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Abstract

Study Design: Translational review encompassing basic science and clinical evidence.

Objectives: Multiple components of the lumbar spine interact during its normal and pathological function. Bony stress in the
lumbar spine is recognized as a factor in the development of pars interarticularis defect and stress fractures, but its relationship
with intervertebral disc (IVD) degeneration is not well understood. Therefore, we conducted a systematic review to examine the
relationship between bony stress and IVD degeneration.

Methods: Online databases Scopus, PubMed and MEDLINE via OVID were searched for relevant studies published between
January 1980-February 2020, using PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines.
Two authors independently analyzed the data, noting characteristics and biases in various studies.

Results: Thirty-two articles were included in the review: 8 clinical studies, 9 finite element modeling studies, 3 in-vivo
biomechanical testing studies, and 12 in-vitro biomechanical testing studies. Of the 32 articles, 19 supported, 4 rejected and
9 made no conclusion on the hypothesis that there is a positive associative relationship between IVD degeneration and bony
stress. However, sufficient evidence was not available to confirm or reject a causal relationship.

Conclusions: Most studies suggest that the prevalence of IVD degeneration increases in the presence of bony stress; whether a
causal relationship exists is unclear. The literature recommends early diagnosis and clinical suspicion of IVD degeneration and
bony stress. Longitudinal studies are required to explore causal relationships between IVD degeneration and bony stress.
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Background

Low back pain (LBP) is widespread, with a lifetime prevalence

of 65-80% in the general population.1 The prevalence of LBP is

similar in adolescents and adults, with 70-80% of cases occur-

ring by the age of 20.2 Adolescents with LBP and familial

history of LBP are more likely to experience LBP later in life.3

As degenerative processes in the lumbar spine can begin in the

first decade of life, adolescents present as interesting cases to

study the interaction between the relatively stiff bony elements

and the viscoelastic intervertebral disc (IVD) while avoiding

potential age-related confounding factors.4

Bony stress refers to bony edema or a bony defect of the

vertebrae, which includes a pars interarticularis defect and
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spondylolysis. Abnormal load and stress distribution are

believed to be precursors to a bony stress fracture and IVD

degeneration.5 Sharma et al (2014) defined bony stress on

magnetic resonance imaging (MRI) of the lumbar spine

(Figure 1) as “bony oedema or a bony defect involving either

pars interarticularis or pedicles.”6 The authors recognized early

phases of bony stress on MRI and concluded that early imaging

assessment may prevent a complete fracture non-union from

occurring. Bony stress is thought to either alter load transmis-

sion throughout the IVD or occur secondary to the altered load

distribution following IVD degeneration.7

Whether IVD degeneration is a causative factor for dis-

cogenic LBP is unclear.8-10 Discogenic LBP may arise from

not only the structural failure of the IVD but also from

nociceptive neurotransmitters, and neural and vascular

ingrowth in the outer annulus fibrosus.11 IVD degeneration

has a variety of recognized risk factors and causes including

genetic inheritance, age, lifting, loading or repetitive move-

ment activities, nutritional factors, the anatomy of the lum-

bar spine, weight, gait and posture; but is usually

multifactorial.6,12 It remains unclear whether IVD degenera-

tion alters vertebral loading patterns or segmental move-

ments or both, in a manner that results in bony stress in

the vertebrae adjacent to the disc.

The functional spinal unit is a 3-joint complex comprising

an IVD and 2 posterior facet joint capsules. Suboptimal per-

formance of one joint adversely affects the other 2, and this

may result in their accelerated degeneration.13 However, it is

also believed that the articulations are closely linked to load

distribution in the surrounding bony tissues and that the system

involves more than just the 3 points of contact between 2 ver-

tebrae.14 It remains unclear whether altered mechanics conse-

quent to the degenerative changes in the 3-joint-complex

can lead to or are associated with bony stress in the lumbar

vertebrae.

While IVD degeneration has a multitude of risk factors

and causes, the relationship between IVD degeneration and

bony stress in the lumbar spine is of interest. To present a

comprehensive understanding of the pathophysiology of

bony stress and its relationship with IVD degeneration, we

conducted a systematic review of the basic science (in-vivo

animal testing, computer modeling, and in-vitro biomecha-

nical testing) and clinical data available in the published

literature.

