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Abstract

Background: Lumbar vacuum phenomenon (VP) within the intervertebral disc has been classified based on CT imaging. We compared same-
patient sagittal CT images and dynamic flexion-extension X-rays to determine if there is a difference in the amount of vertebral instability present

between three VP morphologies on CT.

Methods: Anterior subluxation measurements on x-ray were compared with same-segment VP on CT images from the same patient when both
findings were present. VP were classified as spot, island, or linear. It was determined if there was a difference in the amount of anterior subluxation
between the three morphologies. Secondary analysis looked at whether there was a difference in anterior subluxation between the three groups if

patients had undergone a prior lumbar fusion surgery or not.

Results: There was no difference in anterior subluxation between the three groups on dynamic flexionextension x-rays. There was also no
difference between the three groups on flexion-extension x-rays when patients were separated based on if they had received or not received
a previous lumbar fusion surgery.Conclusion: IVD VP morphology is not a useful indicator in determining vertebral instability preoperatively
according to CT scan. Further fine-tuning of an IVD VP CT classification is needed to help radiologists and spine surgeons know when IVD VP

presence is important.

Keywords: Vacuum phenomenon - Intervertebral disc « Intervertebral disc degeneration « Lumbar spinal instability « Computed tomography

flexion-extension X-rays * Lumbar spinal stenosis » Lumbar fusion

Abbreviations: IVD: Intervertebral Disc; AF: Annulus Fibrosis; NP: Nucleus Propulsus; VP: Vacuum Phenomenon; ADH: Anterior Disk Height;
PDH: Posterior Disk Height; IS: Isthmic Spondylolisthesis; DS: Degenerative Spondylolisthesis

Introduction
Background

As Intervertebral Disc (IVD) degeneration progresses, vertebral instability
may ensue. Traditionally, flexionextension x-ray images of the spine have been
utilized by spine surgeons prior to surgery to determine if dynamic subluxation
of adjacent vertebrae or disc height narrowing is present, which helps guide
surgical treatment. For instance, the presence of dynamic subluxation pre-
operatively may indicate that spinal decompression surgery for spinal stenosis
or nerve root impingement may render the spine even more unstable and
requires the additional need for fusion with rod and screw constructs or
interbody devices [1].

Adjacent vertebrae articulate via the facet joints, but also through the
vertebral bodies themselves. Each vertebral segment consists of a cranial
and caudal vertebral body and its IVD. These discs allow for flexibility of
the vertebral column without the significant sacrifice of strength, as well as
providing a shock-absorbing effect. [2]. The IVD consists of an outer Annulus
Fibrosis (AF) made of 15-25 sheets or “lamellae” comprised of mostly collagen
fibers that provides tensile strength, while the inner Nucleus Propulsus (NP) is
comprised of proteoglycan molecules that absorb water, which allows the disc
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to resist compressive forces by dispersing hydraulic pressure throughout the
entire disc when loaded [3]. Aging results in the loss of proteoglycans, which
causes the NP to shrink and become fibrotic. More stress is transmitted to the
AF, causing it to thicken. As a result, the disc flattens, collagen fibers are lost
in the inner AF, and clefts and crevices can form [4,5]. The increasing size of
these clefts and crevices can lead to the accumulation of gases within them.

The Vacuum Phenomenon (VP) is a universally accepted term among
surgeons and radiologists referring to gaseous lucencies seen in the vertebral
bodies, IVD's, facet joints, and spinal canal on x-ray and CT imaging [6,7].
While originally thought to be due to a variety of pathologies, it has been
established in literature that lumbar spine VP is usually due to degenerative
changes, and is useful for eliminating infectious, malignant, or traumatic
spinal pathologies [8-10].Recently, CT imaging of VP has been classified
based on morphologic characteristics and location within the IVD. This 2-part
classification system has demonstrated that certain characteristics of IVD VP
are associated with degenerative disc disease and lumbar canal stenosis on
MRI, as well as disc height narrowing on x-ray imaging 3. With this study, we
look to implement this new classification scheme in our institution on patients
with both CT and dynamic flexion-extension x-rays from the same time period
to determine if VP morphology can predict vertebral instability prior to spine
surgery. If a correlation is present, VP on lumbar CT imaging may become a
useful radiologic tool for spine surgeons when analyzing different treatment
options pre-operatively. Furthermore, we will compare CT images and flexion-
extension x-rays on patients who have previously undergone lumbar fusion
to see if VP can measure vertebral instability post-operatively. We will also
compare our findings between those who have had previous fusion to those
who have not had a previous fusion.

