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Objective: As therapeutic options are rapidly expanding to treat pain of discogenic and vertebrogenic origin, it is important for the
clinician to have an evidence-based understanding of the latest information regarding the normal and pathological anatomy of the
intervertebral disc as well as imaging characteristics and treatment strategies. The American Society of Pain and Neuroscience (ASPN)
commissioned the DISC project to inform and update the interventional spine community about anterior column pain syndromes.
Methods: Using established literature review methods a clinical oversight group was convened to create an outline covering topics
that will be key to meeting the objectives delineated by the ASPN scientific and guidelines leadership. This oversight group, using the
created outline, selected key opinion leaders and experts to assemble the latest information on anterior column and intervertebral disc
anatomy and treatment to serve as a living document that can be continuously updated to drive best practices and innovation.
Results: A review of normal and pathological anatomy, a comprehensive understanding of biophysics applied to the anterior spinal
column, and understanding of the current state of practice with regard to imaging, diagnostic classification systems and treatment.
Keywords: ASPN, disc, anatomy, pathology, imaging, intradiscal, anterior column pain, functional spinal unit, regenerative medicine

Introduction
The motion of the lumbar spine can be described in the most basic terms as a load bearing unit consisting of three points:

the facet articular complex in the posterior column and vertebral body/intervertebral disc creating an anterior column
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while the neural elements comprise what would be described as a central or middle column. It is a complex interaction of
this functional spinal unit (FSU) that creates the dynamic range of motion between the relatively fixed positioning of the
thoracic spine and absolutely fixed sacral spine (Figure la). As early as 1984, Koeller et al' described the response of
human fibroelastic tissue of the disc when subjected to loading forces. This study and others that would follow would

form the foundation of an area of investigation which would continue to develop over the ensuing decades.
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Figure | (a) The Functional Spinal Unit (FSU) with structures of the anterior column, middle and posterior columns illustrated as described in the text. (b) Normal
anatomy, innervation and blood supply of the anterior column structures. (c) lllustration of disc lamellar structure, effect of compressive forces and aggrecan networking.
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Disc disruption was first described by Crock in the 1970’s but it would be several years before clinical focus on the
disc would become more widespread.” During the ensuing decades, physical diagnosis has been the primary diagnostic
tool coupled with advances in imaging (CT and MRI). Conservative treatment such as medications and physical therapy
have been and are still widely recommended as initial treatments for patients suffering from low back pain of discogenic
and spondylitic origin. For those not responding to conservative measures, spine surgery in the form of microdiscectomy
has been present for decades and percutaneous interventions such as discography with injection, intradiscal electro-
thermography and radiofrequency annuloplasty were early candidates to treat pain of anterior column origin. While
spinal surgery and microdiscectomy are still widely performed, many of the less invasive techniques did not reach
widespread acceptance for a variety of reasons such as lack of coverage by payers and perceived variability in outcomes.’
Recently, advances in minimally invasive spine procedures such as basivertebral nerve ablation and intradiscal restora-
tion in the form orthobiologics and polymeric hydrogels have created a wide array of treatment options available to
interested clinicians.* These techniques however carry the requisite obligation for the clinician to understand the anatomy
of the anterior column, the mechanisms under which degeneration occurs, the diagnostic criteria involved and the correct
application of modality to disease process in order optimize the outcomes for the patient.

The current review was commissioned by the American Society of Pain and Neuroscience (ASPN) to serve as
a comprehensive reference with regard to educating around the topics of normal and pathological anterior column
anatomy, the biophysics of the anterior column and the interaction of the functional spinal unit, a survey of surgical and
interventional treatment options as well as emerging technologies and their mechanisms of action.

Finally, we endeavor to create a future state synthesis of the current information to serve as a discussion point for
further study in the multimodal treatment of patients who may have complex interactions between anterior column pain
and posterior column pain generators (ie consideration of the complex interaction of the FSU). In addition, we will
consider potential radiological or other systemic identifying characteristics or biomarkers that may create a signal to
develop focused best outcome predictions.

Methods
ASPN Guideline Clinical Committee and Multidisciplinary Collaboration

The ASPN clinical guideline committee is comprised of a diverse group of physicians representing the specialties most
commonly involved in the provision of interventional treatments of spinal pain. This includes physicians from the core
specialties of anesthesiology, neurosurgery, orthospine, physical medicine and rehabilitation, and radiology, as well as
a pain psychologist/medical ethicist with many years of experience in consulting with interventional physicians.
Committee members were selected based on clinical experience, research, and previous publication history. This group
commissioned the creation of the current primer which serves as a narrative review of the anatomy, biophysics and
imaging of FSU. Many in the interventional pain, interventional radiology, physical medicine and rehabilitation and even
spine surgical communities are unfamiliar with the the anterior column of the spine and the interplay of the anterior,
middle and posterior column as sources of pain and dysfunction. As such, a multidisciplinary group with special
expertise was convened by the ASPN Back Guideline Committee to from the ASPN Discogenic, Intervertebral and
Spinal Column (DISC) workgroup. It is envisioned this manuscript and group will continue to update this primer
periodically creating a living document educating the interventional spine space about topics within the charter based
upon clinical evidence and expert opinion. As a primer the intent of this manuscript is educational and not to create
guidelines as many of the burgeoning areas of research are in their beginning stages; as such the intent is to highlight
emerging clinical therapies and where possible outline the evidence that supports these modalities.

Individual topics were searched using PubMed and Web of Science to identify and compile the evidence for
intervertebral disc anatomy, pathology and interventional therapies for the treatment of pain. Search words were created
specific to the topics for each major section of this primer. Given the rapidly emerging nature of much of this work, this
manuscript does not serve as a systematic review of the literature rather as an educational living document that can serve
society to ensure the membership is kept informed of emerging trends in the pathophysiology and treatment of anterior
column lumbar spinal dysfunction and pain.
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Disc Anatomy and Biophysics
Normal Disc Morphology

Intervertebral discs (IVDs) are responsible for one-third of the height of the spinal column, ranging from 7 to 10 mm in
thickness depending on their location within the spine (Figure 1b).°> The IVD is an avascular structure and is therefore
reliant on concentration gradients for the diffusion of nutrients and oxygen from the adjacent endplates.® Aggrecan
(Figure 1b), a large protein (proteoglycan found in cartilaginous tissues as part of the extracellular matrix lending
resistance to compressive forces) is largely responsible for the retention of water within the nucleus pulposus (NP);
a healthy NP is made of 66% to 86% water.’

The NP functions as an inner gel-like center to absorb and uniformly redistribute the load stresses to the periphery,
avoiding excessive pressure on the annulus fibrosus (AF). The AF is a ring-shaped disc of fibrous connective tissue
which consists of 15 to 25 stacked sheets of stratified elastic tissue surrounding the NP (Figure 1b and c). Type
I collagen, the primary form of collagen in the AF, is arranged in concentric rings called lamellae, which are uniformly
aligned in a parallel orientation and interconnected through translamellar bridges.® The outer lamellae continue into the
longitudinal ligaments and vertebral bodies. The AF central part is composed of an extracellular matrix enriched by
chondrocytes and a series of protein fibers (mainly type II collagen) arranged in an alternate pattern, therefore not
oriented vertically, allowing for greater effective resistance. In general, AF’s structure contains the NP and prevents the
development of stress concentrations which could cause damage to the underlying vertebrae or their endplates.’

The vertebral endplate (Figure 1b and c) consists of an upper and a lower cartilaginous endplate (CEP) approximately
0.6 mm thick, covering the superior and inferior part of the disc, with calcified cartilage adjoining the bone. The endplate
permits diffusion and provides the main source of nutrition for the disc.'”

With degeneration, the most significant biochemical change to occur is the loss of proteoglycans, which results in the
subsequent loss of glycosaminoglycans and the reduction in osmotic pressure within the disc matrix. This has a major effect

on the disc’s load-bearing behavior, which is evident by a degenerative disc’s tendency to bulge under pressure.'''?

Normal Disc Morphology Under Load Bearing

The IVD plays a critical role in maintaining mobility of the spine by distributing mechanical loads. This enables
flexibility of the spine while protecting the adjacent vertebral bodies. The IVD is uniquely adapted to withstand complex,
often superimposed forces such as axial compression, torsion, and shear. These forces are transmitted through the disc’s
composite structure, which includes the NP, AF, and the cartilaginous endplates.'* ¢

Forces acting in multiple planes of action (axial, compressive forces, rotation and shear, (Figure 2a) impact the FSU
during normal movements of the spine and the IVD is subject to a variety and complex combination of mechanical forces
(Figure 2b). These forces are redistributed across the disc’s structure to reduce focal stress and potential injury.

The NP functions as a hydrostatic pressure reservoir. Compressive forces cause an increase in intradiscal pressure
which is redistributed to the AF. The concentric lamellae of collagen fibers in the AF provide tensile strength to withstand
both torsional and compressive forces.'>'® The AF also exhibits a biphasic mechanical response during loading: the inner
annulus acts as a viscoelastic shock absorber, while the stiffer outer fibers convert compressive loads into hoop stresses
that resist bulging.'” The disc’s ability to withstand axial compression depends on hydration and proteoglycan content of
the NP, which confer the ability of the IVD to resist deformation.'®'® Axial loads are also transmitted both superiorly and
inferiorly through the cartilaginous endplates to the vertebral bodies reducing focal stress in the motion segment.'*'>
Shear forces occur during anterior-posterior translation or lateral bending. These forces are resisted by the concentric
collagen lamellae of the AF. The layers of the AF are anchored to fibers of the vertebral body, providing structural

integrity and resisting translational movement that could disrupt disc alignment.'>"'®

Cartilaginous Endplate
The cartilaginous endplates (Figure 1b and c) are thin layers of hyaline cartilage between the intervertebral disc and the
adjacent vertebral bodies. The CEP serves two key functions:

1.Mechanical load distribution: the endplates anchor the disc to the vertebrae, enabling even mechanical load transfer

from the disc to the bony vertebral bodies and reducing focal stress that could increase risk of injury.'*'®
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Figure 2 (a) Summary of all the force vectors that impact the FSU. (b) lllustration of the planes of motion that are characteristic at the IVD/CEP junction.

2 Nutrient transport: as the disc is avascular, nutrient and metabolite diffusion occur through the CEP.'>!”

Degeneration or calcification of the endplates can cause uneven load distribution and impair nutrient transport which
can accelerate disc degeneration.'*'® Additionally, defects in the CEP may permit the migration of proinflammatory
mediators into the disc space, potentially contributing to discogenic or vertebrogenic pain. Alternatively, Schmorl’s nodes
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can occur which are protrusions of the intervertebral disc material into the adjacent vertebra through a defect in the

vertebral endplate (Figure 3).'-'®

Biochemical Properties of Normal Disc Function

Histochemical Appearance and Function of Normal Disc Tissue

The NP has a fiber network that is up to 85% collagen type IL.'° Proteoglycans attract water through high osmotic
pressure. Constituents include chondroitin-6-sulphate, keratan sulphate, hyaluronic acid, and chondroitin-4-sulphate.”®
The NP can vary in shape, ranging from ovular to bilocular.**?

Furthermore, there is not always a clear-cut border between the AF and the NP. Rather, the greatest distinction is
fibrillar density. The NP has large extrafibrillar spaces that accommodate glycosaminoglycans that can retain fluids.
Generally, the NP is more central in the cervical levels and most posterior in the lower lumbar levels. The AF is much
denser anteriorly and posteriorly and less so in the lateral regions.

One percent of the disc volume consists of chondrocytes that are spread throughout the extracellular matrix (ECM).>
A substructure of the ECM is the pericellular matrix (PCM) which is composed of collagen type III and VI and
proteoglycans. The PCM is thought to play a role in mechanoprotection of the chondrocytes from overload.**

The CEP is thickest at the periphery with decreasing thickness approaching the center.”> A complex proteoglycan
matrix lends a glasslike appearance and a soft, pliable structure. A thin layer of calcified material on the endplate attaches
to the trabeculae of the vertebrae. It is believed that nutrients flow to the disc via contact between the CEP and the
marrow. There are also regions between lamellae called the inter-lamellar matrix (ILM).?® The ILM is less than 30 pm in
thickness and is made up of a high density of elastic fibers. It is thought that the dense elastic network in the ILM allows
relative sliding of adjacent lamellae. This allows for recovery after deformation and contributes to the structural integrity
of the disc.”” As discussed previously, each individual lamella is also divided by dense structures of elastic fibers (ie
translamellar fibers). Elastic fibers, less than 1.5 pum thick, are made up of core elastin proteins surrounded by
microfibrils, less than 0.01 um thick.>* The microfibrils are mostly fibrillin and amyloid and forms bundles around the
elastin core. They are thought to serve as anchoring fibers to the surrounding ECM. Elastin provides passive recoil and
control of elasticity, while microfibrils lend strength.

Within the NP, the ECM is made up of collagens and proteoglycans that have been a focus of studies on
biomechanical properties. Collagen fibers are 1-20 um wide and are of a cord or tape-like shape. Thin collagen fibrils,

Figure 3 Sagital T2 weighted MRI depicting invagination of the CEP and intervertebral disc material into the vertebral body (Schmorl’s nodes) (red Arrows).
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30-100 nm thick, are closely packed to form fibers and form a three-dimensional network.?* Elastin fibers are also
present in the NP as a three-dimensional lattice that penetrates the vertebrae as Sharpey’s fibers.?

There are localized differences as well. Less microfibrils surround elastin cores in the inner AF as compared to the
outer AF. There is a honeycomb structure of elastic fibers in the transition zone (TZ) between the AF and NP.*° The
elastic network density is lower in the posterolateral region of the TZ as compared to the anterolateral area of the TZ.

Fluid Dynamics of Normal Disc Tissue
The NP, depending on age, may contain up to 70 to 90% water by weight.?” This is made possible by the polar hydroxyl
group of the glycosaminoglycan chondroitin sulfate which allows it to bind water. Disc mechanical function is influenced
by the changes in fluid content and pressure in the disc that vary throughout the day based on loading history due to
muscle activation, upper body weight, and external/inertial loads, posture, and internal osmotic pressure.>’ Disc volume,
height, hydration, and nucleus pressure are highly dynamic and dependent on fluid content and flow. Multiple factors
influence the fluid content and swelling pressure within the disc, including tension in collagen fibril networks, osmolarity
of surrounding media, and the fixed charge density of the nonfibrillar matrix composition. The disc pressure is 3—5 times
larger when standing as compared to lying flat.*®

The IVD is predominantly an avascular tissue that obtains its blood supply from branches of metaphysical arteries
located in the outer fibers of the annulus fibrosus.>**° These perivascular fibers are responsible for the delivery of oxygen
and nutrients as well as removal of metabolites from the adjacent CEP and the peripheral AF.*! Both perivascular annulus
branches as well as blood vessels near disc-bone junction supply the avascular regions by diffusion.® Nonetheless, this
perfusion decreases with age. In spite of the NP remaining avascular throughout life, evidence has shown that regardless
of the age, blood vessel growth may occur within the CEP or layers of AF in disrupted disc tissue.’' Pathologic
conditions that can affect the natural perfusion include alterations in blood flow or end plate calcification which can
disrupt blood supply and ultimately result in cell death of NP due to its distant location from these vessels.*? In regards to
the IVD innervation, overall only the outer third of the AF is innervated and the NP has no nerve supply. The AF receives
its nerve supply from the sinuvertebral nerves (SVN). This nerve is formed from the junction of the ventral ramus
(providing the somatic root) and the grey ramus (providing the autonomic root).”® In a systematic review, Groh et al
found that overall neural elements are localized in the outer third of the annulus fibrosus in non-pathological states but
pervade into the inner two-thirds of AF in pathological spinal conditions.”” Neural infiltration into the inner AF was most
commonly found in patients with fissures within the annulus fibrosus or painful IVD tissues than in those with no spinal
pathologies.zg Studies have identified nociceptive nerve endings expressing substance P and calcitonin-gene related

peptide (CGRP) in the IVD which are implicated in discogenic pain.**>°

Imaging Modalities

Complete imaging evaluation of the IVD (and, importantly, the disc-endplate complex as a whole) relies on
a multimodality approach. While noncontrast magnetic resonance imaging (MRI) serves as the gold standard, it is not
without its own limitations. Important concepts pertaining to application of various imaging modalities such as computed
tomography (CT), single photon emission computed tomography (SPECT), MR spectroscopy, fluoroscopy (discography),
and even plain radiography, are key for the clinician to understand and are discussed.

