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Abstract

Objectives: To evaluate the controversies surrounding imaging modalities for diagnosing instability in lumbar degenerative spon-

dylolisthesis (LDS) and their clinical implications for surgical decision-making.

Methods: A comprehensive review of conventional and advanced imaging techniques, including standing lateral and dynamic flex-
ion-extension X-rays, MRI, and CT, was conducted. Their advantages, limitations, and reliability in detecting instability in LDS were

analyzed based on existing literature.

Results: Conventional radiographs remain the primary tool for assessing instability but have limitations in detecting subtle cases.
MRI and CT provide valuable insights into disc degeneration, facet joint integrity, and neural element compression but may not reli-
ably quantify instability. The lack of a standardized imaging protocol contributes to ongoing debate.

Conclusion: Accurate imaging-based assessment of instability in LDS is essential for optimizing patient selection for surgical inter-
vention. Further research is needed to establish standardized imaging criteria that enhance diagnostic accuracy and improve clinical

outcomes.
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Abbreviations

LDS: Lumbar Degenerative Spondylolisthesis; LBP: Low Back Pain; MRI: Magnetic Resonance Imaging; CT: Computed Tomography;
SPECT: Single Photon Emission Computed Tomography; PLC: Posterior Ligament Complex; SSL: Supraspinous Ligament; ISL: Iliolumbar
Ligament; LF: Ligamentum Flavum; TLICS: Thoracolumbar Injury Classification and Severity Score; IAR: Instantaneous Axis of Rotation;

AP: Anterior-Posterior; VP: Vacuum Phenomenon; 99mTc MDP: Technetium-99m Methylene Diphosphonate

Introduction

Degenerative spondylolisthesis (LDS) of the lumbar spine is often linked to segmental instability, which can lead to consideration of

lumbar fusion surgery [1]. However, the presence of (LDS) does not inherently indicate instability, as studies have shown no statistically
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significant association between LDS and the occurrence of low back pain (LBP) [2,3]. This is because LBP may stabilize naturally over time
[4-6]. Surgical decisions should account for the condition’s natural progression, clinical symptoms, and co-relation with imaging findings

rather than solely relying on the diagnosis of LDS.

Defining lumbar spine instability remains challenging due to inadequately established clinical criteria and ambiguities and controver-
sies in radiologic assessments [7]. Despite various imaging modalities, no consensus exists on the most effective diagnostic approach, as
most current methods fail to fully capture load-deformation characteristics crucial for assessing biomechanical instability. This review
aims to assess the diagnostic accuracy of radiological markers indicative of instability, emphasizing the limitations of the methods and the
controversies regarding their interpretation and clinical relevance. The findings are intended to enhance diagnostic accuracy and inform

subsequent management strategies.

Materials and Methods

A literature review was conducted across PubMed, Scopus, Web of Science, and Google Scholar databases, encompassing studies pub-
lished up to December 2024. The search strategy utilized keywords such as “degenerative spondylolisthesis”, “lumbar instability”, “low

” o« » o«

back pain”, “radiological assessment”, “segmental instability”, and “lumbar spine”.

Results and Discussion

The review focused on studies examining the use of radiological methods to diagnose lumbar instability in symptomatic patients with
degenerative spondylolisthesis (LDS). Studies were assessed for quality based on design, methodology, clarity, and consistency. Data is
narratively synthesized to compare techniques, criteria, prevalence, evidence, and controversies in diagnosing instability. Ethical review

was not required as only published articles were used in this review.

Definition and mechanisms of lumbar spinal instability

A spinal motion segment comprises two adjacent vertebrae, an intervertebral disc, ligaments, and joints, providing stability by limiting
excessive movement. Lumbar spinal instability occurs when segmental stiffness is lost, resulting in abnormal motion under normal ap-
plied loads and an inability to maintain intervertebral neutral zones within physiological limits, potentially causing pain, deformity, and

neurological risks [8-10].

