stress is suddenly applied
attime A and is kept constant (8 hours) until removed at time E, which corresponds with D on the strain
enrves, Thereafter, the intervertebral joint ix allowed time to recover at reduced load (up to 24 hours).

In the Type | curve (Figure 8b), an instantaneous strain along AB is observed: this is followed by a progressive
increasing strain for 8 hours. When the stress is maintained for a long time ( 515 hours), the strain curve may
equilibrate. On partial removal of the streas, the instantaneous compotent of the strain is always observed
immediately along line DE, as illustrated in Figure 8. A recovery process follows: however, a permanent
deformation is left.

In the Type 2 curve (Figure 8c), deformation takes place almost instantaneously with the application of the
stress so that AB appears as a straight line almost parallel to the strain axis. Thia is followed by a slight
transition, then by an almost horizontal response that continues thronghout the period of atreas, On removal of
the stress at 1, elastic recovery ocours quickly so that D E appears as a vertical Hine; recovery in usually
incomplete,

The Type 3 curve was classified under the general heading of Irregular Creep Curve. This grouping included
all the intervertebral units wherein pathological conditions were known to exist and were radiographically

identified aa:

1. Schmorl's Nodes: intraspongious disk herniations with undulating end plates.

2. Cleavage Fractures: vertical burst injuries of the vertebral centrum, with loss of end plate continuity.

3. Schenermann's Disease (vertebral epiphyaitis): end plate fragmentation, steplike deformity and anterior
vertebral body wedging.

Creep curves of the rectangular type were observed and may be defined as curves of effectively pero viscoaity.
The application of stress produced a comparatively small yet instantaneous deformation represented by ABon
the strain diagram (Figure 8d). Point B represents a quasi-equilibrium state under streas, Line BCD tends to
be parallel to the time axis, Recovery is incomplete along line DE when the stress is removed, A permanent
deformation is left.

W henever an axial load was applied to the intervertebral unit, the height of the unit gradually diminished. The
size and shape of the intervertebral disk and the effective surface contact area of the posterior articular facet
joints were altered. The magnitude of the strain observed indicates that the lambar spine exhibits more creep
potential than the thoracie spine. Since the intervertebral joints in the upper thoracic spine ave much thinner,
this study suggests ereep may be related to intervertebral disk space height.

A atrietly elastic deformation results when a strain appears and disappears simultancously with the application
and removal of the stress, In general, the greater the stress, the greater the elastic deformation. Some evidence
has recently been collected to suggest elastic deformation becomes nonlinear at high levels of streas, This may
be related to the amount of in vive weight carried by the partionlar intervertebral joint being tested.
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Viscoelastic deformation was observed following the initial elastic deformation phase. It was characterized by
a high rate of creep that gradually diminished with time, but did not always attain a constant rate even after

8 hours of exposure to load. In addition to the elastic and viscous deformation properties observed, a third type
of deformation may be defined: plastic deformation. This type of deformation oceurred when the strain,
which was observed simultaneously with the application of the stress, did not vanish even when the stress was
removed. In this study, elastic, viscous, and plastic deformations of the intervertebral joint were recorded as a
result of time-dependent strain. A gradual, yet measurable, recovery process occurred following removal of the
applied load platen, which weighed 10 1b. In no case did the specimen return to its original length.

CREEP CURVE ANALYSIS
The analysis of the experimentally observed compressive creep phenomena was initially based on a three-unit-
Kelvin model as shown in Figure 9. This is a linear model, and thus the strain, ¢ is always proportional to the

constant level of stress applied, 7 o, and may be expressed as

l""‘-duj“' n

—oe— Q

"—um—" """Nm‘—'l "——_"‘ —

Figure 9. Three-unit-Kelvin Chain
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The function J(t) characterizes the particular material undergoing creep and is called the creep compliance.
For the three-unit model, the total stress applied, ¢ , is equal to the stress across each unit and may be
expressed by

o =Ej¢;+ n¢, i = 1,2,3. 2)

where the dot denotes differentiation with respect to time, E; is Young's modulus, and 7j is the coefficient of
viscosity for the respective units. These are related to the unit elasticity, ki, and damping coefficient, ¢ , by