Though ostensibly the least advanced modality, digital radiography (DR), can offer important insights into disc structure
and function. Importantly, DR is widely available, inexpensive, and fast. The most common examination of the spine (cervical,
thoracic, or lumbar) consists of standing frontal (posteroanterior, PA) and lateral projections which serve to assess coronal and
sagittal alignment, respectively. Disc space height loss, intradiscal vacuum phenomenon, osteophyte formation, and endplate
changes (erosive and sclerotic) provide important information about the degree of disc degeneration and indirect evidence of
dynamic instability. The latter can be further assessed with the addition of lateral flexion and extension views, with 3 mm or
greater difference in listhesis between positions generally considered indicative of instability. The primary limitations of DR
lie in its planar nature (producing 2D summations of 3D structures) and poor soft tissue resolution.

While not optimized to assess the subtle differentials in fluid attenuation of the IVD, CT is the most frequently utilized
cross-sectional modality for evaluation of the spine and provides excellent assessment of the bony anatomy, alignment, and
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ancillary findings of DDD including osteophytes, calcified protrusions, and erosive or sclerotic endplate changes. It also
provides sufficient soft tissue resolution between the disc and adjacent epidural and intrathecal spaces to demonstrate
degenerative bulges and many discrete herniations. Narrowing of the spinal canal, lateral recesses, and neural foramina can
corroborate clinical findings of radicular pain or radiculopathy, although MRI is more sensitive for these purposes.

Importantly, CT of the spine is typically performed in a supine position, and comparison to weight bearing imaging
can reveal important differences in disc height and alignment giving insight into dynamic instability and disc degenera-
tion. Intradiscal vacuum phenomenon consists of gas (primarily nitrogen) in the disc space drawn out of solution by
passive negative pressure diffusion when axial load on a collapsed disc space is relieved. This occurs due to a differential
in the volume of remnant NP and the volumetric capacity of the AF. It serves as an indirect indicator of vertical
instability that may suggest axial pain and worsening of stenosis with axial loading.

Compared to radiographic modalities, MRI provides excellent soft tissue resolution and even assessment of chemical
properties of the imaged tissues. While more expensive and slower than DR or CT, MRI is crucial in the evaluation of the
discogenic pain patient. The most common MR examination of the lumbar spine consists of supine examination utilizing
sagittal T1-weighted (T1W), T2-weighted (T2W), and fat-suppressed T2W (most commonly short tau inversion recovery
(STIR)) sequences and TIW and T2W axial sequences, with a coronal T1 or T2W sequence. Thoracic MRI tends to
follow a similar protocol, while many routine cervical protocols add or substitute a T2 GRE (gradient echo) axial
sequence for enhanced evaluation of the thecal sac, neural foramina, and the spinal cord.

Importantly, MRI provides superior assessment of the endplates, especially the presence of Modic changes consisting
of subchondral bone marrow edema (Modic I), fibrofatty changes (Modic II), or sclerosis (Modic III), generally
indicating increased chronicity and decreased likelihood of pain generation in that sequence (Figure 4). It is important
to note that categories of Modic change often coexist at a single interspace. Schmorl’s nodes (intravertebral disc
herniations), erosions, and other endplate irregularities are also well depicted. Despite prior thinking that these changes
would precede only in one direction temporally and that fibrofatty change represents a quiescent state, reconversion from
Modic 1I to I has been demonstrated.*® Further, the conspicuity of Modic I change seems to be load-dependent, with

Modic Type 1

Modic Type 2

Modic Type 3

Tl T2

Figure 4 MRI examples of Modic Type 1,2, and 3 changes on sagittal T| and T2 weighted images. Red arrows denote Modic change regions. Modic type description in text of
manuscript.
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anecdotal reports of lesions on weight-bearing MRI which were occult or less pronounced on supine MRI. These
concepts will be further elucidated in subsequent sections on pathology of the anterior column.

Less frequently used variants of MRI include MR spectroscopy and weight-bearing MRI, both of which have shown
promise in evaluation of the chemical and functional nature of DDD, respectively. Additionally, it should be pointed out
that while anatomic changes on imaging must be clinically correlated with physical exam and possibly diagnostic testing
(such as discogram) to determine of the pathological or degenerative structures are also pain generators in this particular
patient. MRS provides spectroscopic evaluation of the biochemical properties of each disc, specifically the relative ratios
of proteoglycan, lactate, alanine, and other molecules. Automated analysis of the spectral data can provide insight into
potentially pain-generating discs and can help guide treatment.*'

Weight-bearing MRI combines the advantages of standing imaging inherent to DR with the soft tissue and chemical resolving
properties of MRI to produce an exam providing increased insight into the spine under physiologic conditions rather than the
more static supine examination under which alterations in alignment, stenosis, and even Modic changes may be occult.

The use of SPECT has seen an increase in recent years in the assessment of lumbar discogenic pain and subsequent
treatment planning. SPECT utilizes an intravenous radionuclide to produce cross-sectional functional imaging which is
most often fused to a concurrent CT acquisition for anatomic localization. In the evaluation of chronic low back pain
(CLBP), Tc99m-MDP (Technetium-99m methylene diphosphonate) is used to demonstrate areas of increased bone
turnover and metabolic activity that may correlate with pain generation, particularly in the endplate and zygapophyseal
joints (Figures 5a and b). The technique may help to distinguish painful segments as well as anterior and posterior
column pain generators in an otherwise diffusely degenerated spine. Historically used more for planning interbody fusion
surgery, the correlation of MDP uptake and painful Modic I changes indicates potentially additive utility versus routine
MRI in the assessment of painful interspaces for treatment with basivertebral nerve ablation.

Fluoroscopic discography merits particular attention as both a modality of diagnostic imaging and potentially therapeutic
intervention. Historically, intervertebral discography was performed with a provocative technique, attempting to replicate axial
pain by pressurization of the disc using injection of contrast material. This modality has lost popularity over the years due to
patient discomfort and perceived lack of benefit compared to MRI and SPECT. In addition, the discogram correlation of surgical
prediction for discectomy was not sensitive or specific resulting in additional decline over the past two decades. In more recent
years, the advent of therapeutic intradiscal injectables has led to increased interest in discography both for diagnostic and
therapeutic purposes. Similar to any other intraarticular injection, the addition of anesthetic provides additional diagnostic
information (the absence of reported pain following the injection serving as additional confirmation of the pain generating level
or levels) and adds potential therapeutic benefit, which can be supplemented with the addition of liquid steroid.**

Spin: -9
Tilt: 0

a b

Figure 5 (a) SPEC CT image identifying area of pain generation due to disc degeneration. This was ruled out as infection by biopsy and subsequently treated with
basivertebral nerve ablation the level above and below the disc with degenerative endplate change and radiotracer uptake (red arrow) generally associated with pain
generator. Green arrow is an example of vacuum phenomena. (b) Use of SPECT CT to determine radiotracer uptake consistent with a pain generator (red arrows) in
a patient concordant with mild Modic change on MRI (not shown) and treatment failure of posterior column interventions. Red arrow denotes uptake of tracer and
suggesting highly metabolic zone consistent with potential pathology.
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Aside from pain response, which has a false positive rate of 6.0% for individual disc, discography assesses the
internal structure of the NP and degree and morphology of annual tearing. Post-discogram CT (CT discography) provides
excellent 3D anatomic resolution of annular tears and fissures superior to the planar fluoroscopic discogram, graded with
the modified Dallas classification,* in addition, these procedure can elucidate large tears and epidural contrast extra-
vasation that may preclude candidacy for certain intradiscal injectable therapies.

In addition, intradiscal access must be treated with care requiring a wide prep zone, wide draping and notably, routine
IV antibiotic prophylaxis is recommended with any disc access, given the concern for potential discitis. Although discitis
is a rare complication with an estimated prevalence of 0.24% even without antibiotics, available cohorts studying
discography with prophylactic antibiotics demonstrate a lower incidence between 0 and 0.016%.***

Another reported concern is possible chronic progression of imaging findings of DDD secondary to disc access, with
this notion becoming popularized by Carragee et al*® The clinical significance of these findings remains unclear, and
notably the study only included patients asymptomatic at baseline. Nevertheless, the hypothetical risk of iatrogenically
increased degeneration indicates the need for judicious use of discography, particularly in younger patients. Most patients
undergoing discography, whether therapeutic or merely diagnostic, have failed to benefit durably from more conservative
treatments including activity modification, physical therapy, medications, and epidural injections. Propagation of the
outsized purported risks of infection and degeneration and the historical dearth of effective therapeutic treatments of
anterior column pain (until recently) have contributed to a marked decrease in discography over the years, but the
emergence of myriad potential therapies for anterior column pain suggests the renewed utility of discography incorpor-
ating safe practices to maximize patient benefit.

Pathology

Annular Structure-Transition from Normal to Degeneration

As described previously, each vertebral body is separated by a fibrous intervertebral disc that is composed of two
elements. The NP comprises the inner core of the disc, is made up of roughly 80% water as well as collagen and protein
fibers and has a gelatinous consistency. Its relative malleability allows each disc to serve as a shock absorber and
distribute pressure for the spine. It is superiorly and inferiorly bound by cartilaginous endplates and surrounded by a thick
outer ring of fibrous cartilage, the AF.'®*” It is made up of a series of multiple concentric layers of type 1 and type 2
collagen fibers.*** The inner annulus contains primarily rounded type 2 collagen, while the outer annulus contains type 1
collagen produced by elongated fibroblast cells. The AF not only serves to surround and protect the nucleus pulposus but
provides traction and structural disc support. The IVD, in the most basic biophysical sense, distributes compressive force
but also moves in much more complex planes of motion. The NP has fluid like dynamics when healthy in that it
distributes compressive forces in a radial fashion. This fluid dynamic-radial distribution of force to the outer annulus is in
a relatively uniform fashion when there is not disc degeneration. The annular lamellae are arranged concentrically, and
with time and exposure to degenerative forces, the lamella begin to disrupt as will be discussed subsequently.

With increasing age, annular fibers breakdown and can separate, making the boundary between the annulus and
nucleus more obscure.**>° This degeneration can lead to reduced structural support, which compromises disc integrity as
well as the containment of the NP. When the nucleus extends beyond its previously defined boundaries and bulges or
protrudes posteriorly or posterolateral, it can encroach on the spinal canal and its contents leading to various symptoms
including pain, weakness, and paresthesias, depending on the interspinal level and severity of pressure on the
nerves.'>>'>? It should be noted that disc degeneration is a continuum along which clinicians can describe deterioration
from normal to abnormal. The point at which clinical dysfunction develops requires clinical correlation however for the
purposes of this discussion degeneration describes the anatomical degradation while pathologic recognizes both the
anatomical change correlated with clinical dysfunction.'> Nordberg et al conducted a study to investigate positional
biomechanical changes in lumbar disc herniations. While overt flexion or a seated position was not part of the study, they
found that lumbar herniated discs increased in size in the axial plane while standing, leading to higher nerve root
compression grades for para-centrally encroaching discs. They concluded that lumbar disc derangements exhibited
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dynamic behavior with morphological changes in the standing position vs other positions, and that weight-bearing MRI’s
may improve the diagnostic sensitivity in nerve root compression.™

Annular Tears

In order to consistently discuss morphological findings as well as apply and compare treatments, grading systems are
needed to assess findings across different observers. Classifications systems must be reproducible with both interobserver
and intraobserver reliability.* Prior to MRI, CT discography utilizing Quinnell’s description was the original system for
interpreting discography findings.”> However, the Dallas Discogram Description (Figure 6) supplanted Quinnell’s
description to become the common grading system for interpreting lumbar discograms.’® The Dallas system utilizes
anteroposterior, lateral and the axial views available for CT discography. Utilizing these views, the Dallas system
describes both disc degeneration and annular disruption as separate entities. Degeneration is evaluated in the axial view,
grading from zero to 3 based upon morphological findings. The more common portion of the Dallas system grading scale
is used to describe the degree of annular disruption based upon contrast extravasation between layers of the AF and
describes the location and degree of protrusion (Figure 6). Unique to the Dallas system, while performing the radiologic
procedure, a clinical element is also added to the grading system to give a more concordant picture of the morphological
findings and their comparative clinical relevance. During contrast injection, a pain score is elicited from the patient as
well as a subjective correlation of how this pain relates to their typical pain.

MRI is now the best imaging modality for assessment of disc pathology, with the T-2 weighted sequence most
reflective of disc changes.”’ In addition to demonstrating disc dehydration, collagen breakdown and proteoglycan loss,
MRI imaging can also provide valuable information about other structures that are also part of IVD degeneration such
facet joints and endplates.”® With the rapid adoption of MRI and newer fast spin-echo sequencing to image the IVD,
a classification system was developed to reliably characterize disc degeneration morphology.

To give common nomenclature to the degree and extent of degeneration of an individual IVD, the Pfirrmann
classification was created. The original Pfirrmann classification was developed utilizing three blinded observers of
different experience and clinical relevance to MRI interpretation (musculoskeletal radiologist, senior staff radiologist

Grade 0 Grade 2

Grade 3 Grade 4 Grade 5

Figure 6 Modified Dallas Discogram scheme for the classification of annular tears by CT-discography (From modified From Sachs BL, Vanbaramata H, Spivy MA, et al. Dallas
Discogram description. A new classification of CT/Discography in low back disorders. Spine. 12(3):287-94;1987).
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and an orthopedic surgeon). Evaluation of the disc was preformed utilizing the T2-weighted mid-sagittal images.
A 5-grade system was developed based upon disc structure, disc height, signal intensity and difference between the
NP and AF. The intensity of signal is related to the histological findings and chemical composition of the disc.’” Loss of
signal at the disc on T2 weighted images is indicative of degenerative changes.®® Proteoglycan concentration is directly
correlated with NP brightness but is not correlated with collagen or water content. The Pfirrmann classification proved
repeatable and reliable, however, the most frequent disagreements between observers were between Grade 1 and 2 likely
owing to the description of homogenous vs inhomogeneous nucleus and Grade III and IV for NP and AF differentiation.
One other pitfall noted by the authors were situations where a hypoplastic disc from a partially sacralized segment might
be grade 5 but has actual disc morphology of a grade 2.