The pathodynamics of degenerative lumbar intervertebral instability: Mechanisms and stages

The reported prevalence of degenerative spondylolisthesis in the general population varies widely, ranging from 6% to 20%, depend-
ing on the population studied. Degenerative spondylolisthesis most commonly occurs at L4-L5 level with a higher prevalence in females
(5.9%) compared to males (1.5%). This is due to high shear forces due to the stresses of upright posture and a more sagittal orientation of
the facet joint at L4-L5. A more sagittal facet joint alignment increases the risk of vertebral slippage because although L5-S1 experiences

higher shear forces, its more coronally oriented facets provide greater stability [11].

Disc degeneration typically begins around the age of 30. It leads to disc collapse and pathological alterations in the vertebrae, liga-
ments, and spinal canal [12]. These changes can potentially lead to spondylolisthesis however there is no significant link between disc
degeneration and abnormal motion. Studies linking disk degeneration to instability, have reported conflicting findings [13,14]. Lumbar
instability in LDS progresses through stages of dysfunction, instability, and stabilization, which can be identified as multidirectional shifts
or rotations on imaging [5]. Changes in intervertebral mobility across stages highlight the dynamic nature of lumbar instability, therefore,

the radiological presence of spondylolisthesis does not always indicate active instability [5,12].
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Radiographic assessment of lumbar instability

Indirect radiographic signs suggesting instability include moderate disc degeneration, traction spurs, the intervertebral vacuum phe-
nomenon (VP), and transitional vertebrae. Since they can also be observed in healthy individuals or in conjunction with other conditions,

their diagnostic value remains uncertain [5,15,16].

The presence of intradiscal gas on X-rays, CT scans and MRI, known as the vacuum phenomenon, was first described by Knutsson in
1944. It is widely regarded as a sign of segmental instability and may correlate with axial pain. However, this phenomenon has also been
observed in asymptomatic individuals and other conditions which include degenerative disc disease, osteoporotic vertebral fractures and
rarely, spinal infections and malignancies such as multiple myeloma. The presence of intradiscal gas is a crucial factor in planning spinal
fusion surgery. Since it signifies segmental instability, it may impact the extent of fusion required [17]. Therefore, clinical correlation is

essential when interpreting this finding [18].

The presence of traction spurs on radiographs has also been linked to instability. It is speculated that abnormal motion or stress on
the outermost annular fibres at the affected spinal segment leads to the formation of these horizontally oriented bony outgrowths at the
vertebral margin. Traction spurs typically reflect early-stage disc degeneration, temporary dysfunction. Their presence alongside claw
osteophytes, suggests that they may be part of the same degenerative process. They can be useful in preoperative evaluations and post-fu-
sion assessments but cannot be considered definitive markers of instability [18]. Their exact role and significance in diagnosing lumbar

instability remain controversial.

Dynamic imaging: Debates on the best position to reveal lumbar instability

Lumbar spine’s movement during physiological flexion and extension has been studied using various methods, but no consistent
pattern of motion of each individual segment during these movements has been observed [19]. Mimura (1990) utilized bi-plane X-ray
analysis to study motion patterns of the spine. They observed that rotational motion at each segment in the normal lumbar spine ranged
from 2 to 3 degrees. In LDS, degeneration disrupts the instantaneous axis of rotation. This leads to complex biomechanical changes, with
increased flexion and rotation. This potentially contributes to instability and symptoms [20]. Gertzbein., et al. (1985) in a cadaveric study
also demonstrated that degeneration leads to complex movement patterns in the spine, causing erratic motion due to changes in the in-

stantaneous axis of rotation (IAR), leading to instability and back pain [21].

Knutsson in 1944 introduced erect flexion-extension radiographs. This represented a groundbreaking advancement in the diagnosis
of spinal instability. Flexion and extension X-rays evaluate translation (e.g. anterolisthesis or retrolisthesis) and angular motion. Excessive or

abnormal movement suggests instability [17].