Ei=%5!lnd "i=f-if! 3. 4)

where 2l is the initial length of the specimen and A is the effective cross-sectional area of the specimen.
The individual strains of each of the three units were summed to give the total strain:
€=¢) + €+ ¢3 (5)

By use of the three relations given by (2) and (5), the following differential equation relating stress and strain,
as given by Fliigge (1975), can be derived:

O+ P LGt Pad = Qo€ + Qué + Qo€ + Qyé (©)

By applying the Laplace transformation to (6), and assuming that all initial values of the time derivative terms
are zero and that the applied stress at time t=0 is 6), a constant, so that F(s) = o (/s, the following is derived:

%’- (14 ps + pas?) = (@o + Q8 + qu8° + qus’) T(8)

oo (1 + pys + pys?)
8(Qo+ Q)8 + Q28" + qa8?)

or: ¢ (8) = =0,J () (]

To solve for €(t), first the roots for the polynomial in the denominator of i (s) must be determined and ghe
expression split into partial fractions. If the roots are given by Ay, \,and \,. then J(s) can be put in the form

- l l a, a; Qs
J@s) = Qs ;(sj):‘ = S'—T,) @
where
L4 py A e P2 A{ 9)

A=A XA =Ay)

and a, and aq are similarly expressed by permutation of indices. Then an inverse transformation of (8) vields
€(t).

e(t) = — ’i[;‘{l—e’\“) 3 .‘_;:, (l_ekn) ' ;’(l—e)‘")]

Qs

(o
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This can be rewritten in the form

e(t) = -'o[A‘ A—e @t + A (1-e2t) 4 Aa(l—e'a’t)] (1)

A complete specification of ¢(t) requires the determination of the six independent parameters A; and
ajli=1,2and3).

While an elaborate minimization scheme using experimental data may allow this determination, the
characteristics of the experimental data indicated the use of an approximation method which led to calculated
€ (t) values within approximately 5% of the measured values.

A typical experimental creep curve is shown in Figure 10. The time scale is divided into three regions indicated

by 4T1, aT2 and AT3. It is assumd that within each region the predominant time response coefficient is al,
a2 and a3, respectively; and further, that there is a minimal overlap of time-varying responses betweén the
regions. That these assumptions were reasonable was demonstrated by the closeness of the fit of the calculated
€ (t) curves with the measured data curves.

e

AT, AT, AT, t

Figure 10. Typical compessed creep response

The analysis scheme was based on the observation that the creep response could be approximated by three
superimposed responses, as shown in Figure 11. The ¢3 response corresponds to a Kelvin unit with k 3 +0 and
exhibits a fluid response with a constantly decreasing length at a rate proportional to the applied stress. To
examine the rate of pure fluid compression, it was assumed that the first two terms in Eq. (11) had attained
maximal values at the termination of region AT2 and thata3t was small within region 4 T3. This led to the
following approximation for ¢(t)in aT3.

‘(‘) = -co(A| + Az + A’a’t) '12'
By taking the derivative g d¢ t(tl and comparing it to the experimentally observed slope of €(t) vs t in the o T3
region, the coefficient A3a3 was determined.

i
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Figure 11. Applied Stress at Individual Unit Strain Responses