Ultimately, the five grade Pfirrmann system lacked discrimination when evaluating the disc in more elderly patients.®'

The mean age of patients in the original study was 40 years. Griffith et al®!

expanded the original classification system to
a total of 8 grades, utilizing patients with a mean age of 73. With this expanded grading system, the modified Pfirrmann
classification has been the gold standard for non-invasive classification of DDD (Figure 7).

Subchondral and vertebral endplate damage results in inflammation, edema and bone marrow changes which are
visualized on MRI as Modic changes.62 These changes are classified based upon signal intensity, with Modic type I, seen
as iso-intense or decreased intensity of T1 and bright or increased signal on T2 and represents acute edema or
inflammation of the vertebral endplates and the vertebrae. Modic type 2 as seen on MRI with increased signal on T1
and iso-intense to increased T2-weighted images.”’ These signal changes are consistent with fatty replacement of normal
bone marrow.®® Decreased signal on both T1 and T2 weighted images, consistent with osteosclerosis are Modic type 3

(Table 1) (Figure 4).%

Pain Pathology of Annular Tears
The NP and AF are mostly avascular structures depending upon diffusion at the periphery of the disc to supply nutrients
and oxygen and remove metabolic waste.®> The degeneration of an IVD may be thought of initially as an imbalance

Grade 1 7 Grade 5

Grade 6

Figure 7 Modified Pfirrmann Classification (Permission via https://creativecommons.org/licenses/by/ 4.0/-from Garcia Ramos, Carla & Reyes-Sanchez, Alejandro. (2018).
Alteration of pelvic parameters in adjacent segment degeneration. Coluna/Columna. 17. 99-102. 10.1590/s1808-185120181702189442).

6662 "= Journal of Pain Research 2025:18


https://creativecommons.org/licenses/by/

Grider et al

Table | Modic Changes on MRI by MRI
Sequence Classification

Type | Iso/Hypointense Hyperintense

Type 2 Hyperintense | Iso/Hypointense

Type 3 Hypointense Hypointense
Notes: Tl = Time |-weighted classification T2 = Time

2-weighted classification. The intensity classification refers to
the way the Modic change appears when imaged using different
scan time-weighted classifications. For example, Type | Modic
changes appear hypointense (darker) on T| weighted sequences
and hyperintense (lighter) on T2 weighted sequences. The
converse is true for Type 2 changes (lighter on Tl-weighted
sequences and darker on T2-weighted sequences) while Type 3
changes appear darker on both T| and T2-weighted sequences.

between anabolic and catabolic processes within the disc.®* This results in neovascularization, neoinnervation and
extracellular matrix degradation of the disc. There are modifiable risks factors which can increase the likelihood of
degeneration including smoking, obesity, aging, metabolic and oxidative stress, indolent infection and occupational
exposure. In addition, there are studies documenting a strong genetic component with polymorphisms in gene coding for
matrix and cytokine components.®> With mechanical factors playing a large role, prevalence of disc degeneration is
higher in the lower lumbar spine. Regardless of causes, the potential for degeneration begins early in life as the low-
density cells of the NP derived from notochord become chondrocytes by the age of 5.°¢ With this transition, the disc
losses cells which play a role in the capacity to repair the IVD.

While there are multiple causes of disc degeneration, there is still a high prevalence of morphological disc
degeneration in an asymptomatic population. There is thought to be a combination of the above factors in addition to
the presence of inflammation which results in a painful degenerated IVD. Higher levels of cytokines such as TNF-alpha
and interleukin 1, 4, 6, 8, and19 have all been isolated in both the serum and disc tissues of patients with DDD. In the
pro-inflammatory environment, gradual degradation of both NP and AF matrix results through increase enzyme
production.®’” Similarly, vascular supply and permeability is reduced at the endplate resulting in hypoxia, lower pH,
impeded nutrient supply further inducing inflammation promoting degeneration. Ultimately, the pro-inflammatory state
leads to dysregulation of the normal extracellular matrix, replacement of type II collagen with type I and proteoglycan
loss in the NP resulting in dehydration and loss of turgor pressure. The disc loses the ability to resist compression and
results in disc height loss and development of fissures in the AF and herniation of NP.%’

Low back pain as a result of DDD occurs with disc herniation and compression or irritation of an existing or
traversing nerve root. The fibrous ring of the AF is thickest in anterior portion, as measured radially as compared to the
posterior. This difference in robustness of different parts of the disc is consistent with the typical failure occurring in the
posterolateral aspect of the disc.®® This disruption of the AF and herniation of the NP also allows nerve tissue ingrowth
and vascularization that is responsible for discogenic low back pain.

However, low back pain and radicular pain can occur as a direct result of changes within the disc. Disruption of the AF
occurs as it detaches from the insertion at the vertebral body. This disruption can be identified on T2 weighted images as an
area of high signal. In a healthy disc, blood supply is provided by branches of the anterior spinal and basivertebral vessels,
these vessels supply the cartilaginous end plate and the outermost portion of the AF. Likewise, only the outer portions of the
AF are innervated by the sinuvertebral nerves (Figure 1b), however with loss of normal ECM and hydrostatic pressure which
is normally inhibitory, neuronal ingrowth occurs penetrating deeper into the AP and NP and is responsible for discogenic
pain.***** The nociceptive fibers invading the inner AF and NP are an important factor in the pain pathogenesis of low back
pain.® In addition to the disc being a source of pain, with the loss of biomechanical properties of the disc height, there is
progressive stress on muscles, ligaments and the posterior facet joints which can also cause pain.”®
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Loss of Disc Height
Effect on Posterior Column
In 1978, Kirkaldy-Willis et al described the mechanical connection between the intervertebral disc and the facet joint
using dissected cadavers and samples from laminectomy patients.”"””> They postulated that there is a “three joint
complex” composed of the two posterior facet joints and the disc itself. This suggests changes in either the disc, facet
joints or both can alter the load transfer, and have direct mechanical consequences on the other. Over time, repeat
rotational strain and minor compression injuries lead to microtrauma causing degeneration of the discs and facet joints.”"
As the discs degenerate and lose height either by internal disruption, resorption, chemonucleolysis, and/or discectomy
the resulting effects occur on the posterior column: 1) subluxation of the posterior joints, 2) upward and forward
displacement of the superior articular process, and 3) narrowing of the lateral recess. In the early stages, degeneration is
typically confined to one level (most commonly L4-5 or L5-S1).”!

End Plate Degeneration, Inflammation and Modic Changes

Physiologically, an intact CEP acts as a biological barrier to prevent the transport of inflammatory mediators and bacteria
between the disc nucleus and the vertebral body.” In patients with DDD, the CEP undergoes structural changes including
ossification and increased porosity which reduces transport of essential nutrients to the discs. These changes can be seen

% As degeneration progresses, a hypoxic environment within the disc develops

histologically and radiographically.
shifting the metabolism from aerobic to anaerobic. Due to the increased production of lactic acid, the intra-discal
environment becomes more acidic. Over time these factors compromise disc integrity impairing compression, torsion,
and tension. This further accelerates the degenerative process.”> The resulting degenerated CEPs perpetuate a cycle of
endplate damage, catabolic responses of disc cells, neovascularization, neoinnervation, reduced water binding by the disc
matrix, and further overloading and damage to the endplate.®*"

Type 1 Modic changes show decreased signal intensity on T1-weighted spin-echo (SE) images (short repetition time
[TR]/short echo time [TE]) and increased signal intensity on T2-weighted images (long TR/long TE). Type 2 Modic
changes show increased signal intensity on T1-weighted images and isointense or slightly increased signal intensity on
T2- weighted images.”” Type 3 Modic changes show decreased signal intensity on T1-wigheted images and T2-weighted
images.”* The extent of Modic changes should be measured on the sagittal T1- and T2- weighted images. These marrow
changes can be present on one or both adjacent vertebral bodies (with cranial or caudal extent). In most cases, the

intervertebral disc will demonstrate signs of degenerated disc (Pfirrmann grade > 2).”

Nucleus Pulposus

As previously mentioned, healthy NP is a gelatinous structure, primarily comprised of proteoglycans and water.'® The
major proteoglycan of the disc is aggrecan, which has an anionic character, providing the disc with the osmotic properties
needed to resist compression.”®

The most significant change in the degenerative cascade of the disc is the imbalance of proteoglycan turnover and
consequently, loss of normal proteoglycan content in the NP. This process is multifactorial, attributed to age, recurrent
mechanical stress, inadequate metabolite transport, and trauma.”” With loss of proteoglycan, the osmotic pressure and
thus, water content, of the disc diminishes. This translates to a reduced load-bearing ability of the disc, particularly within
the NP. As disc degeneration and desiccation progress, the mechanical load is passed from the NP to the AF and
endplates, potentially leading to compromised structural integrity of the annulus. This can ultimately lead to disc
herniation in the degenerative disc.”’

“Disc herniation” is broadly defined as a localized or focal displacement of disc material beyond the limits of the
intervertebral disc space.’’ A localized, or focal displacement is defined as less than 25% (or 90°) of the disc
circumference. In contrast, a “disc bulge” involves greater than 25% (or 90°) of the circumference of disc and typically
will typically only extend a short distance (usually less than 3mm) from the margins of the apophysis.

A disc herniation can be classified as a disc protrusion or extrusion. A protrusion indicates that the greatest distance
between any two ends of the displaced disc material is less than the distance between the edges of the base of the disc
material (Figure 8). An extrusion indicates that the greatest distance between any two ends of the displaced disc material
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Figure 8 MRI T2 Sagital and Axial section (left) demonstrating L5 disc (red arrow) with annular disruption (sagital) and herniation/extrusion (right) in lateral recess (red arrow).

is greater than the distance between the edges of the base of the disc material. In the event the extrusion involves disc
material that is no longer in continuity with the disc space, this would be classified as a disc extrusion with
sequestration.”’ Furthermore, significant displacement of disc material away from the site of extrusion is classified as
migration. These pathologies may be further characterized by location, size, and content of disc material. Of note, there is
some accepted variability with use of this nomenclature. For example, some may prefer to simply use the more general
term of “disc herniation” without further distinction between protrusion versus extrusion; “free fragments” are synon-
ymous with “sequestrated fragment”, etc. (Figure 8).

Regarding pain transmission from a disc herniation, there are key pathologic changes in a degenerated disc to first
consider. While nociceptive nerve fibers normally only penetrate the outer layers of the annulus in a healthy disc,
individuals with intervertebral disc degeneration have been found to have increased incidence of nerve ingrowth and
vascularity to the inner layers of the annulus as well as the NP. These nerves were found to express pro-inflammatory
neuropeptides such as substance P.>*”® In other words, degenerated intervertebral discs exhibit elevated concentrations of
proinflammatory and pronociceptive mediators compared to healthy discs.*®’®7® Consequently, the herniation of disc
material, particularly this pathologic NP, results in an inflammatory and immune response at the disc-neural interface.
This phenomenon, in addition to the actual mechanical compression of spinal cord or nerve root, ultimately generates the
pain response characteristic of a disc herniation.

There are several downstream effects thought to be due to the exposure of the nerve root, dorsal root ganglia, and/or
spine to the NP. Cumulatively, these effects lead to nerve hypersensitization, increased ectopic discharge, and increased
sensory transmission.*” The presence of pro-inflammatory mediators released from cells of the NP, such as the cytokine
TNF-a, prostaglandin E2, IL-6 and IL-10, are critically involved in this process. Glial cells, including microglia and
astrocytes, also play a central role in this by producing inflammatory and neurotrophic factors in response to nerve
injury.®'®2 In lumbar disc herniation and intervertebral disc degeneration models, activation of microglia and astrocytes
is upregulated. Finally, elevated levels of pro-nociceptive neuropeptides such as substance P and CGRP, as well as increases
in ion channels such as voltage-guided sodium channels have been demonstrated to play a central role as well.**

Furthermore, mechanical compression of the spinal cord or nerve roots by herniated discs also induces functional
alterations in the affected nerves. This includes myelin sheath swelling, impaired microcirculation, demyelination, and
axonal degeneration.

Pathologic and Degenerative Discs Relative to Normal Physiologic Load Bearing

The anatomical load bearing structures within the anterior column consist of elements referred to commonly as the FSU.
The FSU components are the NP, the AF, the CEP, and the bony endplate (BEP) and the longitudinal ligaments (anterior
and posterior) while the component structures of the posterior column are noted as the facet complex, the interspinous
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and supraspinous ligaments (Figure la and b).'® Figure 2 demonstrates the positioning of the disc structure at rest and in
isolation the planes of motion that can be applied to the IVD. These individual planes of motion (compression, shear
stress, torsion and side bending) function in a complex amalgamation that is demonstrated in Figure 2a. The planes of
motion relate to shear stress in the AP and lateral zones, compression, rotation about the central axis and lateral bending
or central bending (flexion/extension) Figure 2b.** The neural arch in the central zone is mainly load bearing in lumbar
extension as are the articular components of the posterior column.

Compressive overload of the IVD appears to damage the BEP first and has been linked to the creation of invagination
into the vertebral body known as Schmorl’s nodes (Figure 3).*> For the purposes of this discussion we will refer to BEP
herniation as BEP-h; otherwise the term herniation will be used to denote annular encroachment most typically in the
posterior direction toward the spinal canal. Typically lumbar flexion and concomitant overload in multiple planes of motion
are required for herniation with high rates of loading, (ie sudden loading) impacting the NP to the greatest extent.*® Recent
animal models have suggested that torsion applied to the IVD results in increased elastin production in response to torsion
and shearing stress. This is in contrast to compressive forces which have been shown to activate multiple anabolic
pathways.®” While the IVD in experimental settings may receive isolated compressive forces, shearing/torsional forces
or rotational forces to study physiochemical reactions, the in vivo situation is clearly more complex to understand.

The posterior AF is most vulnerable during axial rotation resulting in significantly less compressive force needed to
produce IVD damage.®” As the NP undergoes reactive stress (ie the tissue content of hydrated proteoglycan and Type II
collagen declines and the production of Type I collagen production increases), the hydration and disc height begin to
degrade. This results in the viscoelastic properties of the disc converting from fluid-type dynamics with greater force
absorption to that resembling solid-type dynamics. This change in viscoelastic property results in a more rigid structure
and several pathological processes leading to breakdown of the CEP, the BEP and creating reactive changes on MRI
(Modic changes).** Numerous studies have suggested that with compressive and shear stress the CEP increases in
porosity resulting in less nutrient transport and increased calcification. Innervation begins to convert from the normal
presence of nociceptors in the outer third to the pathological neogenesis of nociceptors and proprioceptors within the AF.
The presence of substance P overexpressing in degenerating disc tissue also is a feature of increased nociception. Finally,
the presence of cytokines and pro inflammatory mediators result in upregulation of degrative enzymes further resulting in
breakdown of the proteoglycan matrix. This loss of proteoglycan matrix is what ultimately reduces hydration of the NP
leading to characteristic appearance on imaging and loss of disc height.**

Epidemiological Factors

Though traditionally viewed as a mechanical disorder, degeneration of the IVD is now understood as a multifactorial
condition shaped by biological aging, genetic predisposition, and impaired nutrient diffusion. Clinical, epidemiologic,
and molecular perspectives highlight how these key factors interact to drive the structural failure of the IVD and to guide
future prevention and therapeutic strategies. '

Aging is the strongest risk factor for disc degeneration. By the third decade of life, disc cells begin to show
senescence, and water content in the NP starts to decline.*® Imaging studies reveal degenerative changes in over 80%
of adults over 60, even when asymptomatic. With age, the NP becomes less gelatinous and loses its proteoglycan-rich
matrix, impairing its ability to absorb axial loads. The AF also undergoes fissuring and collagen disorganization.
Histologically, this transition involves the loss of large vacuolated notochordal cells—key players in maintaining matrix
integrity—which are replaced by smaller chondrocyte-like cells.*’ On a molecular level, aging suppresses anabolic
signaling pathways, including sonic hedgehog (Shh) and Brachyury, while promoting catabolic factors like matrix
metalloproteinases (MMPs). These changes compromise ECM turnover and create a pro-degenerative environment.
Still, not all aging discs are symptomatic. This suggests that aging primarily creates a permissive background, amplifying
the effects of other risk factors.