Materials and Methods

A retrospective study was conducted at a community teaching hospital.
Institutional review board approval was obtained. Using our institution’s
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electronic radiology database, all patients who had undergone a lumbar
CT and lateral lumbar flexion-extension x-rays of the lumbar spine between
January 1, 2017-October 31,2019 were considered for enrollment in our study.
Males and females of all ethnic backgrounds and ages who had received both
radiologic studies during the same time period were included in our study.
Patients who had received prior lumbar surgery (i.e. vertebral augmentation,
decompression, fusion with screws/rods or inter body device, or discectomy)
prior to CT were included. If patients who had undergone surgery were
included, then x-rays and CT's both had to take place following surgery for
a valuable comparison. Exclusion criteria were patients who had imaging of
pathologies other than degenerative changes including infectious, malignant,
or traumatic findings.

Patient data were collected and managed using REDCap (Research
Electronic Data Capture) electronic data capture tools hosted at Ascension
Genesys Hospital. REDCap is a secure, web-based software platform
designed to support data capture for research studies. The presence of
IVD VP's was determined on CT images. Only VP located in discs between
T12-S1 were considered. If VP was present at discs in multiple level in the
lumbar spine, or multiple VP's were present within the same disc, the largest
measured VP was collected for our study in millimeters. Therefore, for the sake
of simplification, there is a 1:1 ratio of VP's to patients in our study. Using one
dimension of the CT VP classification system, spot was considered any circular
or oval-shaped VP less than 2 mm in diameter, while island was circular or
oval and greater than 2 mm in diameter. Linear VP was linear, serpentine, or
geographical shaped VP (Figure 1). Lateral flexion-extension radiographs of
the lumbar spine Page 4/15 were then looked at. Only the vertebral segments
including the measured VP’s were analyzed for dynamic subluxation (Figure
2). At these levels, we also measured the Anterior Disc Height (ADH) and
Posterior Disc Height (PDH). The ADH was measured as the distance between
the most anterior point of the cranial and caudal endplates, while the PDH was
the measurement between the most posterior points of the crania and caudal
endplates.The primary question of this study is whether there is a significant
difference between spot, island, and linear VP morphologies regarding anterior
subluxation on flexion-extension x-rays. Based on the sheer size of the island
and linear VP being greater than spot VP, we hypothesize that these two
morphologies will have a larger amount of dynamic subluxation on flexion-
extension radiographs than spot VP. Subanalysis questions included whether
there was a difference between ADH and PDH within the three morphologic
groups on either flexion or extension x-ray views. In order to eliminate a
potential confounding variable, we stratified the groups based on whether the
patients had received a prior lumbar fusion surgery or not, and within these two
groups, we compared the three different morphologies based on the amount
of dynamic subluxation. Lastly, we compared the size of the VP's of those who
had never had a previous lumbar surgery with those who have had a previous
lumbar surgery with the hypothesis that lumbar fusion would decrease VP size.

Statistical analysis

Descriptive statistics included frequencies and percentages. Student's
t-Test and One-way ANOVA were used to compare groups depending on
whether we were comparing between two or three means, respectively.
Significance was determined as a p-value < 0.05 at a 95% confidence level.

Results

In this study, 114 patients between the ages of 32 and 88 years old (mean
age: 63.3 years, SD: 13.1) were assessed. Of these patients, 80 (70.2%) did
not have previous surgery, while 34 (29.8%) did have previous surgery. Of the
114 patients included, 88 of the patients had measurable VP in at least one
level. Of these patients, 59 had no previous surgery, while 29 had previous
surgery.

Of the CT images with VP present, 8% were spot (n=7, no surgery=4,
previous surgery=3), 70.5% were island (n=62, no surgery=42, previous
surgery=20), and 21.6% were linear (n=19, no surgery=13, previous
surgery=6).
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Dynamic subluxation comparison between spot, island,
and linear VP

When comparing the amount of dynamic subluxation on flexion and
extension x-rays between spot,

Island, and linear morphologies, there was no significant difference in our
study (Table 1).

When patients were stratified based on no surgery vs. previous surgery
patients, there was no significant difference in Page 5/15 flexion or extension
subluxation between the three morphologies within the sample of patients with
no surgery or within those with previous surgery (Table 2).

