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™ Progressive Disc Herniation

An Investigation of the Mechanism Using Radiologic,
Histochemical, and Microscopic Dissection Techniques on a

Porcine Model

Claudio Tampier, MD,*t Janessa D. M. Drake, MSc,T Jack P. Callaghan, PhD,t

and Stuart M. McGill, PhDt

Study Design. Basic scientific investigation using ra-
diologic, histochemical, and microscopic dissection tech-
niques.

Objective. To document the process of mechanically
induced disc herniation from repetitive loading exposure.

Summary of Background Data. Current knowledge of
the mechanism of disc herniation is limited to only a few
postmortem studies with even fewer attempts to docu-
ment the process of damage during the developing
stages of herniation.

Methods. Sixteen porcine cervical spine motion seg-
ments (C3-C4) were mounted in a custom servo-hydraulic
testing machine. The specimens were exposed to 1472 N
of compressive load and cyclically flexed-extended in an-
gular positional control to a minimum of 4400 cycles and
a maximum of 14400 loading cycles. Measurements from
radiologic, histochemical, and microscopic dissection
techniques were used to document the progressive
trauma.

Results. The experiment produced 8 complete hernia-
tions and 4 partial herniations, of which only 4 were di-
agnosed by contrast discogram. The progressive damage
appears to develop with a small cleft (within layer spread-
ing) inside the first inner layer of the anulus. The nuclear
material was pressed through this cleft to create a fluid-
filled, delaminated pocket between collagen fibers within
a lamellar bundle in an anular layer. This was the first
stage of damage and disc herniation production at a mi-
croscopic level. In full anular herniation, this process is
repeated until the nucleus pulposus had tracked com-
pletely through the anulus.

Conclusion. The herniation process appears to pro-
ceed with nuclear material progressing through small
clefts, which accumulates causing delamination within
each lamella rather than between anulus layers. No rup-
ture of anulus fibers was found. This knowledge will
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assist in the development of prophylactic interventions.
These data also suggest discordance between disco-
graphic indicators and other evidence confirming anular
damage.

Key words: disc herniation, anulus, discogram, injury
mechanism. Spine 2007;32:2869-2874

Disc herniation is one form of cumulative trauma in an
adult intervertebral disc that is linked to time varying
hydraulic responses. The process involves the passage of
the nucleus pulposus through the anulus most typically
in a posterior or posterior-lateral direction. Current
knowledge of the mechanism behind the movement of
the nucleus pulposus is not fully developed and is limited
to only a few studies. Study of the herniation process is
particularly challenging as it is difficult to detect initia-
tion, and the stage of advancement of nucleus pulposus
material through the anular layers. This investigation
employed radiologic, histochemical, and microscopic
dissection techniques to document and improve the un-
derstanding of the herniation process.

Several authors have proposed hypotheses for disc
herniation. Adams and Hutton' produced gradual disc
prolapse by applying compression loading and repetitive
bending motion in cadaveric lumbar functional spine
units (FSU). The authors monitored the gradual prolapse
by direct observation and discogram and found the in-
jury started with the lamellae of the anulus being dis-
torted to form radial fissures. The nuclear pulp was then
extruded from the disc and sometimes into the spinal
canal. Discs most commonly affected were from lower
lumbar spinal levels of young cadavers,' suggesting that
a nondegenerated, viscous nucleus may be influential.
Gordon et al? applied a similar approach but used a more
physiologically representative loading protocol, that be-
ing low level combined loading with highly repetitive
compressive cycles, and produced anular protrusions
and nuclear extrusion. Collectively, this work supports
the hypothesis that intervertebral disc prolapse proceeds
progressively from the inside outwards.