Genetic predisposition plays a substantial role in determining who develops disc degeneration and how early it
occurs. Twin studies reveal that genetics may explain 29-66% of variance in disc degeneration severity.”® Genes
involved in collagen structure (eg, COL9A42, COLI11AI), aggrecan production, and inflammatory regulation have all
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been implicated. For instance, Zielinska et al”® report that individuals who suffer lumbar disc herniation before age 21
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often have a strong family history of spine pathology. Kalb et al®' discuss how these genetic variants may alter structural
resilience or modulate immune responses to disc injury.
Moreover, pro-inflammatory polymorphisms—particularly in /L-1f and TNF-o—may lead to exaggerated inflamma-

13 have shown that macro-

tory responses following disc injury, promoting pain and matrix degradation.’® Koroth et a
phage infiltration and chronic immune activation are common in degenerated discs, suggesting that genetically driven
immune dysregulation may contribute to progressive tissue damage.

Because the disc is avascular, its cells depend on diffusion through the CEP for oxygen, glucose, and waste
removal.'® Aging and degeneration often impair this process. Endplate calcification, sclerosis, and compositional changes
(eg, loss of glycosaminoglycans) can severely limit nutrient delivery.

Bonnheim et al** used advanced MRI techniques to demonstrate that poor CEP composition strongly correlates with
reduced NP hydration and proteoglycan content, even in patients with intact vascular supply. Their findings suggest that
intrinsic endplate quality—rather than systemic circulation, governs metabolic viability of the disc. Ito and Creemers
further explain that reduced nutrient influx leads to localized hypoxia and acidosis, which in turn promotes cell death and
inflammatory mediator release.” This triggers a cycle of degeneration that even regenerative therapies struggle to reverse.

Recognizing disc degeneration as a biologically active, multifactorial condition opens new doors for personalized
care. While aging is non-modifiable, the rate and extent of degeneration may be influenced by early screening, genetic
risk profiling, and preserving endplate health.

Disc morphologic degeneration reflects more than time and wear—it is the product of complex, interacting forces.
Aging lays the groundwork by reducing regenerative capacity and mechanical strength. Genetics determine how
susceptible the disc is to degradation or inflammation. And metabolic transport governs the disc’s ability to sustain
itself and recover. Together, these forces not only explain the wide variability in patient presentation but also point to
future avenues for targeted therapy and prevention.

Vertebral Reaction to Disc Degeneration

Compression Fractures

Several factors influence the motion and stability of a FSU, including age, sex, height, weight, bone mineral density,
intervertebral disc integrity, endplate changes, ligamentous and muscular support. The vertebrae themselves are com-
posed of two types of bone: a thin, dense cortical shell approximately 0.35 mm thick, which encloses the more porous
trabecular bone.”®

The vertebral body is a known source of spine pain in conditions such as intraosseous tumors, infarcts, and vertebral
compression fractures (VCFs).”” The sinuvertebral nerve, which carries both somatic and autonomic fibers, transmit pain
signals from the vertebral body and the AF.® The sinuvertebral nerve is formed by the convergence of a somatic root from the
ventral ramus and an autonomic root from the grey ramus communicans. It then divides into superficial and deep branches.
The superficial branch innervates the posterior AF and in the degenerative disc may penetrate deeply into the NP.”®

Another branch of the sinuvertebral nerve is the basivertebral nerve which enters the posterior aspect of the vertebra
via the basivertebral foramen providing innervation to the vertebral body.””*!% Histological studies by Antonacci et al
have shown that the basivertebral nerve fibers contain Substance P indicating nociceptive potential.”®

In the standing position, the spinal column is subjected to gravitational forces that create anterior bending moments.
The forward bending moments result in compressive forces across the FSUs, while the posterior ligamentous complex
and paraspinal muscles experience tension to compensate. Vertebral compression fractures occur when a bending force
exceeds the strength of the vertebral body, leading to structural failure of the bone.'"!

Such fractures alter spinal biomechanics, thus shifting the center of rotation posteriorly from its normal position at the
ventral aspect of S1 to the level of the affected segment, increasing the moment arm and mechanical load on the
compromised vertebral body.

VCFs not only result in mechanical instability but also in activation of nociceptive pathways within the vertebral
body. The structural deformation and endplate disruption trigger a cascade of local inflammation, edema, and micro-
structural damage stimulating the basivertebral nerve. The importance of the basivertebral nerve as a conduit for
vertebrogenic/anterior column pain is further supported by clinical interventions that target it directly. Basivertebral
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nerve ablation (BVNA) has emerged as a treatment for chronic axial low back pain, attributed to vertebral endplate
changes, specifically Modic type 1 and type 2 changes on MRI. The theory behind BVNA is the neuroanatomic

understanding of basivertebral nociception.'®

1°° have

While BVNA is being used in the lumbar spine (specifically L.3-S1), anatomic studies by Antonacci et a
confirmed the presence of the basivertebral nerve throughout the spine, including thoracic levels. Given this, it stands to
reason that in the context of a VCF, the same neuroanatomic pathways in degenerative vertebrogenic/ anterior column
pain are implicated in a portion of the pain generation from VCEF’s.

Thus, following a compressive load that exceeds the structural capacity of the vertebral body or by direct trauma,
endplate integrity is compromised. The resulting inflammation and altered loading patterns stimulate the basivertebral
nerve. Once activated, the afferent signals from the basivertebral nerve travel through the sinuvertebral nerve to the
dorsal root ganglion, then project centrally to the spinal cord and brain, where they are processed as pain.

In summary, the vertebral body as part of a functional unit in the spine is a critical structure within the anterior
column that can generate pain through well-defined biomechanical and neuroanatomic mechanisms. In VCFs, disruption
of the vertebral endplates and trabecular architecture activates signals via the basivertebral nerve eventually to the brain,

making it a contributor to the pain resulting from a vertebral fracture.'*

Infectious Factors in Disc Degeneration

Emerging evidence suggests that infectious processes—both overt and subclinical—may contribute to vertebral body and
disc degeneration in a subset of patients with chronic low back pain. One proposed model describes a progressive
cascade in which disc injury creates a permissive environment for bacterial colonization. In some cases, a chronic, low-
grade infection may develop within the disc space. Although non-pyogenic, this localized infection is believed to
provoke inflammation in the adjacent vertebral endplates, resulting in Modic type 1 changes seen on MRI. These
changes have been linked to persistent axial pain and functional limitation. The hypothesis remains controversial, with
ongoing debate about the significance of bacteria in disc tissue, the reproducibility of antibiotic trials, and broader

concerns around antimicrobial resistance.'®?

Intra-Discal Vacuum Phenomenon
CT imaging of the spine is uncommonly obtained as a primary imaging study in the evaluation of back pain, largely due
to the superiority of MRI imaging. MRI imaging offers more pronounced detail of vital soft tissues of the spine, without
the radiation burden of CT imaging. However, CT imaging is far more likely to demonstrate the intradiscal vacuum
phenomenon (IDVP) (Figure 5a). IDVP is defined as visible air within the intervertebral disc space on radiographs.'®*
The prevalence of IDVP in the general population is around 2%, and up to 20% in the elderly with disc degeneration.'®
The phenomenon is often, but not ubiquitously, found on imaging of patients with advanced disc degeneration. Its
pathogenesis is poorly understood but may be explained by gaseous (primarily nitrogen) accumulation within degener-
ated disc fissures due to a reduction in intradiscal pressures from distractive micromotion forces between adjacent
vertebrae.'® Based on this theory, its finding is most closely correlated to the presence of segmental movement.
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Moreover, there is growing evidence associating its presence with DDD. Cawley et al ™ compared the lumbar CT and

MRI scans of 65 patients and concluded that worsening severity of IDVP on CT scans correlated with increased disc

degeneration and reduced disc height on MRI. In a similar study, Eksi et al'®’

compared the scans of 219 patients and found
that IDVP was closely associated with severe intervertebral disc degeneration, Modic changes, and subchondral sclerosis.
In a separate study by Cawley et al,'”® the authors analyzed individual lumbar segments and demonstrated an increasing
severity of IDVP in segments closer to the lumbosacral junction. It is likely that IDVP is a static finding in what is a dynamic
physical continuum between vacuum phenomenon, gas, and fluid, dependent on the opening of an anatomic cavity, the

surrounding structures, and perfusion. D’ Anastasi et al'®’

studied 20 patients with IDVP on CT imaging with 2 prospective
MRIs on each patient, one performed after bed rest, and one performed after mobilization. The authors concluded that the
replacement of IDVP by intradiscal fluid is a time and position-dependent dynamic process and is related to Modic type 1
degenerative changes. Kanna et al'® analyzed IDVP presence in 342 patients and concluded that pathways for the passage

of peri-discal gases may include Modic disc-endplate contacts, anterior longitudinal ligament disruption, and coronal
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translation. Furthermore, they proposed that the pathogenesis of IDVP may be dependent on the presence of these pathways
in the setting of advanced disc degeneration and angular/coronal instability.

Cawley et al'® found that IDVP was more likely to occur at the level of isthmic spondylolisthesis, adjacent to
a previous fracture or suprajacent to a lumbosacral transitional vertebra. While it has not been conclusively proven, it is
reasonable to hypothesize that IDVP may be associated with low back pain. Kasai et al''® found increasing pain levels in
patients subjected to a reduction of atmospheric pressure, which is able to induce expansion of IVDP gasses, stretching
annulus fibers and causing pain.'®® The finding of IDVP is associated directly with well-recognized pain generators, such
as advancing degenerative disc disease and endplate Modic changes. Furthermore, its formation is associated with
segmental instability, which can indirectly lead to other spinal pathologies that are recognized pain generators, such as
spinal stenosis or facet arthropathy.'® Currently, the presence of IDVP is largely not considered in the evaluation of low
back pain. However, a better understanding of its association with low back pain may one day transform this currently
overlooked image finding into a biomarker for specific pain generators.

Low-Grade Infection and Disc Degeneration

In addition to overt infections, there is growing interest and controversy in the role of low-grade, subclinical bacterial
colonization as a contributing factor to disc degeneration. Studies have isolated bacterial DNA, most frequently from skin
flora, from excised disc specimens in patients undergoing surgery for disc herniation or chronic low back pain.''"-''?
While contamination cannot be excluded, the strong association with Modic type 1 changes has prompted the hypothesis
that such infections may initiate a localized inflammatory reaction resulting in disc and endplate degeneration.

This hypothesis may have important implications for interventional pain management, particularly in patients with
chronic discogenic or vertebrogenic pain and Modic changes on imaging. These patients may not respond predictably to
standard interventions such as epidural steroid injections or intradiscal therapies, highlighting the need to consider
underlying pathophysiology when choosing treatment strategies. Additional work and evaluation of this tissue post mortem
may be required to further clarify this conundrum. In the interim, prospective studies have attempted to clarify this issue.

Two randomized trials have examined the impact of antibiotic therapy in this population. Albert et al''® found that
100 days of amoxicillin-clavulanate improved pain and function in patients with Modic type 1 changes, suggesting that
infection might contribute to pain in selected patients. However, the larger AIM trial failed to replicate these results at
a clinically significant level.''* The heterogeneity of the results of these studies highlights the need for additional studies.
Further investigation is required to determine if certain phenotypes of chronic anterior column back pain patients may be
most likely to benefit from antibiotic therapy to maximize patient benefit as well as antibiotic stewardship. Interventional
pain physicians should recognize the emerging concept of chronic low-grade vertebral body and/or intervertebral disc
infections when evaluating patients with refractory anterior column pain, particularly when imaging demonstrates Modic
changes without clear mechanical pathology. While the causal role of infection remains under investigation, a history of

. . . .. . . .. . . . . 103
prior infection, discitis, or spinal procedures may raise suspicion for post-infectious degeneration as a pain generator.

Transitional Vertebral Segments and Anterior Column Pain
Highly conserved over most mammalian species are somite-derived homeotic genes (HOX) that encode proteins
responsible for vertebral body patterning, segmentation, and numbering.''>''®

However, transitional vertebral segments may occur and are relatively common, particularly in the lumbosacral spine.
Lumbosacral transitional vertebrae (LSTV) are reported to have a prevalence of 4-30% in the general population.”
There are many variations of LSTVs, which can be divided primarily into varying sacralization morphologies of L5 and
lumbarization morphologies of S1. Sacralization of L5 is likely more common than lumbarization of S1 (7.5% v 5.5%,
respectfully).''® These variations were described by Castellvi et al''® and classified into 4 morphological types and 2
lateral variations, dependent on the degree of dysplasia and fusion of the lumbar and sacral vertebrae. Furthermore,
O’Driscoll et al classified 4 types of disc morphologies existing between S1 and S2 vertebral segments, with type
4 having a well-formed disc extending the entire AP diameter of the sacrum. The authors described an association

between a type 4 disc morphology and the incidence of LSTV.''®
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While there is a growing body of evidence to suggest that LSTVs are associated with increased low back pain, this
remains a debated and unproven proposition. However, studies suggest that patients with LSTV have associated altered
spinal biomechanics.''""""? Becker et al'** compared flexion-extension lumbar radiographs of patients with LSTV to age
and sex matched controls and noted that the range of motion was significantly decreased in the transitional segment and

increased in the adjacent cranial segment in patients with LSTV. Griffith et al'?'

examined abdominopelvic CT examina-
tions of patients with LSTV compared to non-LSTV patients and concluded that patients with LSTV had increased
vertebral body cross-sectional areas throughout their lumbar spines, as well as an increase in lumbar disc and facet
degeneration. Desai et al'>* compared patients with Bertolotti syndrome to controls in a population of patients with low
back pain and found that Bertolotti patients had a 9.83° greater pelvic incidence and greater disc degeneration at L4-L5, but
no significant difference in sacral slope, spondylolisthesis, facet grade, or spinal stenosis grade.