Pope and Panjabi in 1985 theorised that reduced stiffness may increase vertebral motion which can contribute to instability and back

pain [22]. This prompted researchers to investigate various radiographic positions, to identify abnormal motion indicative of instability.

Erect X-ray radiography at present is the most widely utilized method by spine surgeons to reveal increased segmental motion, pri-
marily due to its simplicity, accessibility, and low cost [17,23]. However, the accuracy and reliability of erect flexion-extension radiographs
is a debatable topic, as it relies on patient cooperation, movement, measurement precision and technique. Few studies have advocated
side-lying full flexion-extension X-ray. The argument is that this position reduces muscle bracing and pain, potentially revealing instabil-
ity more clearly [24,25]. Conversely, still, other studies contested the view that intervertebral motion decreases in a recumbent position
due to the absence of body weight, suggesting standing radiographs may better detect instability [26,27]. Still others have suggested

supine-prone, and dynamic seated postures [28].
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Lateral X-rays are valuable in evaluating vertebral translation and rotation as markers of spinal instability, but the independent assess-
ment of these movements remains contentious. Wood., et al. demonstrated that flexion-extension X-rays in the lateral decubitus position
revealed more abnormal translation than erect radiographs, though dynamic angulation was unaffected by patient positioning. They rec-
ommended lateral decubitus X-rays for optimizing motion assessment in spondylolisthesis [24]. Cabraja., et al. found that recumbent ra-
diography better identified sagittal translation, while standard erect flexion-extension imaging was superior for detecting sagittal rotation
[29]. To the debate, Paris introduced the concept of hypermobility as distinct from instability. They argued that radiographs fail to capture
true functional motion. Spinal palpation better detects irregular movements such as vertebral slips or vertebral positional changes [30].
Their findings highlight the importance of clinical assessments in diagnosing spinal instability, perhaps even outweighing radiographic
imaging. Soini., et al. (1991) also challenged the diagnostic utility of flexion-extension radiography in identifying lumbar spine instabil-
ity. They studied the relationship between disc degeneration and spinal motion using plain radiography, flexion-extension radiography,
and discography and found no significant association between disc degeneration and abnormal angular movement, indicating that disc
degeneration does not necessarily result in instability [13]. These contrasting perspectives highlight the ongoing debate about instability

and the lack of consensus in the field.

Lateral instability in the coronal plane has received less attention in research despite being linked to more severe symptoms and
reduced lumbar lordosis angles. Wang., et al. highlighted the limitations of conventional assessments and advocated for the inclusion of
right and left-bending radiographs to provide a more comprehensive evaluation [31]. This recommendation underscores the ongoing

debate over the adequacy of existing diagnostic methods for capturing the full spectrum of spinal instability.

Defining segmental instability: Criteria, variability, and clinical implications

[s sagittal rotation or sagittal translation alone sufficient to define segmental instability, or should both be present to consider a seg-

ment as unstable?

A 1990 study involving 40 asymptomatic male volunteers aged 19 to 43 examined physiologic lumbar spine motion using weight-bear-
ing lateral flexion-extension radiographs. The study found that dynamic anterior-posterior (AP) translation was a more accurate indicator
of lumbar segmental instability than static measurements. 42% of the study participants showed static olisthesis over 3.0 mm. Lumbar
angular rotation ranged from 7.7 to 9.4 degrees in normal individuals, with the greatest motion observed at L4-L5 and L5-S1. The study
concluded that a dynamic translation greater than 3 mm or more than 8% of vertebral width on flexion-extension radiographs should be
considered a marker of lumbar segmental instability, a criterion which is still widely accepted [32]. However, as the study included only
young male subjects, it raises questions about the applicability of these criteria to older individuals and females, who are more frequently

affected by degenerative spondylolisthesis.