Although there is broad consensus of the importance
of anular lesions among the macroscopic and micro-
scopic features of intervertebral disc herniation, the ori-
gin and sequence of their development are less under-
stood. Moore et al® in a clinicopathologic study,
examined disc tissue collected from surgery and from
cadaveric spines. The authors concluded that nuclear
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fragments migrate along preexisting radiating tears in
the anulus.> They reported that nuclear degeneration
first becomes evident as a large cleft toward the periphery
of the nucleus as it becomes less hydrated and shrinks,
followed by nuclear clefting and fragmentation, which
are well established as characteristics associated with the
third decade of life.> Moore et al® found that the presence
of isolated fragments of the anulus and the endplate are
much less common within extruded material than the
nucleus, and suggest these probably also originate as part
of the degenerative processes. In contrast, Yasuma et al*
histologically examined intervertebral discs obtained at
autopsy and material obtained from adult spine surgery.
These researchers described how the bundle in the inter-
nal layer of the anulus fibrosus reversed their usual di-
rection and showed myxomatous degeneration, some-
times resulting in posterior and convex bulging in the
internal layer of the anterior and posterior parts of the
anulus fibrosus, respectively.* These results suggested
that a protrusion type herniation, where only the anulus
material is present, might be due to a reversal of bundles
of the anulus fibrosus without the involvement of the
nucleus pulposus. This type of herniation may involve
different mechanisms than the type where nuclear mate-
rial is protruded through a fissure in the anulus.

Finally, Lipson’ in a study based on experimental in-
tervertebral degeneration, asserted that herniated disc
material is actually newly synthesized proliferative meta-
plastic fibrocartilage and not preexisting disc tissue, par-
ticularly of nucleus origin. Surgically harvested tissues
from intervertebral disc herniations were assessed with a
hydroxypyridinium cross-link assay to determine the
maturity of the collagen. His results suggested that the
herniated disc material was a younger tissue than the in
situ anulus fibrosus.’

Other researchers have hypothesized that herniation,
at least during the repetitive flexion-extension exposure
tested in this study, is a cumulative process of nucleus
material tracking through the anulus.?® The objective of
this research is to improve the understanding of the pro-
cess and mechanism of mechanically induced herniation.

B Materials and Methods

Disc Herniation Creation and Documentation Protocol
The cervical spines of 16 porcine (age mean 6 months, mass
mean 80 kg) specimens (C1-T12) were obtained immediately
following death. All specimens were sealed in doubled polyeth-
ylene bags and stored at —22°C. Before testing, the frozen
specimens were thawed at 24°C for 14 hours. The surrounding
musculature was stripped leaving the osteoligamentous struc-
tures intact. Sixteen FSUs were obtained from C3-C4 (2 adja-
cent vertebral bodies and the intervening intervertebral discs).
The intervertebral discs of the sectioned ends of the specimens
were examined for degeneration and were graded according to
the scale proposed by Galante.” All 16 specimens met the
Grade 1 criteria and were accepted for the experiment. The
Committee for Research on Humans, Office of Research Ethics,
University of Waterloo approved this study.

The area of the exposed endplates (superior C3 and inferior
C4) of the cervical porcine vertebrae was measured to evaluate
resemblance in the size of the vertebral specimens as in the work of
Callaghan and McGill.® The endplate area was calculated using
the equation for surface area of an ellipse (7/4* A*B), where A
is the anterior-posterior length and B is the medial-lateral width
of the vertebral endplate. The average area of the 2 exposed
endplates was used to represent the FSU area.