The exponential response observed in region AT2 was modeled by a Kelvin unit with strain response ¢ 2; and
the response in region AT by a Kelvin unit with ¢ |+0 and a strain response ¢) that exhibits purely elastic
properties. This approach led to a model structure as shown in Figure 10. Values for A} + A2 were obtained by
evaluating the equation at the maximum creep loading times measured (usually at about 8 hours). With the
above approximations, an equation of the following form was written

b t
E : ( ‘:o) A+ A = asA,t) = A, 0%t 13)
‘ 1
h : A least-squares fit was made to this exponential function to solve for A2 anda2. An optimization procedure
¥ was then applied which sought the minimum value for § , by varying the location of the AT2and 2 T3 region
& separation point, where
: \
&= [ﬁl(‘i(cal) - 'i(exp)) '] 14) |
3 j =
3 and ¢;(cal) and ej(exp) are, respectively, the calculated and experimental strain values.

l;‘ - J e —




The optimization technique tended to shift the separation point to larger time values and, in most of the cases
analyzed, led to the result that € 2>> €3 at the termination of the creep loading phase. For this reason the model
was further simplified as shown in Figure 12. The response of this three-parameter model has the form

€(t) = ~-a, [Al + A, (1 “eazt)] (15)

with a typical response as shown in Figure 13.

L N, g

é Figure 12. Reduced Fluid Response Model
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(A) (8)

Figure 13. Reduced Solid Model and Respective Response Used For Final Coefficient Calculation

Using the above-described procedure, the data were analyzed on a digital computer (CDC 6600), and values
were obtained for the Young's moduli and the coefficient of viscosity corresponding to the model shown in
Figure 12. These values, together with specimen identification, initial area and height, are given in Table 1.
Values of /e ;1) ranged from about 1% to 15% with about a 5% average using Equation (15) for the
three-parameter model. Inclusion of a fluid term resulted in an insignificantly better fit of the data.
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DISCUSSION

The classical theory of elasticity deals with the mechanical properties of elastic solids, for which, according to
Hooke's Law, stress is always directly proportional to strain in small deformations but independent of strain
rate. The classical theory of hydrodynamics deals with the properties of viscous fluids, for which, according to
Newton's Law, stress is always directly proportional to the rate of strain, but independent of the strain itself.
The classical theories of elasticity and hydrodynamics are idealizations. Although the behavior of many solids
approaches Hooke's laws for infinitesimal strains, and many liquids approach Newton's laws for infinitesimal
rates of strain under other conditions, deviations are observed. Two types of deviations may be distinguished.

First, when finite strains are applied onto solids (those soft enough to substantially deform without breaking;
e.g.. annulus fibrosus), the stress-strain relations become much more complicated (non-Hookean). On the
other hand, in steady-state flow with finite strain rates, many fluids (such as polymeric solutions; e.g., nucleus
pulposus) exhibit marked deviations from Newton's Law (non-Newtonian flow). The dividing line between
finite and infinitesimal is dependent on the level of precision under consideration. It varies greatly from one
material to another.

Second, if both the strain and rate of strain are infinitesimal, a system may exhibit behavior which combines
solidlike and liquidlike characteristics. For example, a substance or body which is not quite solid does not
maintain a constant deformation under constant stress, but slowly deforms with time, or creeps. When such a
body is constrained at constant deformation, the stress required to hold it gradually diminishes or relaxes. A
body which is not quite liquid may, while flowing under constant stress, store some of the energy input instead
of dissipating it; it may recover a portion of its deformation when the stress is removed (elastic recoil).
Materials whose behavior exhibit such characteristics are identified as viscoelastic. If both strain and rate of
strain are infinitesimal, the material may be viewed as possessing linear viscoelastic behavior. The
intervertebral unit exhibits both elastic and viscous behavior through simultaneous dissipation and storage of
mechanical energy. Material response to static loading can be explained by viscoelastic phenomena. The
prominence of viscoelasticity in the intervertebral unit is not unexpected in light of the biomechanical studies
of Virgin (1951, 1958), Hirsch and Nachemson (1954), Hirsch (1955), Yorra (1956), Evans and Lissner (1963},
Yamada (1970), Kazarian (1972, 1975), Farfan (1973), Markolf and Morris (1974), and others.