These altered biomechanics of the lumbosacral spine may lead to degenerative changes at the spinal level immedi-
ately cranial to the transitional level. Intuitively, these changes may arise in a similar fashion to the degenerative
processes that occur in adjacent segment disease after spinal fusion surgery. Like surgical fusion, LSTV may be
considered a non-iatrogenic fusion of the spine, reducing motion in the fused segments and subsequently increasing
stress on the disc and posterior elements of the cranially adjacent level. Vergauwen et al'*>> did not find a significant
difference in overall incidence of degenerative spine changes between patients with LSTV and controls, but did note
a different distribution pattern of degenerative changes in those with LSTV that involved a greater occurrence of disc
protrusion/extrusion, disc degeneration, facet degeneration and nerve root canal stenosis at the suprajacent level than at
the same level in patients without LSTV. In a separate study by Hanhivaara et al,'** the authors concluded that Castellvi
types II, III, and IV were associated with greater lumbar degeneration, including disc degeneration and facet joint
degeneration in patients with LSTV compared to age-and sex- matched controls. Luoma et al'*® also found that LSTV
was associated with increased risk of disc degeneration in suprajacent discs, but that these effects were obscured by age-
related changes in middle-aged patients. Interestingly, the disc within an LSTV may be associated with less degeneration
than a normal L5-S1 level.'?®'?” It is postulated that there may be protective effects at the level of an LSTV, presumably
from the reduced motion in the setting of fusion-like properties of the LSTV. Again, the disc degeneration at the
suprajacent level has not conclusively been proven to be associated with a greater incidence of low back pain. Similarly,
the protected and preserved disc within an LSTV segment has not been specifically studied as a pain-generating source.

Vertebral Osteomyelitis and Discitis
Vertebral osteomyelitis and discitis are classically considered rare, acute conditions, yet their long-term sequelae are
increasingly recognized as contributors to chronic spinal pain.

Pyogenic spinal infections present acutely with axial back pain that is unrelieved by rest and often associated with
neurologic compromise and classic “red flag symptoms.”!' 25129 Diagnosis is based on elevated inflammatory markers,
imaging studies, and positive blood cultures in a patient with a history consistent with vertebral osteomyelitis or
discitis.'**'** While these patients often have a history of intravenous drug use, immunocompromise, or recent spinal
instrumentation, idiopathic cases are well documented in the literature."** These infections frequently involve the lumbar
spine and may initially mimic mechanical back pain. As the infection progresses, destruction of the endplates and
narrowing of the disc space ensues, producing long-lasting biomechanical instability and nociceptive signaling even after
antibiotic therapy has resolved the active infection.'®'

Contrast-enhanced MRI is the imaging gold standard for early diagnosis and typically demonstrates endplate erosion,
vertebral marrow edema, and enhancement of the disc and adjacent structures.'**> These findings may be difficult to
distinguish from Modic type 1 changes in patients without systemic symptoms. For interventionalists, this overlap
presents a diagnostic challenge, particularly in cases of persistent axial pain where typical degenerative etiologies fail to
explain the severity or chronicity of symptoms. A thorough review of systems would elucidate fevers, unintentional
weight loss, or perhaps a history of being immunocompromised or IV drug use that would increase the likelihood of
a patient being diagnosed with a spinal infection.'*®

Due to the relative lack of vascularity of the intervertebral discs and, to an extent, the lumbar vertebral bodies,
treatment of acute vertebral osteomyelitis and discitis centers on prolonged antimicrobial therapy. However, despite long-
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term intravenous antibiotic administration, patients often experience chronic pain.'® Structural compromise of the
anterior column, especially in cases where the vertebral body becomes collapsed or fused, may alter spinal loading

patterns and contribute to ongoing pain even after infection is cleared.'*

Postoperative Changes

Microdiscectomy

Lumbar microdiscectomy is generally considered a safe and effective surgical procedure for treating symptomatic
herniated lumbar discs. It is minimally invasive and typically has a high success rate ranging from 80-90%,'3*'3¢
However, like all surgical procedures there are some risks and potential complications.

Recurrent disc herniation is the most common complication with rates reported between 5-15% and is the most
common indication for reoperation.'*”"'*® Recurrence most commonly occurs at the same level and on the same side as
the original herniation and usually within the first 1-2 years after surgery. Risk factors for reherniation include younger
age (under 55), smoking, obesity, inadequate disc removal, and larger size of the annular defect. Reoperation which
occurs after about 10% of lumbar microdiscectomies, may be more challenging than the index surgery but conveys
similar positive outcomes and low complication rates risks as the original surgery.'*® Incidental durotomy has been
reported in 0.1-7% of cases.'**'*' Most dural tears are recognized intraoperatively and repaired immediately, with
minimal long term consequences. However, in rare cases, durotomy may lead to persistent CSF leak, postural headaches,
meningitis, arachnoiditis, pseudomenigocele formation, and the need for additional surgical interventions.

Wound complications such as superficial or deep infection are also rare following lumbar discectomy. The incidence of
superficial wound infections is <2% while deep infections occur in <1%.'** Discitis and epidural abscess are exceedingly
rare but often necessitate additional surgery and lead to significant loss of disc height and potentially spinal instability.

Nerve root injury is an uncommon complication occurring less than 1%.'** As lumbar discectomy is often an elective
procedure performed in younger, healthier patients, medical complications are rare. The reported incidences of post-

operative pulmonary embolism, deep vein thrombosis, pneumonia, UTI, myocardial infarction are all <1%.'*

Fusion

Fusion Lumbar spine fusion surgery is a commonly performed procedure aimed at alleviating pain and restoring stability
in patients suffering from degenerative disc disease, spinal instability, or other pathology affecting the lumbar region.
While fusion can provide significant relief and improve function, it is also associated with a range of postoperative
changes and complications that can affect patient outcomes.

One of the most frequently observed complications is adjacent segment disease (ASD), sometimes described as
adjacent segment pathology, which refers to the development of degeneration in the segments adjacent to the fused
levels. Studies have shown that the incidence of ASD can be about 20% to 30% within ten years post-surgery, largely due
to altered biomechanical stressors on adjacent segments.'** Another notable complication is pseudoarthrosis, character-
ized by a failure of the fusion to heal, which occurs in approximately 5% to 35% of patients and can lead to persistent
pain and the need for additional surgeries.'*> Surgical technique, the use of bone grafting material, and patient factors
such as tobacco use and vitamin D deficiency have been identified as contributing factors to this complication.'*

Postoperative infections, while less common, can lead to significant morbidity, with reported rates of wound infection
around 1% to 5%."*® Another complication includes neurologic deficits, which can result from surgical trauma to neural
tissues or hematoma formation postoperatively. The reported incidence of such deficits ranges widely, but serious
complications occur in approximately 0.46% to 17% of cases.

Patients may also experience chronic pain post-surgery, with conditions such as complex regional pain syndrome
(CRPS) or failed back surgery syndrome (FBSS), more recently described as persistent spinal pain syndrome (PSPS),
emerging in a subset of individuals, thereby complicating recovery and rehabilitation.'*” Reports have stated that FBSS
can occur in 10-40% of patients undergoing back surgery. Psychosocial factors, including anxiety and depression, have
also been linked to worse outcomes, emphasizing the importance of a multidisciplinary approach to postoperative care.'**
Additional postoperative changes, such as changes in spinal alignment and residual back pain, can persist long term,
influencing the overall success of the procedure and patient satisfaction.
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Given these complexities, a thorough preoperative assessment, education about potential postoperative changes, and
careful surgical technique are critical in minimizing complications and optimizing surgical outcomes for lumbar spine
fusion patients.

Treatment

Intradiscal Treatment

Within the construct of medical treatment is should of course be acknowledged that lifestyle change, weight loss,
medications, physical therapy, injection treatment and diet modification are staples of treatment of CLBP of any origin.
Given the subspecialty nature of the discussion we wish to illuminate new and emerging interventional treatment options
for the edification of the knowledge base of the proceduralist new to this area of focus.

Platelet Rich Plasma Injections
Platelet-rich plasma (PRP) injections, consisting of high amounts of patient’s platelets, contain seven proteins and
cytokines involved in regeneration and growth: platelet-derived growth factors (PDGF), transforming growth factor-B
(TGF-B), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and adhesive proteins including
fibrin, fibronectin, and vitronectin which all work to strengthen the extracellular matrix. PDGF, a glycoprotein, is released
from platelets and stimulates cell membrane receptors to induce the development of high energy phosphate bonds, which
promotes mitogenesis, angiogenesis, and macrophage activation. This then increases the production of TGF-B. TGF- B,
typically generated by autologous platelets and macrophages, is a growth factor that targets fibroblasts, marrow stem
cells, and pre-osteoblasts to promote healing, bone regeneration, and bone modeling and downregulates osteoclasts.
VEGEF is involved in upregulating vasculogenesis and angiogenesis and EGF prompts cell growth, proliferation, and
differentiation upon binding to its receptor, EGFR.

In 2006, Chen et al demonstrated that the growth factors found in PRP, notably TGF-B, hold promise for treatment of
disc degeneration through human nucleus pulposus proliferation and chondrogenic differentiation.'*’

Subsequently, many clinical trials have been carried out assessing the efficacy of PRP intradiscal injections. A double-
blind, randomized, placebo-controlled trial of PRP intradiscal injection versus contrast agent (control) revealed significant
differences in Functional Rating Index (FRI) and Numeric Rating Scale (NRS) scores in the treatment arm at 8 weeks post-

injection compared to the control (p = 0.03 and p= 0.02)."*°

At the 6-month and 1-year endpoints, significant improvements
from baseline were observed in the FRI, NRS worst pain, and SF-36 pain scores for the treatment arm (p <0.01, p<0.01, and
p=0.3, and p <0.01 respectively) but the differences between the treatment and control outcomes were not compared after the
8-week timepoint.'>® A long-term follow up study of those in the treatment arm was conducted, and showed differences in
NRS and SF-36 pain scores from baseline (p < 0.001 and p <0.001), indicating clinically significant and sustained
improvement in pain and function out to between five and nine years (average of 6.57 years to follow up) post-intradiscal
PRP injection."! 72% of participants indicated significant improvements in pain and function at the last follow-up time point.
The remaining 33% of the participants believed the intradiscal PRP injection delayed the need for surgery and underwent
surgery after PRP injections approximately four years later.'”’

Single-arm studies have shown similar results. Analyzing six clinical trials, intradiscal PRP injections showed
sustained improvement in pain levels over the course of 6 months. A decrease in pain scores by >30% was seen in
57% of patients at 1 month and 65.6% of patients at 6 months post injection. Concurrently, a decrease in pain levels by
>50% was seen in 51.0% of patients at 1 month following injection and 51.9% at 6 months. There were no adverse
events noted in any of the 6 studies.”> A 2022 study conducted by Zhang et al'>* demonstrated that pain and lumbar
function were significantly improved at the 48-week follow up visit (p<0.05, n=31). Twenty-two (71%) patients were
classified as clinical successes after the intradiscal injection of PRP. Success was determined by meeting the minimally
clinically important difference for FRI, NRS, SF-36 pain and physical function questionnaires.'>

A triple-arm, blinded, randomized controlled trial was conducted comparing PRP intradiscal injection to an epidural
steroid injection (ESI) of triamcinolone in those with lumbar disc herniations. Significant differences in leg pain VAS
reduction between the two treatments (p < 0.05) were demonstrated at 6 to 24 weeks but back pain VAS scores did not

show significant differences.'” 4
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A pilot study was conducted by Kawabata et al'>® to determine the feasibility of PRP intradiscal injections in treating
Modic type 1 changes associated with low back pain. In 10 participants, significant differences were observed in the VAS
after 1 week (p = 0.008), and in the ODI and Roland Morris disability questionnaire (RDQ) after 25 weeks (p = 0.039 and
p = 0.047). Significant improvement in VAS was correlated with higher WBC in the PRP injection, and no changes were
reported in type of Modic changes or Pfirrmann grade of the injected disc.'>

Intradiscal PRP injections stimulate the proliferation of NP cells by promoting the release of key growth factors such
as PDGF, TGF-B, VEGF, EGF, and various adhesive proteins. These bioactive molecules help stabilize the disc
microenvironment, thereby enhancing its regenerative capacity. Clinical evidence supports the safety and efficacy of
PRP injections, highlighting their potential to significantly alleviate symptoms and improve outcomes in patients

suffering from chronic back pain.

Stem Cell Injections

Mesenchymal stem/stromal cells (MSCs) and mesenchymal progenitor cells (MPCs) are currently being utilized in
clinical trials to treat DDD. MSCs are collected from autologous or allogeneic bone marrow (known as bone marrow
aspirate concentrate or BMAC), adipose tissue, umbilical cord, and placental tissue, while MPCs are collected from
mesenchymal allogeneic bone marrow or autologous intravertebral disc tissue.'*®

As demonstrated in previous in vivo studies conducted with rabbit models, MSCs allow self- renewal without
differentiation.'>” Results have shown that after MSCs are transplanted into the IVD, the stem cells are differentiated
into NP cells or chondrocytes.'>” This then induces production of extracellular matrix proteins and key molecules
including Type II collagen as well as aggrecans and proteoglycans, which contribute to the water binding capacity and
load bearing potential of the intervertebral disc.'*®'*?

MPCs have been shown to secrete TGF-B1, further increasing matrix component production.'®® TGF-1 also causes
a shift towards M2 macrophage production. This shift results in decreased levels of interleukin-1p (IL-1B) and tumor
necrosis factor-a (TNF-a), increases in collagen production, and documented analgesic effects.'®!

Currently, autologous treatments such as BMAC, and adipose-derived stem cells (ASCs) are available therapeutic options.
ASCs are harvested from a patient’s own adipose tissue and processed through mechanical emulsification before being
injected into the affected intervertebral disc. A previous ex vivo study highlighted that after obtaining the MSCs, exposing
them to osteogenic factors and the disc environment stimulates the production of osteoblastic gene markers and strengthens the
extracellular matrix.'®® Animal studies (conducted in rabbit models) have shown that ASCs typically facilitate regeneration by
stimulating chondrogenesis and NP-like cells, thereby producing cell proliferation, similar to MSCs.'®® As such, adipose-
derived stem cell therapy represents a promising and effective treatment option for appropriate patients.

BMAC consists of MSCs and growth factors which may help to promote healing within the discs. In a prospective,
multicenter cohort study, thirty-two patients received the BMAC procedure. Early outcomes revealed significant reduction
in VAS (59.4%) and ODI (56.3%) from baseline to 12 months and a 43.8% reduction in the VAS leg pain.'®* These findings
suggest that BMAC is a viable and effective option for patients seeking regenerative treatment for discogenic back pain.

Therefore, both adipose-derived stem cell therapy and the BMAC are potentially effective and available options for
patients that may become more prevalent as research continues to advance the field.

Current clinical studies are utilizing MPCs or MSCs and expanding the number of cells used for the injection as the
density of cells injected may play an important role in the efficacy of the disc treatment. Various cellular densities are
being introduced to the disc environment, which contains only about 5.8x10* cells/mm?, and the expansion of these cells
is being done under hypoxic or normoxic conditions. Carriers or scaffolds are also being employed to ensure cellular
localization within the disc and to optimize the cells’ survival and function in the hostile disc environment which lacks
a direct blood supply and maintains low oxygen tension.'®>™'°® These cells demonstrate a strong ability to differentiate
into chondrocytes and NP cells, aiding in the development and reconstitution of the extracellular disc matrix.