To assist in the documentation of progressive tracking of the
nucleus pulposus leading to intervertebral disc herniation, a
mixture of barium sulfate (radio-opaque), blue dye (Coomassie
Brilliant Blue Gmix: 0.25% dye, 2.5% MeOH, 97.25% dis-
tilled water), and distilled water was mixed in a ratio of 2:1:2
and approximately 0.7 mL was injected into the intervertebral
disc nucleus with a 23-gauge needle. The specimens were only
injected with mixture material until there was resistance
against the plunger of the syringe to prevent excessive pressure
in the disc. This mixture has sufficient resistance to diffusion
over the duration of the test so that movement of the barium
sulfate only occurs with the movement of the nucleus pulpo-
sus.® Specimens were fixed in aluminum cups using a nonexo-
thermic dental stone (Denstone, Miles, South Bend, IN) and 16
gauge steel wire looped bilaterally around the anterior pro-
cesses and the lamina of both vertebrae. One screw was used to
hold each exposed endplate of the specimen in testing mounts.
The screws pierced the center of the endplate at the mounted
portion of the vertebra and never protruded farther than 10
mm into the vertebral body. The dental stone material only
covered the proximal half of the cranial vertebra and the distal
half of the caudal vertebra. Specimens were then radiographed
to document the distribution of the nucleus in the sagittal and
transverse planes.

The mounted specimens were then placed in a custom servo-
hydraulic dynamic testing system (Model 8511, Instron Can-
ada, Burlington, Ontario, Canada) that has been described pre-
viously.® A preload (260 N for 15 minutes) was applied to all
specimens to precondition the specimens and counter any
swelling that had occurred postmortem. During this preloading
phase, the servomotor was programmed to chase a zero flex-
ion-extension moment magnitude and the angular position at
the end of the preload was taken as zero position (achieving
elastic equilibrium) for each specimen.

The specimens were then exposed to 1472 N of compressive
load. The 1472 N compressive load represents approximately
14% to 22% of the average compressive strength of porcine
cervical specimens reported in the literature.”~"" Previous work
using the same test apparatus and specimen population has
resulted in a documented compressive strength of 10.4 kN in a
neutral posture.'!

In addition to the 1472 N compressive load, the specimens
were cyclically loaded to 15° of flexion and to 2° of extension.
These limits helped to preserve the disc tissue and avoided
vertebral fracture, yet still produced herniations. The cyclic
flexion-extension motions were produced in angular positional
control at a rate of 1 Hz to a maximum of 14,400 cycles and
minimum of 4400 cycles to capture various stages of the her-
niation process using a servomotor (Model BNR3018D, Cleve-
land Machine Controls, Billerica, MA) and a 40:1 planetary
gear head (Model 34PL0400, Applied Motion Products,
Watsonville, CA).

The specimens were radiographed following testing in an
attempt to document disc herniations relative to sagittal and
transverse plane structures. A second injection of a mixture of

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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barium sulfate and distilled water was administered to mimic re-
hydration that occurs naturally with daily cycles of real life. Pres-
sure on the syringe was increased slowly until approximately 1 mL
of the mixture was injected. A second discography was performed
in order to assess if the additional injection increased the sensitiv-
ity of the radiograph for detecting herniation. A gross examina-
tion of the ligamentous structure and posterior elements was con-
ducted and any failure or damage was recorded.

Histology and Microscopic Dissection Description

The neural arch of the specimens was removed at the base
of the laminae with a saw and each vertebral body was cut in
half transversely roughly through the middle of the vertebral
body. The FSU was then further sectioned into right and left
blocks. The histology study was performed on the disc from the
right side of the FSU, and the left side was used for microscopic
dissection. The sample of anulus fibrosus was cut in blocks of §
mm height by 4 mm width with the length depending on the
part of the disc (anterior or posterior). The sample was embed-
ded in gelatin, enveloped by Tissue-Tek OCT compound (Op-
timum Cutting Temperature; Miles Laboratories, Elkart, IN).
The block of tissue embedded in gelatin was rapidly frozen to
—150°C to —170°C by immersion in liquid nitrogen, so that it
hardened to a solid mass owing to freezing of tissue water. The
anterior and posterior parts of the disc were then sectioned
transversely, sagittally, and in some cases at 45° of inclination.
The thickness for each slice was set at 10 wm. The samples were
cut on a special microtome housed in a refrigerated cabinet (a
cryostat) (Thermo Electron Corp., Cheshire, UK). The sample
was stained with hematoxylin and eosin to detect nucleus pro-
teins for microscopy. A second light microscope (Hund, model
Wilovert AFL 30) connected to a digital camera (Hitachi KPD
500) was used to analyze the samples in the slides and digitize
the microscopic images.