The intervertebral disk forms the primary structural energy dissipation and transmission component of the
intervertebral unit. The normal intervertebral disk is a fibrocartilaginous structure. It varies in size, shape,
and thickness at different spinal levels. The disks in the cervical and lumbar regions are thickest to allow
greater degree of motion. The disk is generally considered to be avascular; however, blood vessels within the
disk have been reported by some investigators up to the age 25 (Beadle 1931), and nutritive canals have been
observed to communicate directly with blood vessels of the spongiosia of the vertebral bodies (Bohmig 1930).
The disk is made up of three integrated components: the nucleus pulposus and annulus fibrosus which are
interposed between superior and inferior hyaline cartilaginous end plates.

The nucleus pulposus is the enclosed substance within the central part of the intervertebral disk surrounded by
the annulus fibrosus. It consists of a three collagenous lattice enmeshed in a mucoprotein gel. The direction
and arrangement of the nuclear network in the matrix frequently appear to be random, except at the upper and
lower internal surfaces of the cartilaginous end plates where the nucleus pulposus is intimately and uniformly
dispersed and attached to the end plates. The protein polysaccharide complex surrounding the interlacing
callagenous fibrils endow the nucleus pulposus with an abundant water binding capacity {Rabinovitch 1961),
Puschel (1930) reported that with advancing age, the water content of the disk progressively decreases. In the
newborn the estimated water content is 88%, which gradually decreases to 65% at age 30, where it remains at
a relatively constant level until old age. That is to say, to the third decade, the nucleus pulposus is a watery
gelatinous substance. As growth rate subsides, a sequence of progressive events ensues that seems in effect to
be a maturation process of the collagenous network. This process involves an increase in fibrillar structure and
a change in their arrangement. The nuclear fibrils become thicker and, as a result, closely packed together,
and also become unidirectionally oriented. Highly organized dense fibrillar arrays are fashioned from the
original randomly distributed configuration. This process simultaneously involves a progressive dehydration
of the mucoid material. Differences in biochemical composition appear, which are reported to be of a
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degenerative nature and continue at an ever increasing rate, affecting both the intercellular matrix and cells.
Cellular material derived from the surrounding annulus fibrosus and cartilaginous end plate gradually invade
the nucleus pulposus; and the latter becomes fibrotic and desiccated (Sylven 19511,

The annulus fibrosus emanates from the cartilaginous end plates and is composed of fibrous and cartilaginous
elements in which the fibrous elements predominate. 1t is the first companent of the intervertebral disk to
reveal a complex collagenous architecture fully differentiated at birth (Armstrong 1958). The annulus fibrosus
is present as a series of incomplete sheets or walls which surround the nucleus pulposus and constitutes the
primary mass of the intervertebral disk. The annulus fibrosus develops in direct response to vertebral function
and is capable of plastic adaptation to the exigencies of functional activity. 1t also varies in size, strength, and
arrangement in the different regions of the spine {Armstrong 1938, Frost 1972).

The annular lamellae in the young adult form a dense, discrete, nearly concentric and obliquely asterisk-like
interwoven structure. Each annular band runs an oblique parallel course. The directional obliquity of the
fibers alternates in subsequent lamellae. The obliquity of the annular bands is greatest in the outermost regions
of any given disk. The obliquity of the outermost annular walls also increases with ascending spinal levels,

The interstraition angles of the annulus fibrosus tend to run helicoidally from one vertebral level to the next.
The number of lamellae, their size, and obliquity of arrangement as well as their thickness show great variation
for any given band within various parts of the same disk. The denaity of this fibrocartilaginous structure varies
within the annular cross-sectional area. The lamellae tend to be closely packed anteriorly and posteriorly and
less closely packed laterally (Galante 1907). The posterior lateral regions of the annulus fibrosus have marked
irregularities and are less orderly. The lamellar bands do not form complete individual rings but intrically split
or merge to interlock with other bands. The most peripheral fibers of the annular wall pass over the edges of
the cartilaginous end plates and anchor themselves to and beyond the vertebral rim, to the margins of the
adjacent vertebral centrum, and to its periosteum (Schmorl and Jungmanns 1971).