Methods

Eligibility Criteria

Only journal articles and book chapters in English, published

between January 1980 and February 2020 were considered for

this review. The inclusion criteria were:

1. Studies reporting clinical data on bony stress and IVD

degeneration in the lumbar spine

2. Finite Element (FE) modeling studies making use of

imaging data from living human subjects or human

cadaveric material

Figure 1. (A) T2 weighted mid-sagittal cut on magnetic resonance imaging (MRI) of a 12-year-old female patient showing edema in the L4 right
pedicle (red arrow). MRI from initial presentation (B) and 47-month follow up (C) shows the progression of L4-L5 disc degeneration (blue
arrows). Other discs in the lumbar spine, including the L5-S1 disc that normally experiences the greatest axial load, are spared from degen-
eration.7 Image courtesy Sharma et al 2017.
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3. Biomechanical in vitro testing studies making use of

human and non-human cadaveric material

4. In vivo animal studies reporting on the associa-

tion between induced vertebral damage and IVD

degeneration

The exclusion criteria were:

1. Studies reporting clinical data on the surgical treatment

of bony stress fracture in the spine

Search Strategy

A review of the literature was undertaken following the Pre-

ferred Reporting Items for Systematic Reviews and Meta-Anal-

yses (PRISMA) guidelines.15 Electronic databases Scopus,

PubMed, and MEDLINE, were searched using relevant key-

words for journal articles and book chapters in English, pub-

lished between January 1980 and February 2020. The search

strategy, as presented schematically in Figure 2, was intention-

ally designed to be of high sensitivity and low specificity to

ensure that a minimum of potentially relevant studies was

excluded based on poor keyword assignment or regional varia-

tions in terminology and spelling.

Study Selection

Abstract screening, full-text review for the eligibility criteria

were used to include relevant studies. This process was con-

ducted by 2 reviewers (DC and UC).

Data Extraction and Risk of Bias

Studies included in the final search were read, analyzed, and

synthesized independently by 2 reviewers (DC and UC).

A third reviewer (ADD) was available to resolve any dis-

agreement between the 2 reviewers but was not needed. Due

to the heterogeneity in the type of studies considered, the risk

of bias was independently assessed for each study (instead of

using a bias assessment tool). Data extracted from clinical

studies varied depending on how the outcomes were reported

and included specific details about the cohort, outcomes

assessed, and results. The primary outcome of interest was

the evidence of association (or lack thereof) between bony

stress and IVD degeneration in the lumbar spine, defined as

Figure 2. Database search strategy and keywords used in the systematic review. Numbers under each search term represent the number of
results returned from MEDLINE via OVID, PubMed, and Scopus online databases, respectively. The actual search included the use of synonyms
and truncation for high sensitivity and low specificity.
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an increased (or unchanged) prevalence of bony stress with

IVD degeneration.

Data Presentation

Due to heterogeneity in the type of studies included in the

review and the outcomes reported, a meta-analysis of the data

could not be undertaken. Therefore, data was collated into

tables grouped by the type of study, and a narrative overview

of the results was presented. Pictograms of the lumbar spine

were used to present the synthesis of results from basic science

and clinical studies separately (Figures 3 and 4).

Results

The search identified 2810 potential studies with 2395 studies

remaining after duplicates were removed. Following a review

of the titles and abstracts of all 2395 studies, 73 studies were

identified for potential inclusion. On examination of the full

texts against the inclusion criteria, 32 were included in the final

review. Reference lists from these 32 studies were further

Figure 3.Color coordinated diagram showing positive associations between bony stress, intervertebral disc (IVD) degeneration and load in the
lumbar spine segment as reported in various cadaveric, live animal, and finite element modeling studies. A color represents each loading force,
and its corresponding region of positive association is shown with the same colored star or cross. A positive association was defined as an
increased prevalence of bony stress with IVD degeneration or vice versa. The gray star has no corresponding load.

4 Global Spine Journal



968	 Global Spine Journal 12(5)

reviewed for identifying relevant studies, but none were found.

A flowchart of the selection process is presented in Figure 5.

The characteristics of each of the 32 studies are presented in

Table 1. Eight clinical, 9 FE analysis, 3 in-vivo biomechanical

testing, and 12 in-vitro biomechanical testing studies are pre-

sented in this review. In the clinical studies, cohort sizes ranged

from n¼ 22 to 642. The studies included retrospective reviews,

cross sectional studies and prospective follow-up studies. Basic

science studies (FE analysis, in-vivo biomechanical testing and

in-vitro biomechanical testing) were mostly cross-sectional.