The microscopic dissection was performed by an orthopedic
surgeon (C.T.) with surgical instruments under a stereomicro-
scope (Nikon, SMZ1000, Japan) to document distribution of
nuclear material in the anulus. The FSU was fixed with clamps
and light traction, of approximately 10 N was applied with
elastic bands along the axis of the spine, to facilitate the dissec-
tion and to standardize the shape of the anulus in the digital
images. The different steps of dissection were registered with a
digital camera (Nikon, Coolpix 5400) and the images were
saved in Joint Photographic Experts Group (JPEG) format with
a dimension of 2592 X 1944 pixels. A Nikon calibrated micro-
scopic slide was used to obtain measurements of length.

H Results

Disc Herniation Production
Interrupting the process of partial disc herniation for
study rather than full and frank extrusion is challenging.
Nonetheless, the experiment produced 8 complete her-
niations without extrusion (Figure 1), 4 partial hernia-
tions and 4 specimens without any microscopically de-
tectable anular damage. In the 16 FSUs used, the average
endplate area was 667.1 + 65.7 mm? and ranged from
587.1t0 799.1 mm?. There were no statistical differences
between the endplate area, number of cycles applied, and
the occurrence of herniation (P > 0.05). In 2 FSUs, avul-
sion endplate fractures were produced in C4 after 7200
and 9000 cycles, respectively.

Superior Vertebral
Body

Posterior Annulus

by, 3 Nuclear Material
¢ = 1 Stained Blue
> & 3

Posterior Longitudinal
Ligament

; Inferior Vertebral
’

Figure 1. Complete disc herniations were defined when nucleus
material tracked through the entire anulus but was contained by
the posterior longitudinal ligament. The nucleus was stained with
a blue dye to aid in identification.

Radiologic Evaluation
Fourteen of 16 FSUs were radiographed at the beginning
and the end of the trial to evaluate the movement of the
nucleus pulposus (2 cases were lost due to radiograph
machine malfunction). Of the 8 specimens where the
presence of complete disc herniation was defined by his-
tochemical techniques, 4 disc herniations were diag-
nosed by radiographs and 3 were misdiagnosed. Of the 4
partial herniations, only 1 could be diagnosed using ra-
diographic technique. There were no “false positive” ob-
servations.

Once the mechanical loading experiment was fin-
ished, a second discography was performed following
the reinjection of additional radio-opaque contrast in an
attempt to increase the sensitivity of the radiographic
method. There was no change in diagnosis of disc herni-
ation and the additional mixture of barium failed to im-
prove the visibility or detectability of exact clefts/
pathways where the nuclear material passed through the
posterior anulus.

Microscopic Dissection Analysis
The microscopic dissection showed there was nuclear
material reaching the posterior longitudinal ligament in
8 specimens; therefore, these specimens were classified as
complete herniations. In 4 specimens, the nuclear mate-

Superior Vertebral
Body

Fibre Bundles Filled

Inferior Vertebral
Body

Figure 2. The nuclear material (stained blue) filled the fiber bun-
dles within layers of the posterior anulus fibrosus lamellae, not
between them. The tracks were parallel to the fibers within that
particular lamella.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Nuclear Material
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Figure 3. In a complete herniation, 2 adjacent lamellae were filled
with nuclear material (stained purple). The lamellae walls were
preserved and a pocket of the nuclear material was created.

rial was between the inner layer and the middle layer;
consequently, these specimens were classified as partial
herniations. There was no nuclear material found in the
anterior anulus or between the lamellae layers. Nuclear
material was found inside the lamella fiber bundles, and
occupied volume inline with the orientation of the fibers
(Figures 2, 3). In the posterior anulus fibrosus of 6 FSUs,
a small cleft or path was found through the division
between 2 adjacent lamella layers. Nuclear material was
found communicating from 1 layer to the other through
the cleft (Figures 4, 5). There was a spreading of adjacent
fibers, and no rupture or failure of any of the anular
fibers was detected.