As an example, use of allogeneic mesenchymal precursor cells combined with hyaluronic acid (HA) to create
rexlemestrocel-L. This product is then injected into the intervertebral disc to repair the degenerated disc and generate
a healthier disc environment through the TGF-f1, and macrophage shift mechanisms mentioned previously. In its Phase
II trial, Mesoblast determined safety and efficacy of rexlemestrocel-L in 100 subjects, expanded in a normoxic
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environment to 6 million and 18 million MPCs with a 1% HA carrier vs both a vehicle control (1% HA) and a saline
placebo. Through the 12-month, 24-month and 36-month endpoints, the 6 million MPC group showed significant
decrease in VAS scores when compared to the saline placebo (p=0.018, p=0.005, and p=0.047). At the 12-month
endpoint, the 6 million MPC group showed the greatest percentage of patients with a 50% or more decrease in VAS
(48.2% of patients, p < 0.05) and a 15-point ODI improvement (50.0%, p=0.05) when compared to the 18 million cell
group and the control groups. A significant decrease in VAS scores was also seen when compared to the HA vehicle
control at the 3-month and 6-month endpoints (p=0.005, p=0.032). Their first Phase III trial continued with the 6 million
cell expanded product, and tested this in 404 subjects, both with and without the 1% HA carrier against a saline placebo.
At the 6-month, 12-month and 24-month endpoints, significant decrease in pain was observed, but usage of the
intradiscal saline placebo rendered the results insufficient.'®® Mesoblast is currently conducting a second Phase III
trial of the 6 million rexlemestrocel-L product mixed with 1% HA versus a sham procedure, with a target of 300 subjects.
The study began enrolling in 2025, with expected data completion by 2027.

Another approach utilizes an autologous approach, where subjects’ bone marrow cells were harvested, expanded to
40x10° cells, and are then injected at the affected disc level. The investigational product, BRTX-100, is composed of
a platelet lysate- carrier and bone marrow mononuclear cells cultured in a hypoxic environment and nourished in MSCs,
activating chondrocyte-like cells, osteoblasts, and adipocytes. BRTX-100 aims to reduce disc inflammation, increase
extracellular matrix remodeling and to promote angiogenesis. The study is in its Phase II, currently being evaluated for
safety and efficacy.

A randomized controlled trial was conducted to investigate differences in autologous approaches assessing intradiscal
PRP, BMAC, or a saline trigger point placebo. Results showed that both PRP and BMAC intradiscal injections showed
significant differences in NRS pain scores compared to control (p < 0.001).'7° All participants in the placebo group
crossed over into one of the treatment arms after the 3-month follow-up time point.

Another emerging concept is the use of allogeneic disc progenitor cells from donated adult human intervertebral disc
tissue. With a sample size of 60 subjects across 13 sites, it was found that there was a 62.8% decrease (p=0.0005) in the
VAS at the 1-year follow-up visit in patients that received a high dose, whereas there were no significant changes in the
low-dose group or the placebo group. The high-dose group also experienced a significant increase in disc volume (mean
increase of 249.0 mm® at 52 weeks and 402.1 mm > at 104 weeks (p=0.028).

Recent clinical studies indicate that injecting MPCs and MSCs into degenerated intervertebral discs holds strong
promise for enhancing the proliferation of native disc cells.'®* '’ These studies also report substantial improvements in
patient-reported outcomes, including reduced pain levels as measured by VAS and ODI scores. These clinical benefits are
accompanied by evidence from animal models of increased extracellular matrix remodeling, angiogenesis, and collagen
synthesis within the disc environment. Ongoing research is focused on further confirming the safety and therapeutic
efficacy of these cell-based interventions.

Hydrogels and Collagen Matrix Polymers

Relatively recent advancements in augmentation and restoration of the IVD architecture utilize synthetic hydrogel and
collagen matrix technologies to restore disc height and load bearing capacity. Given these are relatively new technologies
they are highlighted here as emerging concepts for awareness for the interested clinician.

Hydrogels
Augmentation of the intervertebral disc with hydrogel materials has been investigated due to the biomechanical
similarities of many hydrogels to the native NP tissue and to the desire to develop a functional treatment for intradiscal
tissue lost to DDD.'”""'7® The implication of being able to inject the gel as a liquid has changed the utility of the
procedure from that of a nucleus replacement to that of intradiscal augmentation. Intradiscal augmentation is placing
hydrogel with similar properties to the native tissue into the NP and into the annular tears that accompany the
degenerated IVD (Figure 9).

A number of injectable hydrogel materials have been previously investigated for intervertebral disc augmentation
including poly N-isopropyl acrylamide (PNIPAAM) and dimethylacrylamide (DMAc) copolymer hydrogels in addition
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Figure 9 Lateral (left) and anteroposterior (right) fluoroscopic images demonstrate hydrogel (black arrows) within the L4-5 and L5-S| intervertebral disc.

to polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) copolymers.'”> Polyethylene glycol was also combined with
PVA hydrogels using the theta-gel method which also utilized PEG as the gelling agent which successfully produced an
injectable hydrogel that was able to form a cohesive implant.'””"!7®

The implant is a viscoelastic composite that is hydrophilic and able to absorb and retain water, mimicking the osmotic
and mechanical properties of a healthy nucleus pulposus. Prior to injection the copolymer gel is heated to 65°C and
delivered intradiscally via a 17G needle under local anesthesia and fluoroscopic guidance. Upon cooling to just above
body temperature (approximately 42°C), the material solidifies in situ, forming a cohesive mass that augments the
intervertebral disc (Figure 9) and supports axial load distribution. The hydrogel is designed to function within the
physiological pressure ranges of the intervertebral disc and to resist mechanical fatigue under cyclic spinal loading.
Functional and Pain Improvements. Substantial and significant clinical improvements were noted in both disability and
pain scores. Mean ODI decreased from 57.4 £ 1.5 at baseline to 11.2 £ 2.0 at 12 months (p <0.001) (Figure 10a and b).
NRS scores for back pain improved from 7.3 + 0.2 to 2.2 + 0.3, and leg pain from 5.5 = 0.4 to 1.4 &+ 0.3 over the same
period (p < 0.001). Improvements were evident as early as one month and sustained through all follow-up intervals.

More than 93% of patients achieved the minimum clinically important difference (MCID) for both ODI and NRS
back pain, reflecting meaningful improvements in daily functioning and pain.

The findings of this study demonstrate that injectable hydrogel implants represent a promising minimally invasive
approach for the treatment of symptomatic DDD. By augmenting the IVD, the implant appears to restore disc
biomechanics and potentially seal annular fissures, thereby limiting the release of inflammatory mediators implicated
in discogenic pain. Importantly, the implant does not preclude future surgical intervention. In cases of migration, the
material was easily removed via endoscopy. The observed reduction in back and leg pain suggests that biomechanical
restoration may have broader effects on pain modulation, including a possible anti-inflammatory benefit through

containment or reduction of the cytokines within the disc.

Collagen Matrix Restoration: Intradiscal Collagen

Collagen matrix restoration of the IVD refers to the process of repairing or rebuilding the collagen network within the
disc, which is important for maintaining its structural integrity and function. The AF of the intervertebral disc is primarily
composed of highly arranged collagen fibers arranged in lamellae of mostly type I collagen that forms a matrix that
resists multidirectional movements.® The NP center of the disc is made of 70-90% water with the remainder consisting of
primarily type II collagen and proteoglycans.*”
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Oswestry Disability Index Mean Score

Baseline Month 1 Month 3 Month 6 Month 12
N=60 N=59 N=59 N=59 N=58

NRS Back Pain Mean Score

Baseline Month 1 Month 3 Month 6 Month 12
N=60 N=59 N=59 N=59 N=58

b

Figure 10 Results of Hydrafil implant. (a) Line graph demonstrating the Oswestry Disability Index (ODI) at baseline, one month, three months, and six months’ time points.
Data shows a 41% improvement in the patients function at the six-month follow-up time point. (b) Line graph demonstrating the Numerical Rating Scale (NRS) pain scores
obtained at baseline, one month, three months and six months for the patient’s back pain. Data shows a 5.2 point reduction in back pain at the six-month follow-up time point.

Degeneration and Restoration
In cases of degeneration or injury, the type I and II collagen fibers can become weakened, damaged, or degraded, leading
to loss of disc height, structural instability, pain, and other complications.'”® "' Restoration of the collagen matrix
involves repairing or replacing damaged fibers to strengthen the structure of the disc and improve its mechanical
properties.'®* This restoration can potentially slow or reverse disc degeneration, constrain aberrant joint motions, enhance
the disc’s ability to withstand stress, and help to prevent further damage or disc herniation.

Therapies aimed at collagen matrix restoration typically involve promoting collagen synthesis or using biomaterials
such as genipin-based polymers to mechanically reinforce the disc and improve mechanotransduction responses.'®
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Genipin Intradiscal Stabilization

Early studies have explored genipin polymers which are injectable as a non-biologic, self-polymerizing treatment for
DDD.'®? Genipin is a biocompatible organic compound that forms bonds between the terminal ends of the polymer and
amines on proteins in the disc tissue and can be injected into the IVD utilizing fluoroscopic-guided delivery of the self-
forming genipin polymers directly to the damaged AF (Figure 11).'%

The therapeutic effect of this treatment likely arises from the mechanical properties of the genipin polymers, which
collectively stabilize the compromised collagen matrix of the disc.'®* ' This action limits abnormal deformations and
helps to support a portion of the disc’s load, ultimately providing mechanical stabilization to the intervertebral joint
(Figure 12). Referred to as Intralink (Spinal Simplicity, Kansas City, MO, USA), this genipin-based treatment has the
potential to address the root causes of degenerative disc disease by targeting disc mechanical insufficiency and joint
instability, two of the contributors to discogenic pain.'®*'*° Genipin polymers have shown promise in reducing joint
instability, excessive disc bulging, tissue overload, and annular tearing, indicating that this novel approach can not only
alleviate discogenic pain but also restore joint stability and resist further tissue degradation.

Initial Clinical Data

Early clinical results seen in a 20 subject multi-site, single arm feasibility study for evaluating the safety and efficacy of
an injectable genipin-based nano-tethering device showed that the joint-stabilizing effects observed in ex vivo experi-
ments can be successfully replicated in a clinical setting.'®*'°° The treatment evaluated in this trial led to clinically
meaningful improvements in pain and disability scores for at least 80% of patients, with benefits persisting from two
weeks to two years post-treatment.'®* In patients with more severely unstable joints, the Injectable Disc Stabilization
Device (IDSD) significantly reduced instability scores, bringing them from an average of 2.4 standard deviations above
the mean for an asymptomatic population down to the asymptomatic mean. The treatment efficacy did vary according to
the patient’s weight.

Additional studies will be needed prior to regulatory approval of genipin. A post-injection inflammatory response can be
seen 2-3 days after leakage of the IDSD outside the disc. This inflammatory change is completely treatable by an epidural
steroid injection but is the main source of adverse events associated with this therapy and subsequent clinical trials will
likely be indicated for patients with degenerated symptomatic IVDs that have the ability to retain the injectate. A watertight
disc is not identifiable on imaging so discography may be necessary for patients prior to treatment with the IDSD.

While this non-biologic nano-tethering approach effectively reinforces spinal discs and stabilizes joints across all
stages of disc degeneration, the injectable genipin polymers may be best used to address the currently unmet need in

™
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Figure Il Anteroposterior (left) and lateral (right) fluoroscopic views of the lower lumbar spine with injections of genipin and contrast into the posterolateral annulus
fibrosis (black arrows) of the L4-5 and L5-SI intervertebral discs via a needle (black arrowheads) placed through Kambin’s triangle and into the annulus of the disc.
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Genipin polymer
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Figure 12 Image representation of the structural arrangement of collagen microfibrils within a subfibril of the annulus fibrosus matrix. The left side shows the native
collagen structure and the right side shows the reinforced structure after addition of the genipin polymers.

early to mid-stage discogenic pain patients. By reducing mechanical degradation, this has the potential to slow disease
progression and prevent decades of pain and disability. Its ability to provide additional mechanical support may
counteract the mechanically induced aspects of degeneration that trigger a cascade of harmful changes in the disc and
surrounding tissues. In doing so, injectable genipin could help lower the risk of subsequent disc failures and associated
radiculopathy.

There is no clinical evidence currently that confirms whether treatment with genipin polymers provides sufficient load
support to effectively resist the degenerative process. The recently published early-stage feasibility study is limited by its
small sample size, which could overestimate treatment effects. Additionally, as a single-arm study, it lacks a control
group for direct comparison with standard treatments or for assessing potential placebo effects. Further validation is
needed through larger, controlled follow-up trials before an IDSD can be brought to the market.

Allograft Augmentation

One of the current clinical approaches to treating disc degeneration is derived from experience in orthopedics, wound
healing, and transplantation in regard to the use human tissue to compensate for anatomical deficiencies and there is
growing evidence for its use in managing painful DDD (Figure 13).'"''? Clinically, the use of allograft or homologous
tissue is well-established for addressing tissue loss or deficiency. In the context of disc degeneration, a NP allograft may
offer a biologic supplement to reinforce tissue loss and restore the disc’s mechanical function. Key attributes that make
biologic tissue suitable for disc repair include its ability to provide mechanical support, maintain viscoelastic properties,
and distribute axial loads during movement. The mechanical role of the disc is also crucial for facilitating the transport of
soluble biochemical factors throughout the disc and its surrounding tissues. This transport is intimately connected with
cellular responses, influencing matrix turnover and metabolic activity.'**

In degenerative discs, the loss of proteoglycans significantly impairs the disc’s load-bearing function. This reduction
leads to decreased osmotic pressure and impairs the disc’s capacity to retain hydration under load.'*'?* Replacing the NP
with appropriately hydrated biological tissue may help restore disc structure and function. Allogeneic disc materials, both
with and without viable cells, have been used successfully to treat lumbar discogenic pain associated with DDD.'?!:196:197
Early clinical data supports the potential of biologic supplementation to relieve pain and improve functional outcomes in

affected patients.'**'%®
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Figure 13 Lateral fluoroscopic views of the L3-4 intervertebral disc show the difference in disc height (dotted black line) before (left) and after (right) injection of allogeneic
nucleus pulposis allograft.

Effectiveness at Six-Month Follow-Up
At the six-month assessment, patients demonstrated significant improvements in back pain severity, as measured by the

NRS, and in functional disability, assessed using the ODI.'*?

A clinically meaningful reduction in pain and disability was
observed, with many patients surpassing the minimal clinically important difference (MCID) threshold of > 30%
improvement over baseline values. The results at this stage provided a foundation for an assessment of whether these
benefits would persist or diminish over an extended period.

Patients reported an average reduction in NRS scores from 7.1 at baseline to 3.6 at twenty- four months, reflecting
a statistically and clinically significant 49% improvement (p<0.001) (Figure 14a). Additionally, ODI scores demonstrated
a 60% reduction, with nearly three-quarters of participants achieving MCID levels of functional improvement
(Figure 14b). Notably, the percentage of patients reporting severe or crippled back impairment dropped from 82% at
baseline to 18% at 24 months, further demonstrating the impact of the intervention. These findings are particularly
important given that chronic low back pain is notoriously difficult to treat, and conventional non-surgical treatments often
fail to provide sustained benefits.'”* ="

The initial clinical data presents robust evidence that NP allograft supplementation is a promising therapeutic
approach for managing chronic lumbar discogenic pain. The consistent improvements in pain and function observed at
6, 12, and 24 months post-procedure highlight the durability and clinical relevance of this intervention. While additional
research is needed to validate these findings in larger populations, the results suggest that allogeneic NP supplementation
may play a crucial role in transforming the landscape of non-surgical spine care, providing a much-needed alternative for

patients with treatment-resistant discogenic pain.