Cohort sizes ranged from n ¼ 15 to 24 for the in-vivo biome-

chanical testing studies and n ¼ 6 to 600 for the in-vitro bio-

mechanical testing studies. All FE analysis studies based their

model on data from one human subject.

Risk of bias was assessed in each study. Limitations

included small cohort (or sample) sizes, observer bias, publi-

cation bias and selection bias, as well as bias from more recent

publications using data from older publications. However, no

Figure 4. Color coordinated diagram showing positive associations between bony stress and intervertebral disc (IVD) degeneration in the
lumbar motion segment based on data extracted from clinical studies. A positive association between nucleus pulposus degeneration and bony
stress in the pars interarticularis is shown in red, and a positive association between annular degeneration and bony stress in the pars
interarticularis and the pedicle is shown in green. A positive association was defined as an increased prevalence of bony stress with IVD
degeneration.
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study was excluded based on the risk of bias. The majority of

studies (59%) reported positive associations between bony

stress and IVD degeneration; 13% reported a negative asso-

ciation and 28% did not conclude. The majority (63%) of

human studies reported a positive association, none reported

a negative association, and 37% did not conclude. The major-

ity (56%) of FE modeling studies reported a positive associ-

ation; 22% reported a negative association, and 22% did not

conclude. None of the in-vivo biomechanical testing studies

reported a positive association; 33% reported a negative asso-

ciation, and 67% did not conclude. The majority (75%) of in-

vitro biomechanical testing studies reported a positive asso-

ciation; 8% reported a negative association, and 17% did not

conclude.

The data from basic science and clinical studies was synthe-

sized separately and presented spatially using pictograms of the

lumbar spine (Figure 3 and 4).

Discussion

This translational review aimed to examine the relationship

between bony stress and IVD degeneration in the lumbar spine

by analyzing evidence from the published literature. A total of

32 studies met the inclusion criteria for this review. Of those 32

studies, 19 reported evidence supporting a positive association

and 4 reported evidence supporting a negative association or no

association between bony stress and IVD degeneration. Nine

studies did not provide any evidence on the nature of the

PRISMA 2009 Flow Diagram
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relationship between IVD degeneration and bony stress. None-

theless, the results were synthesized and included for the com-

pleteness of the literature review. The presence of various

biases in the studies included in this review, however, limits

the interpretation of the results.

Data from FE analysis and in-vitro biomechanical testing

studies suggest that bony stress and IVD degeneration are posi-

tively correlated. A wide range of experiments investigating

the forces transmitting through the lumbar spine in human and

animal cadaveric and FE models have been conducted across

the 21 basic science studies included in this review. Most

reported a specific load placed onto the lumbar spine that

led to both bony stress and IVD degeneration (shown in

Figure 3).14,22-25,28-30,34-40,42-44 Cyclical axial load was found

to positively correlate with increased NP stress and stress in the

pars interarticularis.24,38-40,42 These findings suggest that

abnormal cyclical loading may lead to increased stress in the

NP and redistribution of stress in the pars interarticularis

region, which may eventually progress to a spondylolytic

defect. Using a FE model of lumbar spine subjected to axial

loads, Du et al (2014) reported an increase in stress in the

cephalad vertebral body, caudal pedicle, posterior IVD and the

endplates.25 Whether an increased load is associated with bony

stress and/or microtrabecular injury is not fully understood.

However, data from in-vivo biomechanical testing studies

suggest that bony stress and IVD degeneration are negatively

correlated. Animal studies allow for in-vivo examination of

spine models, which introduces important concepts of bone

remodeling and use of muscles and ligaments.46 Ryan et al

(2008) found that applying an asymmetrical load to pig spinal

segments resulted in increased stress in the annulus fibrosus

(AF) and vertebral bone adjacent to the AF when compared to a

symmetrical load.34 Baranto et al (2005) found that pigs with

induced IVD degeneration (hole drilled through the endplate)

were able to bear more compressive load and had altered stress

distribution in the bone compared to those without IVD degen-

eration.32 The results suggest a negative correlation between

bony stress and IVD degeneration, where bony stress does not

occur in the presence of IVD degeneration, but rather bone

remodeling occurs as a protective mechanism for the IVD.

However, cohort sizes in the in-vivo studies ranged from

15 to 24; and with different animal models used the degree

to which results may be compared across studies and are trans-

latable to clinical settings remains unclear.31-33

The majority of the clinical studies provided evidence for a

positive correlation between bony stress and IVD degeneration

(shown in Figure 4); none supported a negative correlation.