Histologic Analysis
In 4 of the 16 specimens, there was no histologic evidence
of tissue damage in the anterior and posterior anulus. In
4 other specimens, nuclear material was found inside the
lamellae bundles in the posterior anulus. The damage
was characterized by the formation of a pocket filled

Figure 4. A dissection of the lay-
ers through the posterior anulus
revealed the process of hernia-
tion. First the cleft is covered by
a couple of lamellae (A). As the
lamellae were removed layer by
layer, the stained nucleus mate-
rial becomes visible (B), remov-
ing another layer reveals the
cleft through which nucleus ma-
terial travels (C). The same cleft
and nucleus material in a lateral
view (D).

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

with nuclear material, which has also been termed a cyst
by Yasuma ez al.* In the remaining 8 specimens, nuclear
material was found between the outermost external layer
and the posterior longitudinal ligament. The lamellae
structure in these 8 cases was disrupted (Figure 6).

H Discussion

Measurement and observations made in this study
strengthen the hypothesis that disc herniation is the re-
sult of a cumulative process and can be due to highly
repetitive flexion-extension motions with relatively low
magnitudes of compressive forces. We were surprised by
our observations of the herniation process in that sepa-
ration between lamellae was not observed nor any rup-
ture of anulus fibers. We propose the following explana-
tion of the herniation mechanism from the qualitative
and quantitative measures obtained from the several
techniques employed in this study.

The repetitive flexion-extension motions combined
with a moderate compressive load produce both an in-
creased hydraulic pressure in the inner wall of the poste-
rior anulus together with weakening stresses between the
fibers of the inner layer. These conspire to first generate a
small radial cleft from the spreading of the collagen bun-
dles at the location of a stress concentration or the weak-
est area of the innermost layer. Nuclear material was
advanced through the small cleft by the motion of the
FSU and the intrusion of the nucleus pulposus, and the
separated layer fills with nuclear material creating a
pocket between the collagen fibers within the first layer.
The pocket is slowly filled with additional nuclear mate-
rial as the delamination proceeds. Once the pressure
from the accumulated nuclear material within the la-
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Figure 5. Dissection of the pos-
terior anulus shows a partial her-
niation. Systematically dissecting
the lamellae uncovered a pocket
filled with stained nuclear mate-
rial (A). Removing the pocket re-
vealed a cleft in the fibers in a
more inner layer through which
the nucleus material had trav-
eled (B).

mella and the FSU motion exceeds the strength of the
next layer, a new cleft is produced at the weakest part. If
the loading conditions are maintained, the nucleus then
is forced through the new cleft into the second layer and
creates a new pocket. This describes the first stage of
damage and disc herniation production at a microscopic
level. This cumulative type of mechanism was repeated
until the nuclear material eventually reached the poste-
rior longitudinal ligament. At this point, a complete her-
niation with extrusion of nuclear material was produced.
Additional pockets appeared to form in the inner layers
once the leading edge of nuclear material had advanced
several layers heading toward the periphery of the disc.
Whether these pockets were discrete from the original
could not be ascertained given the extensive damage the
anulus had sustained in this group of specimens. It is
important to emphasize that none of the clefts was ob-
served to form through the anulus in a straight path
made by the nucleus pulposus. Perhaps this mechanism
can account for the discordance of herniation detection
via various methods. In this study, the determination of
herniation from discography images agreed in 57% of
the cases with the microscopic dissection (gold stan-
dard). Interestingly, a second injection of radio-opaque
mixture failed to improve the visibility of exact clefts/
pathways where the nuclear material passed through the
posterior anulus. It is likely that the mixture was unable
to pass along the 3-dimensional path made from the pre-
vious passage of nucleus pulposus without the flexion-
extension motion and compressive load on the disc. This