When comparing flexion to extension x-rays within the same patients,
there was no subluxation significance within the spot group (p=0.56), island
group (p=0.45), or linear group (p=0.77).

Comparison of anterior and posterior disc height for
spot, island, and linear morphologies

We compared the anterior to posterior disc height on flexion x-rays and

Figure 1. VP Morphology: Image (A) Depicts Spot type VP (spot was considered any
circular or oval-shaped VP less than 2 mm in diameter); (B) Depicts Linear type VP
(Linear VP was linear, serpentine, or geographical shaped VP); (C) Depicts Island type
VP (island was circular or oval and greater than 2 mm in diameter).

Figure 2. Subluxation Measurement: Dynamic anterior subluxation was measured on
lateral x-rays from the midbody posterior cortex of the cephalad vertebrae to the mid
body posterior cortex of the adjacent caudal vertebrae.
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Table 1. Dynamic subluxation comparison between spot, island and linear VP.

Flexion subluxation N Mean (standard deviation) P-value
7 4.9 (5.5) 0.29
Spot 62 2.8(5.4)
Island 19 13(5.2)
Linear
Extension subluxation 7 3.3(3.9) 0.83
Spot 62 2.1(5.5)
Island 19 1.9 (4.8)
Linear
Table 2. Subluxation between no surgery and surgery.
Flexion N Mean (standard P-value
subluxation deviation)
No previous Spot 4 71(5.7) 0.15
Island 42 2.8(5.4)
surgery Linear 13 1.0(5.3)
Previous surgery Spot 3 1.8 (4.0) 0.88
Island 20 2.9 (5.4)
Linear 6 1.9(5.4)
Extension subluxation
No previous Spot 4 49(3.9) 0.56
Island 42 2.5(4.9)
surgery Linear 13 1.9 (4.6)
Previous surgery Spot 3 1.3(3.4) 0.96
Island 20 13(6.7)
Linear 6 2.2 (2.6)

found that there was a significant difference within the island group (p=0.007),
but there was no significant difference within the spot group (p=0.47) or linear
group (p=0.39). We then compared the anterior to posterior disc height on
extension views and found that there was a significant difference within the
island group (p<0.0001) and linear group (p=0.01), and the difference was
approaching significance within the spot group (p=0.08) (Table 3).

Comparison of VP size between no surgery and previous
surgery

On sagittal CT imaging, there is a significant difference in spot VP
size between no surgery and previous surgery groups (p=0.05; no surgery
mean=1.6, SD=0.2, previous surgery mean=1.1, SD=0.3). There is also a
significant difference in linear VP size between no surgery and previous surgery
groups (p=0.008; no surgery mean=15.6 SD=8.5, previous surgery mean=>5.7,
SD=2.0). No significant difference was found in island VP size between no
surgery and previous surgery groups (p=0.49; no surgery mean=17.9, SD=8.4,
previous surgery mean=16.3. SD=10.2).

Discussion

Chronic lower back pain is a common cause of disability and missed
work. Over the past three decades, epidemiological studies have shown
that it is the leading cause of years lived in the US with disability, and it is
a tremendous economic burden on society. It affects up to 84% of the adult
population. Lower back pain can stem from different etiologies including
muscular, ligamentous, or neurologic pain, as well as the more difficult to
diagnose discogenic or facetogenic pains [11]. Unless there are red flags
such as fevers, chills, increased age, a cancer diagnosis, or focal neurologic
symptoms, no imaging is recommended for lower back pain for at least 6
weeks.When conservative treatment has failed, or imaging is recommended,
MRI is the imaging modality of choice. Neurologic symptoms may stem from
causes such as disc herniations or spinal stenosis from Page 8/15 bony or
ligamentous hypertrophy [12]. Once a clear radiographic finding correlating
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with symptoms is established, and all conservative measures including pain
medications, physical therapy, and steroid injections have been exhausted, the
patient may decide to pursue surgical options, such as a discectomy or spinal
decompression surgery. At this point, surgeons often use CT imaging to better
understand the bony anatomy to help them prepare for surgery. Traditionally,
lateral flexion-extension radiographs are also utilized to determine if any
anterior-posterior dynamic subluxation of adjacent vertebrae is present. If so,
this may indicate vertebral instability and potentially necessitates the need for
a spinal fusion with rods and screws or interbody devices in addition to spinal
decompression (i.e. laminectomy) [13,14].