The cartilaginous end plates are intimately connected to the vertebral centra. In the early years of life, the end
plates are structurally characterized as & homogenous, soft, plinble material with a translucent matrix, which
is a complex protein (chrondomucoid). Throughout the matrix is scattered an intricate array of intertwining
“white fibers,"” which are reported to be “matted” and connected together, and macroscopically represent a
“felt-work."” Within this array are spaces containing cartilaginous elements (Cleland 1889).

Each end of the vertebral centrum is covered by one cartilaginous end plate. Its function is threefold.
¢ [t protects the vertebral spongiosa from pressure atrophy;
¢ It confines the annulus fibrosus and nucleus pulposus within their anatomical boundaries; and

® [t acts as a semipermeable membrane, which facilitates fluid exchange between the annulus fibrosus and
nuclear pulposus and vertebral body via osmotic action (Croek 1973, Marondas 19735),

Lo the early years of life, the end plates are loosely enmeshed with the irregular radiating fan-shaped ridges and
furrows of the underlying vertebral centrum by a thin layer of caleified material (Schmorl and Junghanns
1971). Numerous minute vascular channels are embedded within and penetrate deeply into the cartilaginous
plates from the vertebral side. These also permeate the annulus fibrosus. The end plate is adherent to the
spicules of the underlying sieve-like surface of the vertebral centrum by a thin layer of caleified material.
Between the fine, delicate spicules, the cartilaginous plate is in contact with the marrow through which it
receives its nutrient substance.

With advancing age, the intervertebral disk undergoes a provess of sequestration so that it ultimately becomes
completely segregated from its confining structure. The nucleus pulposus becomes fragmented, stringy and dry
in appearance. The mucoid structure of the nucleus is replaced by fibrocartilage. The annulus degenerates,
losing its laminated-like appearance and structure, 1t becomes thin and unable to retain the sequestrating
nuclens tLewin 1904). The vascular channels in the cartilaginous end plates diminish; by the third decade, the
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vascular channels are largely obliterated. The remaining “holes” found in the cartilaginous plates are called
“ossification gaps” and are ascribed as ‘‘scars” left by the obliteration of the vascular channels. Following the
third decade, retrogressive changes occur in the hyaline cartilaginous end plates. The plates begin to show
signs of ossification along with an increase in the deposition of calcium salts. The end plates gradually become
brittle. Fibrillation becomes more evident and ranges from marked thinning to complete destruction of the
central end plate zone (Schmorl and Junghanns 1971). When disintegration begins to occur, the deformation
characteristics of this syndesmotic joint increase, its stability is compromised, and in consequence other
structures in and about the involved joint must provide support and integrity. The fulcrum of levering forces is
transferred toward the posterior articulating joints.

The intervertebral disk undergoes with aging a progressive architectural differentiation that is postulated to be \
a series of biochemical events in which there is a rapid breakdown of the protein polysaccharide linkages |
(DePalma and Rothman 1970).

In this experiment it is uncertain if there is any exchange of fluid taking place. Therefore, another mechanism
of deformation may be concerned with the inherent material response of the intervertebral disk and specifically
the geometry of the annulus fibrosus. Extensibility could occur in the annular walls by collagen fibril
alighment (i.e., a change in orientation of the annular walls). Anothr deformation mechanism might be by
rotation shearing or gliding and the stacking of neighboring annular walls with respect to their mutual
boundaries. Still yet another mechanism might be the mass transport and redistribution of nuclear fluids
radially by diffusion outward from the nucleus into vacancies within or between the annular walls.