A systematic review highlighted variability in Diagnostic criteria for defining instability, 24% studies used dynamic sagittal translation
alone, 26% included both dynamic translation and angulation, and 8% relied on narrative definitions [33]. Chatprem., et al. in their study
used the criteria for lumbar instability, requiring either rotational or translational instability in two segments, or both in one. Instability is
his study was defined by sagittal translation > 4.5 mm and rotational movement exceeding 15° at L1-2, 20° at L4-5, and 25° at L5-S1 during
flexion and extension [25]. Posner., et al. recommended measuring horizontal displacement as a percentage of the upper vertebral body’s
width, rather than using absolute displacement values. This approach accounts for variations in X-ray magnification caused by differing
distances between the X-ray tube, patient, and imaging plate, thereby enhancing measurement accuracy. Based on their experimental
laboratory study using cadavers, Posner., et al. proposed that a spinal segment can be defined as unstable if translation exceeds > 6% (*
2%) of the vertebral width from L1-L2 to L4-L5, or > 4% (* 4%) at L5-S1. Additionally, sagittal rotation exceeding 6° (+ 4°) from L1-L2 to
L4-L5, or 5° (* 7°) at L5-S1, also indicates instability [34]. These values are closely aligned with those employed in clinical studies to guide

the selection of candidates for lumbar fusion treatment [35,36].
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Despite multiple studies, there is no universal consensus on diagnostic thresholds for segmental instability. Common values, such as
10° for sagittal rotation and 4 mm for translation, remain arbitrary and unstandardized [37]. This highlights the need for further research

to establish clear guidelines and improve diagnostic accuracy.

MRI in lumbar instability: Findings, controversies and limitations

MRI studies suggest that while degenerative disc disease and facet joint osteoarthritis affect motion segment stability, their relation-
ship with vertebral instability remains unclear. Murata., et al. found no significant correlation between MRI findings of disc degeneration
and instability on flexion-extension radiography [14]. Min., et al. observed that disc and facet degeneration increase translational motion

but limit excessive angular motion [38]. Fujiwara., et al. associated anterior translation = 3 mm with disc and facet degeneration [39].

Facet joint oedema and effusions, particularly large effusions (1-1.5 mm) at the L4-L5 level, are strong indicators of instability in lum-
bar degenerative spondylolisthesis (LDS). When LDS is not apparent on supine MRI in the presence of facet effusion, stress-loading flex-
ion-extension X-rays are recommended to assess the presence of dynamic instability [40,41]. However, the presence of facet joint effusion
is not always associated with instability. A study reported that 7% of patients with facet fluid signals on MRI did not exhibit instability on
lateral radiographs, while 17% of patients with instability on lateral radiographs showed no fluid signal on MRI. These findings suggest

that both radiographic and MRI evaluation are necessary for clinical decision-making [42].

MRI is widely used to evaluate spinal canal narrowing and ligament integrity. In patients who report standing or upright positional
pain supine MRI may not fully capture the extent of angulation or instability in degenerative conditions [14]. Positional MRI studies have
demonstrated that posture significantly influences the dural sac’s cross-sectional area at the intervertebral disc level. The smallest values
are observed in the supine position. When transitioning from a supine to a standing position, the lumbar dural sac volume expands due
to increased cerebrospinal fluid pressure, resulting in a larger cross-sectional area. Erect Dynamic MR, and axial-loaded MRI, which sim-
ulates an upright posture through pelvic loading, have shown superior accuracy in detecting olisthesis and correlating lumbar stenosis
symptoms with changes in the dural sac area under load [38,43-45]. Weishaupt., et al. also found that neural foramina size varies with
body position, reinforcing the concept of dynamic foraminal stenosis. Positional MRI can be valuable for diagnosis, as pain level changes

are closely associated with foraminal narrowing [46].