With lower back pain causing such a societal burden, it is important to
continue to discover the nuances of spinal radiology and surgery in order to
refine the diagnosis and treatment of lumbar spine disorders. Recently, there
has been much interest in finding validated radiographic indexes or direct
measures to better measure vertebral instability pre-operatively. Examples
of this include using facet joint effusion on MRI to determine translational or
rotational instability. Another potential method involves using the Quantitative
Stability Index based on MRI facet- fluid and flexion-extension radiographs.
Still, even more potential methods exist, such as defining the Neutral Zone,
which is the magnitude of residual displacement after loading and unloading a
vertebral segment in a certain direction and waiting 30 seconds. In this same
vein, we have looked at the presence of VP in the lumbar spine as a potential
indicator of vertebral instability [15-17].

VP was first reported within IVD's by Magnusson in 1937. In 1942,
Knuttson stated that VP was due to disc degeneration [18]. The gaseous
make-up within the discs was analyzed and determined to be approximately
92% nitrogen, along with oxygen, carbon dioxide, and other trace gases [19].
7,9 VP resurfaced in literature in the 1980's and was thought to be caused by
multiple etiologies including trauma, infection, malignancy, and degenerative
changes, 4 but multiple studies have demonstrated that its presence is largely
due to end stage degenerative changes. Its presence in literature has been
increasing in recent years, and it may be more than simply an incidental and
anecdotal finding [20].

Past studies have looked for a correlation between IVD VP presence and
vertebral instability focused on surgical outcomes in patients with same segment
spondylolisthesis and IVD VP presence [8]. They compared two different types
of spondylolisthesis, isthmic and degenerative (IS) and (DS). While there was
a larger presence of VP in IS patients compared to DS patients, the fusion
rate post-operatively was also higher in IS patients. Therefore, this study
concluded that IVD VP presence was not directly correlated with instability.
In another study, surgical outcomes in same segment spondylolisthesis and
VP. In their study, they treated patients surgically with posterolateral fusion

Table 3. Comparison of Anterior and Posterior disc height between spot, island and
linear morphologies between those who have and have not had previous surgery.

Posterior
Flexion Anterior disc height disc
subluxation height
Flexion Extension Flexion Extension
N "("S"’S;‘ Mean(SD) N Mean (SD) Mean (SD)
7.5
Spot 4 1) 9.9 (7.4) 4 7.1(46) 5.6(3.3)
No previous 8.5
surgery Island 12 (53) 9.9(6.1) 42 6.1(3.6) 5.8(3.5)
Linear 13 (g;) 7.0 (4.2) 13 4331 39(21
Total 59 59
Previous Spot 3 99 10.6 (4.9) 3 71(1.7) 5.5(5)
(3.9)
surgery 00
Island 20 (161) 9.3 (4.4) 20 7831 6.2(31)
. 8.4
Linear 6 9.3 (4.4) 6 7.7(45) 7.0(3.3)
(4.6)
29 29
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either with or without the addition of an interbody device [21]. Less translation
in the patients with interbody devices led them to conclude that VP presence
at the same segment of spondylolisthesis, does indicate vertebral instability.
These conflicting results led us to research if certain variables, such as size
and shape, of VP may play a role in instability.

A 2018 classification system desiging by demonstrated that morphologic
characteristics on sagittal CT and location on axial CT may be more closely
associated with degenerative changes or disc height loss on MRI. This was
the first time VP was classified on CT and may help radiologists determine the
nuances of VP to gain a better understanding of when to mention VP in their
readings. Morphology on CT images was separated into three categories: spot
(less than 2 mm), island (greater than 2 mm), and linear. Larger island VP’s
greater than 2 mm were significant indicators of decreased disc height. Bothm
Island and linear VP’s werem significant indicators of high-grade degenerative
disc changes on MRI. Due to the fact that most patients undergoing spine
surgery have received CT imaging and lateral flexionextension x-rays for
pre-operative surgical guidance, we decided to retrospectively look for the
presence of VP on sagittal CT and use [3]. Morphologic component of the
classification system of island (less than 2 mm), spot (greater than 2 mm),
and linear morphologies to determine which morphology is correlated with
increased dynamic subluxation or loss of disc height on lateral flexion extension
x-rays [22]. Furthermore, we performed these analyses between patients who
have and who have not had previous lumbar surgery.