Discectomy
The role of discectomy in addressing intervertebral disc-related pain syndromes, including both posterior disc herniations
and anterior vertebral column dysfunction, has garnered significant attention in the field of spinal surgery. Discectomy,
a surgical procedure that involves the removal of part of the intervertebral disc, aims to alleviate pain by decompressing
the affected nerve roots and restoring spinal function. This procedure is particularly indicated for patients whose
symptoms are refractory to conservative treatment options. Literature suggests that discectomy can lead to substantial
pain relief and improved functional outcomes in patients with herniated discs.?>**> A study by Buttermann et al**?
showed increased motor function after microdiscectomy compared to patients treated with epidural steroid injections at
one and three months post-operatively.

Furthermore, discectomy has been shown to be effective in alleviating radicular pain associated with herniated lumbar
discs by directly addressing the mechanical compression of nerve roots faster than conservative care alone.”** Weinstein
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Figure 14 (a) Graph demonstrating mean longitudinal improvement of 43% in back pain severity scores to 24 months of follow-up (p<0.001). Mean NRS scores are 7.1
(baseline, n=28), 3.9 (I month, n=28), 3.3 (3 months, n=27), 3.0 (6 months, n=28), 3.8 (12 months, n=22) and 3.6 (12 months, n=22). (b) Graph demonstrating mean
improvement of 53% in back function scores through 12 months of follow-up (p<0.001). Mean ODI values are 53 (baseline, n=28), 28 (I month, n=28), 24 (3 months, n=27),
23 (6 months, n=28), 24 (12 months, n=22) and 21 (24 months, n=22).

et al, in the SPORT trial, reported results of a prospective comparative study including 743 patients comparing surgical
and medical/interventional treatment of lumbar intervertebral disc herniations.”** The surgically treated group consisted
of 528 patients and the medical/interventional group consisted of 191 patients. Outcomes were assessed for up to two
years using SF-36, ODI, patient self-reported improvement, work status and satisfaction. At 3 months, patients in the
surgical group had statistically significant improvement in measures of bodily pain, physical function and ODI.>*** The
differences between the surgically treated group and those treated without surgical intervention narrowed at 2 years but
remained statistically significant.
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Studies suggest that surgical intervention for disc herniation prior to 6 months is associated with faster recovery and
improved long-term outcomes.”*® Despite the positive outcomes associated with discectomy, it is essential to acknowl-
edge the potential risks, such as infection, bleeding, and the development of recurrent disc herniation. Addressing these
complications through comprehensive preoperative assessment and postoperative care strategies can mitigate risks and
improve patient safety. Additionally, ongoing research into adjunct therapies, such as regenerative medicine approaches,
aims to complement discectomy by promoting disc healing and enhancing long-term outcomes.

In summary, discectomy remains a pivotal intervention for managing intervertebral disc pain syndromes, especially in
patients with persistent symptomatology despite conservative measures. While discectomy provides significant pain relief
and functional improvement, careful patient selection and consideration of evolving techniques and adjunct therapies are
crucial for optimizing outcomes in this patient demographic.

Endplate Treatments

The endplates form a continuous interface between the disc and the vertebral body and are composed of semi-porous cancellous
bone and hyaline cartilage. This complex has a thickness of up to 0.8 mm. Painful endplate degenerative changes can include
fissuring of the endplates with development of vascular granulation resulting in bone marrow edema (Modic type 1 lesions) and
appearance of yellow fatty marrow that replaces the normal bone marrow (Modic type 2 lesions), both of which can result in
chronic low back pain. The first MRI description of those changes and the correlation between the endplate MR signal change
and low back pain was described by Michael Modic et al in 1988.%” Three types of endplate signal change have been described;
however, only Modic changes type 1 and type 2 have been associated with more severe back pain, higher levels of disability,
worse outcomes, and increased healthcare costs.”**?°” The overall population prevalence of painful endplates is estimated at
5.8%,2°2% representing a major cause of low back pain and disability.

Other painful endplate findings seen on imaging include: avulsions of the outer annulus at the attachment to the
vertebral body rim; erosions of the cartilaginous endplate and/or underlying endplate bone; changes to the cartilage
matrix (calcification, dehydration, and loss of matrix protein); fissuring and fracture of the bony endplate; herniation of
the NP through the endplate (Schmorl’s nodes) with disc depressurization; avulsion of the cartilage endplate at the inner
annulus—endplate junction. The endplates’ innervation and vascularity enter via the basivertebral foramen, a channel
located along the mid to posterior portion of the vertebral body, equidistant between endplates. This foramen contains an
artery, a vein, and a nerve (the basivertebral nerve).

The apex of this nerve, located just proximal to the halfway point from the posterior vertebral body wall to the
anterior wall, branches out with neural arborization terminating adjacent to the endplate cartilage. This deep and
posteriorly positioned neural apex leads to technical procedural challenges for interventionalists.

The pain arising from the basivertebral nerve is referred to as vertebrogenic pain, and distinguishing vertebrogenic
from discogenic pain can be difficult clinically. Painful endplates are also highly associated with accelerated disc
degeneration.””*!" No current diagnostic test allows for reliable and complete differentiation between vertebrogenic
and discogenic back pain, but MRI is the diagnostic modality of choice to differentiate these two causes of back pain
with the identification of Modic changes as the primary indicator of vertebrogenic back pain.

Platelet-Rich Plasma (PRP)
As discussed previously, PRP is a concentrate of whole blood that is centrifuged to obtain plasma rich in platelets and
growth factors. This concentrate contains numerous growth factors (PDGF, TGF-p, VEGF, EGF, FGF, IGF-1) that can be
injected in various tissues to downregulate inflammatory mediators (IL-1, TNF-a) and upregulate anti-inflammatory effects
providing the ability to decrease pain.”'>'> PRP also has also shown in-vitro evidence of tissue regeneration, with
upregulation of proteoglycan synthesis, collagen synthesis, and reduced antiapoptotic effects, with fibrinogen acting as
a scaffold.?'® However, no study to date has demonstrated macroscopic changes suggestive of in-vivo disc regeneration.
Various PRP preparation protocols have been described, with leucocyte-rich PRP (LR-PRP) and leucocyte-poor PRP
(LP-PRP) being the two most common injectable concentrates. The addition of high-density fibrin networks to LR-PRP
and LP-PRP is not commonly used for musculoskeletal or spine procedures. Most intradiscal injection protocols use 1-2
cc of PRP per disc.
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Most of the anterior column pain PRP studies focus on discogenic back pain treated with intradiscal injections. A review
of the current literature, including four randomized controlled trials and four observational studies, evaluated PRP in
patients without Modic changes.?'” %'’ Systematic reviews and meta-analyses confirmed that PRP was effective in
controlling pain, though without significant macroscopic disc healing evidence on imaging.?'” Only limited data exist
evaluating PRP’s efficacy in treating patients with vertebrogenic pain and/or Modic-type imaging phenotypes. Kawabata
et al'>® reported two cases of painful Modic type 1 lesions in which LR-PRP injection reduced endplate edema on 24-week
follow-up MRI. This was followed by a prospective pilot study of 10 patients with Modic type 1 vertebrogenic back pain,
showing a significant VAS pain decrease (from 70.0 = 13.3 to 39.0 & 28.8), improved ODI and RMDQ scores, and reduced
endplate T2-weighted signal intensity (from 10.1 to 7.90 mm?) at 24 weeks. No adverse events were reported.

Early evidence from intraosseous PRP in knee osteoarthritis and subchondroplasty for osteonecrosis appears
promising but intraosseous PRP applications for the treatment of painful vertebral endplates remain in the early stages
of clinical development without a direct correlation to treat Modic type 1 degenerative endplate pathology at this time.**°
A single case report documented decrease in size of a disc herniation and a Schmorl’s node following intraosseous and
intradiscal LP-PRP injection with plasma-rich growth factors (PRGF-Endoret). Further studies are required to validate
the clinical efficacy and radiologic outcomes of intradiscal and/or intraosseous PRP injections in patients with vertebro-
genic pain and Modic type 1 degenerative changes.

Intradiscal Steroids

Intradiscal steroid injections aim to reduce pain and inflammation of the intervertebral disc and adjacent endplate regions.
Prior data has demonstrated elevated levels of proinflammatory cytokines in degenerated discs contributing to nocicep-
tion and disease progression. Seven randomized clinical trials have been published evaluating the performance of
glucocorticoids in painful degenerated discs against control substances (bupivacaine, saline, lidocaine, or
discography).”*' **” In the treatment group, both particulate and non-particulate glucocorticoids were used (methylpred-
nisolone, betamethasone, dexamethasone). A meta-analysis of these studies demonstrated statistically significant
improvements in pain (NRS) and function (ODI) compared to the control groups at early (<3 months) and intermediate
(3—-6 months) follow-up timepoints.** Outcomes were not statistically significant at long-term follow-up (>6 months).

Interestingly, two studies demonstrated safe and effective use of intradiscal glucocorticoids in patients with disco-
genic or vertebrogenic back pain related to disc degeneration, with or without Modic type 1 changes.??***’ Both groups
benefited from steroid injections for an intermediate period of time (3—6 months).

A retrospective study of 66 patients who received intradiscal injections of steroids and local anesthetic for low back
pain showed a statistically significant difference between the pre-injection and follow-up NRS scores (p < 0.001) and
a significant difference between pre-injection and maximum relief NRS scores (p < 0.001). All patients had MRI findings
of Modic type 1 or 2 changes and degenerative disc disease of grade 4 or above on the modified Pfirrmann scale. In
addition to the significant reduction of low back pain at the time of follow-up (mean of 19.4 days), more than 71% of the
patients met the MCID.** The authors concluded that for patients with chronic low back pain and Modic changes,
intradiscal steroid injections provided significant short term pain relief. The safety profile of intradiscal steroids is
excellent, with no serious adverse events reported.”*® Accelerated disc degeneration after intradiscal interventions and
discograms has been a concern for decades ever since the introduction of provocative discography as a diagnostic test for
discogenic back pain. However, a 7-year matched cohort study demonstrated that low-pressure provocative discography,
using a protocol consistent with the Spine Intervention Society/International Association for the Study of Pain standards
(<3 mL intradiscal volume, <50 psi above opening pressure), does not cause accelerated disc degeneration.”” In
summary, intradiscal injection of glucocorticoids is a safe and effective treatment for up to 6 months in patients with
Modic type 1 changes and is effective, at least in the short term for patients with both Modic type 1 and type 2
degenerative endplate changes. Symptoms may recur after six months and no study to date has demonstrated radiologic
phenotype improvement of the Modic type 1 endplate but the data on this subject is still quite limited.
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Basivertebral Nerve Ablation (BVNA)

The basivertebral nerve is a structure located within the mid to posterior portion of the vertebral body, equidistant
between the endplates. The apex of this structure in the posterior portion of the vertebral body may be difficult to reach
but can be accessed through specialized image-guided interventional techniques and curved access cannulas prior to
ablation. Thermal destruction of the nerve plexus leads to pain reduction and functional improvement. Modic type 1 and
2 changes, alongside clinical evidence of vertebrogenic pain, remain the most relevant criteria for determining wether the
patient is a candidate for BVNA.**% %32 Interest in BVNA has increased substantially in the past decade and is now
considered an essential procedure in comprehensive pain practices.

A total of 41 articles has assessed BVNA for the treatment of vertebrogenic pain. Seventeen of these studies report
patient-related outcomes, all showing significant improvement in VAS and/or ODI scores that are sustained over time.
A 5-year aggregate paired dataset analysis from three prospective trials with similar inclusion criteria (SMART,*?
INTRACEPT,*** CLBP prospective single—arm23 %) showed significant pain and functional improvement: mean pain score
improved by 4.3 £+ 2.5 points, and ODI improved by 28.0 = 17.5 points. At five years, 33% of patients were pain-free,
68.7% resumed pre-CLBP activity levels, 65.2% discontinued opioids and spinal injections were decreased by 58.1%.%%°
Although the overall safety profile is excellent, rare adverse events have been reported including transient motor/sensory
deficits, incisional pain, nerve root injury, radiculopathy, and urinary retention. VCFs, particularly in elderly populations,
occurred in 12% of cases.”” These fractures may be underrecognized and seems to be associated with more advanced
osteoporosis.”>’ A separate multicenter study confirmed BVNA’s safety and long-term durability, with high patient
satisfaction. BVNA represents a paradigm shift in managing vertebrogenic chronic low back pain, with accumulating
evidence supporting its efficacy and durability. Technical access challenges to the basivertebral nerve apex are being
addressed with advanced interventional tools and techniques.

Mixed Pain Syndromes

Anterior Column Pain Coupled with Intermittent or Subacute Radicular Pain from Positional Disc Bulging
Anterior column pain may occur in isolation or exist in combination with radicular pain. The degenerative cascade begins
with internal disc disruption and then disc herniation and/ or progressive degeneration that may create anterior column
pain acutely, subacute or chronically. As previously discussed, this chronic low back pain related to DDD is often
described as discogenic pain. The posterior annulus of the intervertebral disc is innervated with nociceptors from the
sinuvertebral nerve that enters the disc via annular tears and may produce back pain or lead to a referred pattern of
buttock or leg pain. A disc protrusion or extrusion may also cause an inflammatory response around the adjacent nerve
root thus causing nociception in the distribution of that nerve which can result in both anterior column and radicular pain.
This condition may persist from acute to subacute phases and can be treated with epidural steroid injections until the
radicular pain component abates.

The anterior column pain may also respond to injection of epidural steroids, but the damage done to the disc may
have initiated a degenerative sequence that results in disruption to the endplate with subsequent exposure to the
vasculature within the vertebral body. This situation can result in a cascade of inflammatory cytokines and upregulation
of nociceptors along the endplates with resulting pain signals that travel to the dorsal root ganglion via the basivertebral
nerve and the more proximal sinuvertebral nerve afferently.*®

As degeneration advances, anterior column pain may shift from discogenic (via sinuvertebral nerve) to vertebrogenic
(via basivertebral nerve). Disc height may decrease as the degeneration continues and further cause irritation on the nerve
roots in the foramina. Additional degeneration may lead to osteophyte formation, ligamentum flavum thickening and
facet joint hypertrophy resulting in lateral recess stenosis causing intermittent radicular pain or leg weakness.”’

The nonspecific innervation of the paravertebral autonomic neural plexus surrounding the lumbar vertebral bodies
may contribute to referred pain patterns that mimic radicular pain. These nerves surround the lumbar vertebral bodies
periosteum, annulus fibrosis, and anterior longitudinal ligament. These afferent sympathetic nerves may enter the
sympathetic ganglia and transmit to the ventral ramus of the somatic spinal nerve by way of the gray rami communicants
and then to the dorsal root ganglia before ascending up the spinal cord either by way of the dorsal horn or the lateral
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spinothalamic tract. Activation of these nerves of the neural plexus may lead to nonspecific localization of pain. The pain
may be referred to the somatic distribution of the spinal nerve where the impulse entered and result in referred pain to
a distant area of the body. Thus, discogenic and vertebrogenic pain may naturally be anterior column pain with a referred

radicular pain to the lower extremities or pain referred in a somatic pattern.”*°

Anterior Column Pain Coupled with Posterior Column Pain

The existence of both anterior and posterior vertebral column pain is a clinically common scenario in which physicians
are faced with determining the primary pathology based on the patient presentation and symptoms. Without question, the
care plan is predicated on the physicians’ understanding of the differential pathology as well as a concise grasp of
diagnostic strategies and an awareness of “red flag” concerns.?*'**** Anterior column pain is sourced predominantly from
vertebrogenic pain and discogenic pain as well as pain emanating from supportive connective tissues (ie, longitudinal
ligaments, etc). Posterior column pain is predominantly related to degenerative changes of the zygapophyseal joints, but
pain may emanate from supportive connective tissues locally as well>** 243

Pain emanating from anterior column structures such as the vertebral bodies and intervertebral discs may present similarly
in pattern and characteristics in the clinical setting, but choice of treatment is distinctly different especially when spinal
stability is considered. When spinal instability is noted and when neurological compromise is present or imminent, spinal
stabilization is indicated in most scenarios. Other diagnostic scenarios when arthrodesis is commonly indicated include
scoliotic deformity, traumatic fracture or other sources of spinal instability that compromise the neural contents of the spine.