Facet synovial cysts are associated with degenerative spinal conditions like osteoarthritis, degenerative disc disease, and spondylolis-
thesis, but their pathogenesis and association with spinal instability remain debated, with uncertainty about which condition precedes or
contributes to the other [47,48]. While some suggest facet joint instability contributes to its development, their role as definitive markers
of instability is controversial [49]. Doyle and Merrilees found a higher incidence and severity of facet joint arthritis and degenerative
spondylolisthesis in patients with synovial cysts compared to those without [47]. A meta-analysis found spondylolisthesis with synovial
cyst herniation in 42.5% to 45% of cases, with affected patients significantly more likely to undergo initial fusion surgery (odds ratio 11.5,
*P* < 0.0001) and face a higher risk of reoperation (odds ratio 2.0, *P* = 0.088) due to lumbar instability [50].

Facet joint opening and subchondral sclerosis on MRI are also recognized as strong indicators of segmental instability, with joint open-
ing being the most predictive marker. Facet degeneration can lead to anterior subluxation, which is detectable on weight-bearing lateral
X-rays, whereas supine MRI may reveal a facet gap as the spine shifts backwards when unloaded. Facet degeneration typically develops

up to 20 years after disc degeneration, making it neither an early nor a reliable marker of instability [51].

The posterior ligament complex (PLC) is utilized in the thoracolumbar injury classification and severity (TLICS) Score system to as-
sess spinal fracture stability. This may also play a role in diagnosing chronic lumbar instability in LDS. High-intensity signals in the in-

terspinous ligaments indicate segmental instability whereas advanced degeneration of the supraspinous ligament (SSL) should prompt
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further evaluation for lumbar instability [52]. Degeneration and alterations in the iliolumbar ligament (ISL) and ligamentum flavum (LF)

are regarded as less reliable indicators of instability [52,53].

The role of computed tomography in diagnosing lumbar instability

Computed tomography (CT) is better than standard radiography in detecting lumbar instability. It provides high-resolution imaging
of disc degeneration, spinal canal narrowing, and facet joint hypertrophy. It is particularly effective in identifying the vacuum facet phe-
nomenon, a strong indicator of segmental instability in degenerative spondylolisthesis [54]. CT myelography is the preferred method
for confirming spinal canal narrowing or nerve root compression when MRI is not feasible. Plain CT can serve as an alternative when CT
myelography is not possible. Functional CT, including the “twist test”, can detect abnormal vertebral motion. It may also reveal a gap in
the facet joint space or a vacuum phenomenon [5]. However, its use is limited by radiation exposure, and the reliability of these findings
in distinguishing normal from unstable spines remains uncertain [23]. Consistency and standardized protocols, which are crucial for

accurate CT-based assessments of lumbar instability, are currently lacking.

Single photon emission computed tomography (SPECT) is increasingly being recognized as a valuable tool for detecting spinal insta-
bility and guiding interventions in chronic low back pain. Its integration with three-dimensional (3D) data acquisition enhances spatial
resolution, and when combined with CT, it allows for precise pain localization and detailed identification of associated pathologies like
discogenic backpain, facet joint disease and pars defects. Compared to plain radiographs and conventional bone scans, SPECT, particularly
with 99mTc MDP, offers greater sensitivity. It is especially beneficial for patients with implants, as it minimizes artifacts from surgical
metalwork. However, its use in younger individuals with benign conditions should be approached with caution due to increased radiation

exposure. To reduce this risk, low-dose CT protocols should be considered [55].

Conclusion

Radiological evidence of spondylolisthesis does not necessarily indicate active instability. Studies have found no strong correlation
between spondylolysis or spondylolisthesis on CT and the occurrence of low back pain (LBP), suggesting these conditions are not the

primary causes of LBP in the general population.

Imaging plays a crucial role in confirming instability in lumbar degenerative spondylolisthesis (LDS) and assessing its severity. Stand-
ing lateral radiographs are reliable for diagnosing LDS, while flexion-extension X-rays help evaluate lumbar instability. MRI is the pre-
ferred modality for detecting spinal stenosis in patients with neurological symptoms, whereas CT and SPECT serve as an alternative
when MRI is not feasible or inconclusive. However, despite its importance in diagnosis and treatment planning, imaging has limitations in

establishing a direct link between radiological findings and functional instability.
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