Outcomes were consistent throughout the clinical studies that

showed a positive correlation, with all studies using MRI to

diagnose bony stress and IVD degeneration.6,7,18-21 Chepurin

et al (2019) found that in a group of 55 patients with bony

stress, 38 (69%) had IVD degeneration; whereas in a control

group of 75 patients without bony stress, 37 (49%) had IVD

degeneration.21 Sharma et al (2014) compared IVDs adjacent

to segments with bony stress with non-adjacent IVDs and

found an increased burden of AF tears (0.6 versus 0.28) and

NP degeneration (13% versus 2%) in IVDs adjacent to the

stressed segments.6 Sharma et al (2017) conducted a follow-up

study of bony stress patients for a minimum of 6 months and

found that AF fissures, radial fissures and IVD herniations are

more prevalent in bony stress segments compared to the control

segments.7 Progressive IVD degeneration was observed in

stressed IVDs irrespective of bone healing,7 which may suggest

the importance of diagnosing early signs of bony stress even if

the healing occurs in subsequent follow-up scans. Bony stress

may also be a contributing factor to the non-specific LBP, due

to its association with IVD degeneration or due to the micro-

trabecular injury alone or both. However, this hypothesis needs

further clinical investigation.

This review noted several gaps in the literature on the asso-

ciation between bony stress and lumbar IVD degeneration.

There is not enough evidence to suggest that IVD degeneration

is a cause of bony stress in the lumbar spine or vice versa.

Whether one is a pathological sequela of the other, or whether

the 2 constitute a protective mechanism to mitigate further

degenerative changes in the lumbar spine is unknown. Relia-

bility of the results may also be limited in some studies due to

small sample sizes and specific population inclusion criteria

(some studied athletes only), and difficulty replicating lumbar

spinal loading. Hence it is difficult to generalize the results to

broader patient populations. There is evidence of potential

sources of bias throughout the literature, including observer

bias and publication bias regarding the non-significant associ-

ation. The small number of clinical studies, lack of high-quality

evidence cohort studies, and heterogeneity in the outcome mea-

sures for the included studies are limitations that should be

taken into account when interpreting results discussed in this

review. While basic science studies help elucidate the relation-

ship between bony stress and IVD degeneration, animal and

numerical models used in such studies have different biome-

chanical and physiological characteristics compared with

humans. Therefore, results from such studies must be viewed

in light of those differences. Most of the studies examined bony

stress in the pars interarticularis, but not in other regions of the

lumbar spine. It is unclear if this is because the pars interarti-

cularis has historically been studied more, or it is easier to

visualize and diagnose bony stress in the pars interarticularis.

The results of these studies may differ if bony stress in other

regions were also assessed.

To our knowledge, this is the first review of the literature

examining the relationship between bony stress and IVD

degeneration in the lumbar spine. This review combines evi-

dence from basic science (FE analysis, in-vivo biomechanical

testing and in-vitro biomechanical testing studies) and clinical

studies. Studies utilizing FE analysis can control various para-

meters and attempt to understand the influence of just one

parameter on the outcomes. Cadaveric studies utilize human

or animal spinal tissues for in-vitro testing to examine altered

biomechanics in specimens with induced defects. In-vivo ani-

mal studies simulate pathological conditions or interventions to

understand the biological and biomechanical response in some-

what more realistic conditions. This translational review was
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designed to be inclusive of different types of studies to synthe-

size all available evidence to understand better the pathophy-

siology of bony stress in the lumbar spine and its relationship

with IVD degeneration.

Conclusion

As evident from the majority of clinical and basic science

studies, this translational review suggests that there is a positive

associative relationship between bony stress and IVD degen-

eration in the lumbar spine. Bony stress in the lumbar spine

may cause LBP due to its association with IVD degeneration,

microtrabecular injury/inflammation or both. The prevalence

of IVD degeneration increases with bony stress in the lumbar

spine. In adolescents, bony stress in the lumbar vertebra may

heal with time; however, the prevalence of IVD degeneration is

higher in such individuals even after bony stress has resolved.

We, therefore, recommend a careful diagnosis of bony stress in

younger patients presenting with or without IVD degeneration,

so that the increased likelihood of early IVD degeneration in

such patients can be effectively managed. However, there is

insufficient evidence to suggest whether IVD degeneration is

the cause or the consequence of bony stress in the lumbar spine.

This review has identified a need for further basic science and

clinical research to elucidate the role of bony stress in causing

degenerative changes in the lumbar spine and LBP.
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