Pocket
Formation
External
' Annulus
__ Internal

L ~ Annulus

Figure 6. An image of the posterior anulus cut sagittally (stained
with hematoxylin and eosin, original magnification X4) shows
pocket formations filled with nuclear material (dark stain). Here
pocket (A) measures 0.94 mm X 0.34 mm and (B) measures 0.22
mm.

infers that a combination of motion, load, and pressure
are required to propagate nuclear material through the
anulus, and not just an increase in nuclear pressure
alone. Since the second injection did not increase the
sensitivity of the discography, this suggests that discog-
raphy in the clinical sense may be useful for detecting
painful discs, but not for detecting herniated discs.

In all 12 damaged discs, nucleus pulposus filled
pockets were found within lamellae of the posterior
anulus and no nuclear material was found between the
lamellae. The relatively more vertical inclination angle
of the inner lamellar layers is postulated to be the most
resistant to penetration by the nucleus pulposus. As
the layers become more horizontal, and subsequently
more external, the layers are likely more easily parted,
and so less capable of containing the nucleus pulposus.
The shape of the delamination took the same inclina-
tion angle of the layer. Two adjacent delaminations,
filled with nucleus, had the same criss-cross pattern as
the lamellae bundles. The within-layer spreading was
only observed after the nucleus had passed through the
layer. In the partially herniated specimens, no delami-
nation was observed in the layers external to those
infiltrated by nuclear material. Therefore, the delami-
nation appeared to be due to both hydraulic stresses
from nuclear liquids as well as from the applied mo-
tions and loads.

Some limitations that define the context of this work
include the limited number of specimens that were used
in this study. It was difficult to determine the optimal
cycles of bending between initiation and complete stages
of herniation. Once the herniation begins, it appears to
progress relatively rapidly to the outermost layers of the
anulus. However, very thorough dissection techniques
were performed on all of the specimens and a consistent
pattern of injury as a result of the cumulative loads ap-
plied were observed. All of the specimens used were from
young and healthy porcine donors, and so all interverte-
bral discs exhibited hydraulic capabilities. The same
mechanism of injury may not exist for discs that are
degenerated. Although several studies in the literature
have demonstrated the appropriateness of using porcine
cervical spine segments as a model for human lumbar spine
segments, anatomically, geometrically, and biomechani-
cally,'>"3 differences between the species may occur.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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The histologic compositions of herniated disc frag-
ments have been investigated in many publications.>=>>!*
It may be that the progression of nuclear material track-
ing through the anulus is different depending on the age
of the subjects. Hard disc herniation occurs in older pa-
tients where fibrosis is present and pieces of cartilage of
the endplate and new formation of small vessels are ex-
hibited. It has been suggested that soft disc herniation is
where the primary extruded material found is nucleus
pulposus.'® This observation may be due to partial her-
niation which lay dormant in people and then the pro-
gression continues at a later stage in life should repeated
bending become excessive and sufficient.

H Conclusion

Progressive disc herniation appears to involve a delami-
nation process within lamellae rather than between
them. This progresses under repeated bending, which
initiates clefts and pockets filled with nuclear material
within lamellae. We were unable to document any evi-
dence of delamination between layers or lamellae, nor
any rupture of fibers of the anulus. Interestingly, injec-
tion and detection of radio contrast mimicking iz vivo
discograms more often failed to detect or improve detec-
tion of the substantial progressive herniation docu-
mented using microscopic dissection. This research has
furthered the knowledge and understanding of the mech-
anism of herniation. This may assist in developing pre-
vention and treatment approaches.

H Key Points

e The delamination process of the anulus during
progressive disc herniation occurred within the la-
mellae rather than between them.

e No rupture or failure of any anulus fibers were
detected; only clefts as adjacent fibers were sepa-
rated.

e Only 4 of 8 complete herniations were identifi-
able by radiologic contrast discogram.
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