Based upon a comparison between the combined Type 1 and 2 creep curves and the Type 3 creep curves, it is
suggested that the disk forms a biomechanically-sealed pressurized unit following regression of the vasculature
from the annulus fibrosus. The nutritional demands of the disk are fulfilled by the diffusion of lymph from the
adjacent marrow cavities. This study also suggests that if the vertebral end plates lose their properties as a
semipermeable membrane resulting from microtrauma or disease (Smith and Brown 1967), the water content
of the nucleus pulposus decreases and a gradual architectural differentiation of the nucleus pulposus and
annulus fibrosus probably takes place. Based upon these observations, it may also be surmised that the weight
bearing and load transmission characteristics of the intervertebral joint are altered. Mechanical loads are !
spread over a larger surface contact area, and osteophytes form along the edges of the vertebral centrum and at |
the articular facet joints to transmit and attenuate loads.

How realistically the creep observed in the experiments reported herein is related to the in vivo situation is
uncertain. In vivo, the intervertebral joint is subject to complex, nonuniform loading. Second, the load ‘
transmission pathways in the spinal column are dependent largely upon overall spinal column geometry and
the physiologic condition of the intervertebral disks and articular facet joints. The intervertebral joint cannot
be considered as a simple structure.

To shed further light on the mechanisms of intervertebral joint creep., it is convenient to consider three types of
experiments as constituting the future work to be conducted in the field of intervertebral joint creep and
recovery. The first is the determination of the effects on creep parameters of different conditions of stress,
temperature, humidity, and anatomical and physiological variables. Based on such information, relationships
between stress and intervertebral joint condition for a particular mechanical lead or creep rate can be
formulated. Thus, advantage can be taken of such relationships for interpolation or extrapolation purposes

or both.

The second type of experiments is the determination of the methods by which the intervertebral joint
undergoes deformation during creep. From such observations, particular modes, mechanics, and processes of
deformation should be defined in detail. The individual physiologic mechanisms of disk action and their
subsequent short- and lonig-term pathomechanical effects on hard and soft tissues will contribute new
knowledge as to the etiology of degenerative changes in the vertebral centra and posterior articular facet joints.
The invasion of nuclear tissue into the cancellous bone of a vertebral body instigates a biochemical reaction
between the hematopoietic tissue of the centrum and the semifluidic nucleus pulposus, and gradually
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transforms the herniated material into a cartilaginous nodule which in time is surrounded by sclerosed bone.
With time, the cartilaginous nodule shows up on a roentgenogram encircled by an excavated shallow bony
concavity. The size of the concavity varies from the head of a pin to that of a lentil bean. If hairline stellate
fractures or tears are present in an end plate, open channels are created that lead to avenues of nuclear
dehydration. The intervertebral joint space becomes narrowed due to intervertebral disk thinning. If, on the
other hand, larger amounts of nuclear material are prolapsed, diminution of the intervertebral disk space is
noted. In either case, depending upon the amount of nuclear tissue zrolapsed, the stress created by constant
weight bearing is transferred to the arituclar facet joints. Adjacent vertebrae may undergo schlerosis with the
formation of bony lipping and spurring. The articular facet joints may show atrophy of the articular cartilage,
eburnation and erosion of bony surfaces. Is a joint which shows those pathologic changes able to withstand
excessive mechanical forces? This biomechanical study has shed additional information on the prolapse of
nuclear tissue through the cartilaginous end plate into the vertebral centrum. The evidence collected herein
strongly suggests that spinal mechanics are altered as a result of nuclear tissue prolapse. ‘The connection
between clinically observed pathology, secondary spinal deformities, microtrauma and fracture potential is
currently open to further examination. Knowledge of the mechanical response of nuclear tissue prolapse will
eventually establish certain prophylactic restrictions on certain activities, so that the danger of further spinal
injury potential is reduced.

The third type of experiment is concerned with the kinetics of flow, the nonuniformity of stress (both in
direction and magnitude), and the formulation of relationships connecting the external variables of stress and
ligamentous prestress with the amount and rate of intradiskal fluid exchange.
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