Autoimmune disorders, neoplasms and infections provide special circumstances that require tailored clinical judgment
on a case-by-case scenario. Nonetheless, the prevailing standard of care in these scenarios is often spinal arthrodesis that
may be done via the anterior or posterior approach.**® Of note, cervical arthrodesis is done both anteriorly and posteriorly
with the anterior cervical discectomy and fusion (ACDF), a commonly performed surgery. Thoracic fusion is mostly done
using the posterior approach and the lumbar spine can be fused using the anterior, posterior, lateral and oblique approaches.
The common techniques of fusion in the lumbar spine include an anterior lumbar interbody fusion (ALIF), a transforaminal
lumbar interbody fusion (TLIF), and a lateral lumbar interbody fusion (LLIF). An extensive discussion of arthrodesis is
beyond the scope of this manuscript but has been widely established by expert consensus.**’ >4’

Vertebrogenic pain treatment is well documented in the case of fractures through vertebral augmentation as well as
through basivertebral nerve ablation in the case of vertebrogenic pain emanating from the vertebral endplates in patients
where the MR imaging study shows the presence of Modic changes. These scenarios are described earlier in this document.

Discogenic axial spine pain may arise from a variety of causes within the disc itself. Natural degenerative changes
over time results in morphological changes exhibited on MRI and most commonly graded by the Pfirrman or modified
Pfirrmann scale.’***"~25° Interventional testing and diagnosis of discogenic back pain has been done with provocative
and/or anesthetic discography, but the reliability of this technique remains not been well defined by high level clinical
studies.”""*>? Discogenic low back pain and the physical evaluation and documentation of five main components of
discogenic back pain have been recently described.>> In addition, regenerative techniques such as the injection of MSCs,
PRP, and allogenic NP are supported by a growing body of evidence.>>*>* In other cases, surgical intervention or spinal
cord stimulation may serve as an alternative to intradiscal treatments.

Posterior column pain is most notably related to advancement of zygapophyseal joint disease (facet joint disease) as
well as pain from closely associated structures such as myofascial sources and connective tissues. Patient history, direct
visualization through advanced imaging and physical examination key points provide substrate for the diagnosis of facet
related spinal pain. It is widely accepted, however, that the standard for diagnosis of facet pain is the use of diagnostic
medial branch blocks or a combination of medial branch block and facet joint injection with local anesthetic.?>

Development of spondylosis in the lumbar spine may be an isolated phenomenon, but more recently it has been recognized
that multifidus degeneration may contribute to the progression of facet and disc degeneration.>>® Diagnosis of multifidus
dysfunction is commonly done through the prone instability test, or the multifidus lift test and multifidus atrophy can be
assessed through magnetic resonance imaging and graded accordingly.?””*>® Restorative stimulation through implanted
peripheral neuromodulation leads overlying the medial portion of the third lumbar transfers processes has gained attention

recently with treatment results contributing to the resolution of low back pain symptoms and multifidus dysfunction.?>*%°
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Combined mixed anterior and posterior column pain commonly exists where degenerative processes are more
advanced. As such, patients with multiple pain generators are well suited to undergo management through pharmaco-
logical options as well as through biomechanical treatments such as physical therapy. Both ventral and dorsal muscle
strengthening and improvement in flexibility are paramount to sustain the integrity of the sagittal balance of the spine.
When conservative measures have failed, minimally invasive choices provide a viable option in the absence of a well-
founded surgical indication for arthrodesis. Physical exam findings and history should direct initial action, and
preliminary diagnostic interventions may be chosen. In the case of axial loading symptoms, discography at the suspected
levels of disc disease may be chosen, whereas in the case of physical exam findings consistent with facet joint pain,
diagnostic medial branch blocks would be indicated. When cervical or thoracic disc disease is suspected as the primary
cause of symptoms, there are more limited treatment options in these areas. Epidural steroid injections are often done
although there is limited literature support for the use of epidural steroid injections in the absence of radicular pain.
Intradiscal treatments of the thoracic and cervical spine are technically more difficult to perform and may necessitate
learning new techniques or the referral to a center with this capability. When injections fail to produce symptom
resolution cervical neuromodulation may be chosen for axial neck pain but there are no significant studies to support
the use of neuromodulation for axial thoracic back pain related to the anterior column.

If a preponderance of pain exists in the anterior column following discography, intradiscal treatments are indicated.
Spinal cord stimulation for discogenic pain is also a viable option as studies have shown the effectiveness of high
frequency stimulation in cases of non- surgical low back pain. In the case of pain related to the posterior elements,
radiofrequency rhizotomy of facet mediated pain is indicated for the cervical, thoracic and lumbar spine. In addition,
there is strong evidence to support the use of peripheral neuromodulation for restorative therapy if multifidus dysfunction
exists with or without the presence of facet mediated pain.?***%°
Discogenic Pain with Persistent Spinal Pain Syndrome or Post-Laminectomy Pain Syndrome
Among the multiple etiologies of Persistent Spinal Pain Syndrome (PSPS) or Post-Laminectomy Pain Syndrome (PLPS),
discogenic pain due to adjacent segment disease (ASD) with internal disc disruption and accelerated disc degeneration is
a leading cause. Advanced interventional strategies have emerged to address this complex pathology, especially when
conservative approaches fail.

Surgical intervention alters spine biomechanics, often accelerating degeneration at spinal levels adjacent to fusion,
with an incidence of up to 26% of ASD after fusion surgery.”®' Approximately one-quarter to one-third of adjacent
segment disc degeneration cases progress to ASD. The true rate of adjacent segment disc degeneration and disc-related
ASD remains unclear, as many studies use only disc height loss on radiographs as a proxy for disc degeneration. Disc
height reduction, however, is a late-stage radiological finding, while painful discs may maintain normal height.

Moreover, adjacent disc degeneration, epidural scarring, nerve root compression, and pain pathway sensitization con-
tribute to chronic pain in ASD. Interventions described for discogenic or vertebrogenic back pain (eg, PRP, stem cell therapy,
corticosteroid injection, BVNA) may be considered, but PSPS and PLPS often require multimodal treatment strategies.

Vertebral Compression Fracture Treatment

VCFs demonstrate a bimodal distribution, with younger patients sustaining these injuries secondary to high-energy
mechanisms.?*> The most common etiology of compression fractures, however, is osteoporosis.”** They often occur at
the midthoracic (T7 to T8) spine and the thoracolumbar junction (T12 to L1). Functional impairment from compression
fractures is often comparable with that related to hip fracture.¢*->¢*

Height loss from osteoporosis is typically asymptomatic and gradual. In addition to osteoporotic compression
fractures, height loss can be caused by disc desiccation and resultant disc space narrowing or scoliosis.?*>?%® In one
study, height loss of more than six centimeters had a specificity and sensitivity of ninety-four and thirty percent,
respectively, for the detection of a compression fracture.”®’ Kyphosis is often an indicator of multiple vertebral
compression fractures, especially wedge fractures. It may, however, occur independently of vertebral abnormalities.
Each complete compression fracture causes approximately one centimeter or more loss in height. Loss of more than
four cm in height can be associated with as much as fifteen degrees of kyphosis.”*®
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A history of a previous compression fracture is a risk factor for subsequent fractures. Approximately nineteen percent
of patients who have a vertebral compression fracture will have another fracture in the next year.* In one analysis of the
literature, women with preexisting vertebral fractures had approximately four times greater risk of subsequent vertebral
fractures than women without prior fractures.”’® The presence of VCFs also predicts future nonvertebral fractures,
particularly hip fractures. This risk increases with the number and severity of prior fractures.””’

From a radiographic standpoint, characteristics of compression fractures include vertebral endplate irregularity,
general demineralization, and anterior wedging of one or more vertebrac with vertebral collapse.”’! The presence of
posterior wedging is uncommon. If present, it may indicate an underlying destructive lesion. One can assess the severity
of vertebral fractures by way of radiographic staging. The most commonly used grading criteria used in epidemiology
studies and clinical trials is Genant’s semi-quantitative (GSQ) criteria that divides the vertebral body deformity into four
grades with Grade 0 categorized as no deformity.’’? A Grade 1 compression fracture would result in a 20-25% height
deformity, while Grade 2 and 3 compression fractures cause a 25-40% and > 40% height deformity, respectively.?’>

Both vertebroplasty and kyphoplasty involve the percutaneous injection of bone cement under image guidance into
a fractured vertebra. During kyphoplasty, inflatable bone tamps are placed into the fractured vertebral body to create a cavity in
which bone cement is placed to reduce the fracture and thus to improve kyphotic deformity.?’* The optimal timing of the
vertebral augmentation procedures related to fracture acuity is unclear and should be based on the patients symptoms rather
than an arbitrary designation of time.>’* The potential short-term benefit of both procedures is improvement in pain. The long-
term benefits include improved functional capability, prevention of recurrent pain at the treated level, avoidance of prolonged
medication use, and the limitation or reversal of height loss and spinal deformity and decreased mortality.

Patient selection is a critical factor for both the decision to perform vertebral augmentation and the selection of the
type of procedure. Vertebral augmentation is not indicated for those patients with mild to moderate pain that responds to
medical management.?’> Those patients with incapacitating pain who are unable to taper parenteral opioids and those
who are not improving with or are intolerant of oral opioids are good candidates for vertebral augmentation.”’®

Kyphoplasty is generally performed more frequently than vertebroplasty.’” Vertebroplasty is performed when there is
little to no compression of the vertebral body, but MRI shows bone marrow edema consistent with fracture. Kyphoplasty
relies on the use of a balloon tamponade system that may partially restore vertebral height. Vertebroplasty, on the other
hand, takes less time to perform, does not rely on the performance of a balloon system, and is less expensive.

Three meta-analyses examined the best quality data and have come to very similar conclusions.>”® 2** They all show that
KP and VP are significantly better than nonsurgical management (NSM) for improving patients pain and function and that KP
has comparatively better than VP at improving pain and function.”** Comparing effects of kyphoplasty, vertebroplasty, and
nonsurgical management in a systematic review of randomized and non-randomized controlled studies.

When comparing efficacy and safety of vertebroplasty versus sham treatment, VERTOS V, VOPE, and the VAPOUR
trial and other randomized control trials (RCTs) demonstrated that VP significantly reduces pain and improves quality of
life over active control (anesthetic infiltration) in subacute and chronic OVCFs.?*!*%? These trials have added clarity to
the efficacy of VP since the 2009 sham trials published in the New England Journal of Medicine.

The data comparing KP versus NSM shows that KP provides statistically significantly better pain relief, functional
improvement, and lower complication rates (1.72% vs 15.5%) compared to NSM.*** 8¢

The third generation implant augmentation has been developed since the advent of balloon KP and has shown
promise for treating patients with more challenging VCFs. Devices such as the SpineJack have been shown to improve
vertebral height and sagittal balance with promising pain and functional outcomes and the ability to decrease the number
of additional and adjacent level fractures.

In summary, vertebral augmentation, including vertebroplasty, balloon kyphoplasty, and implant augmentation, is an
effective and safe treatment for back pain due to osteoporotic vertebral compression fractures. It provides rapid pain
relief, functional recovery, and a mortality benefit when performed timely, aligning with evidence-based care pathways
for osteoporotic VCFs.
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Advanced Treatments

Percutaneous Cement Discoplasty (PCD)

In cases of severely degenerated adjacent-level discs, PCD has been used worldwide. Polymethyl methacrylate (PMMA)
has been applied as a stand-alone intervertebral spacer in elderly patients with severe spondylosis, vertical instability,
dynamic foraminal stenosis, and multiple comorbidities precluding surgical intervention.”**2*¢ Severe spondylosis is an
important hallmark to recognize as condition that may warrant the consideration of PCD.

This condition is characterized by disc narrowing, vacuum phenomenon, fissuring, endplate erosions, and reactive
vertebral changes (ie Modic changes). Those findings contribute to instability and dynamic central canal and foraminal
stenosis. Injecting PMMA into vacuum discs increases stability and decompresses the central canal and foramina indirectly. In
well-selected patients with severe spondylosis and dynamic stenosis the clinical outcomes of PCD are excellent.

Biomechanical studies have confirmed that PCD enhances foraminal dimensions while preserving motion. It
improves flexion-extension and lateral bending stability.”**2%¢ A recent safety analysis of 344 patients treated with
PCD reported a 30.4% cement leakage rate which is similar to that seen in vertebral augmentation. Most leaks were
asymptomatic and only 1.2% resulted in motor deficits.”** 2% Twelve clinical series and four meta-analyses support PCD
for patients unable to undergo surgery, citing short recovery, brief hospitalization and an acceptable safety profile.

Epidural Adhesiolysis

In patients with epidural fibrosis or discogenic pain from PSPS/PLPS, percutaneous epidural adhesiolysis can be
effective.”®” This procedure targets ventral epidural fibrosis using catheter-guided injection of contrast, steroids,
hypertonic saline, and hyaluronidase. Level I evidence and strong recommendations support its use in patients with
failed conservative and epidural injection therapies.

Spinal Cord Stimulation (SCS)

SCS is a well-established treatment for PSPS and PLPS, and growing evidence supports its role in treating discogenic
pain. By modulating dorsal column and dorsal horn activity, SCS reduces neuropathic and mixed axial pain. A systematic
review confirmed significant VAS and ODI improvements with SCS.** The SENZA-RCT and additional subsequent
studies showed that 10 kHz high-frequency stimulation offers additional benefit and significant pain relief for axial low
back and leg pain. Intrathecal Drug Delivery Systems (IDDS) IDDS is an essential technology to manage intractable pain
in PSPS/PLPS. Medications such as hydromorphone and bupivacaine reduce pain, and the overall amount of opioids
used. Though dose escalation is observed, it occurs at a slower rate than historically reported for patients taking systemic
opioids. Other drugs such as morphine, clonidine, fentanyl and ziconotide can be used intrathecally to manage intractable
pain. A rigorous trialing and implant algorithm is critical to optimizing outcomes when utilizing this therapy.

Conclusions

Intradiscal and vertebrogenic sources of pain are now well established clinically as significant pain generators in patients
suffering from chronic low back pain. Heretofore, the lack of available treatment options has led to less emphasis on
anterior column pain generators and a concomitant lack of awareness of these entities as targets for treatment. It will be
incumbent upon any practitioner treating these patients to become conversant in the anatomy, biophysics and imaging of
both normal and pathologic segments. Further, in this rapidly evolving area of treatment, understanding the entirety of the
FSU and interplay of the anterior, middle and posterior columns and how they interact will be key to practicing cutting
edge evidence-based spinal medicine.
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