We hypothesized that the larger sized island and linear VP's would have
larger amounts of subluxation and decreased ADH and PDH compared to the
smaller spot VP’s. After performing a statistical analysis, we in fact, did not find
a significant difference in any of these parameters during a 3-way comparison
of the morphologies. There may be multiple reasons for this finding. First, by
strictly adhering to the categorical classification system, we did not separate
within island or linear VP based on their size. For example, a 3 mm island VP
was considered equal to a 20 mmisland VP. Atiered classification distinguishing
between smaller, medium, and larger sizes of island and linear VP may have
provided more clarity. Second, while attempting to elucidate if one or two VP
morphologies were more likely to cause vertebral instability, we compared
the three VP groups to them instead of comparing each individual VP group
against instability itself. In other words, studies have defined a subluxation of
2-4.5 mm as vertebral instability [23-25]. If the subluxation measurements of
each group would have been compared to these parameters, they very well
could have indicated instability. Our overall goal was to determine if certain
morphologies were better at determining instability, though, we failed to prove
this. Third, one may find a multitude of spine literature questioning the validity
of dynamic flexion-extension xrays in determining vertebral instability [17,24-
26]. We decided to use this radiographic option as it is still traditionally used by
spine surgeons in determining instability pre-operatively, and these x-rays are
usually available in the radiographic records of most patients with a history of
a spine CT. Lastly, our study may have lacked sufficient power due to sample
size. A larger retrospective study may have allowed the statistical analysis to
reach significance when comparing between the three groups.

An interesting finding from this study is that there was a significant
difference between the VP size of spot and linear morphology between
patients who had never had lumbar fusion surgery and those who had a
lumbar fusion surgery. This is further evidence that VP is associated with
degenerative changes because decompressive surgery decreased the size of
VP. Furthermore, fusion and the improvement in segmental stability leading to
a decreased VP size may indicate a correlation between VP size and Page
10/15 instability. Island VP size was not significantly decreased following
fusion, and this may, again, be due to the wide spectrum of sizes assigned to
the island classification under this CT classification system. Further dissection
between small, medium, and large sized circular-shaped VP may provide a
more helpful classification system when determining vertebral instability.

Another interesting finding from this study was that there was a significant
difference between ADH and PDH on flexion and extension island VP x-rays,
and extension linear x-rays, while there was no difference between ADH and
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PDH on any spot x-rays. This may suggest that increased VP size may lead to
less uniform discs, again making the case for VP and disc degeneration and
potential instability. Further studies on this subject with the addition of MRI
grading of disc degeneration is recommended.

Limitations to our study include the lack of a validated gold-standard metric
for determining vertebral instability. This may limit the generalizability of our
study, but it does not limit the within-study comparative studies. Furthermore,
measurements were taken by individuals of different levels of training (2
medical students, 1 orthopedic surgery resident, and 1 neuroradiologist) and
intra- and inter-observer reliability were not statistically analyzed. Although,
intra-and inter- observer reliability were found to have sufficient kappa values
in the study with two orthopedic surgeons. Our study only analyzed 1 part
of the 2-part Murata classification system by looking strictly at VP size and
morphology and neglecting the location within the IVD on axial CT images. This
limited our CT readings to a 2-dimensional analysis, whereas the classification
system was 3-dimensional. This was done intentionally as we hoped to
focus on one aspect of the classification system in determining its utility, and
to potentially see how it may be improved upon. Another consideration that
would allow future studies to expand on our research is to factor in the surgical
outcomes and studies mentioned earlier did. This may factor in possible
confounding variables that may be present in our study. For instance, the
study determined that not only did IS patients have more VP, but that they
had less dynamic subluxation and higher fusion rates than DS patients. This
may be due to IS and DS resulting from different mechanisms. Our study also
did not factor in the age, sex, or comorbid conditions of the patients. Lastly,
as mentioned previously, our statistics may have been affected by a lack of
power due to insufficient sample size. Still, this retrospective study provided
a follow-up to the CT classification paper, and our data highlights potential
improvements that may be made to the morphologic portion of the system.

Conclusion

Given the finding of no differences in morphology by group, we suggest
that fine-tuning of this portion of the classification system may improve its
diagnostic and prognostic abilities. Also, the significant difference observed
between anterior and posterior disc heights on flexion-extension x-rays for
island and linear VPs suggests that larger VPs may indicate degenerative
changes and potential instability in agreement with recent VP literature. We
recommend further research into the development of an all-encompassing CT
classification system for IVD VP
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