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Hydrostatic integrity of the IVD

ABSTRACT

Hydrostatic integrity of the intervertebral disc (IVD) is lost during the process of degeneration.
Invasive pressure profilometry (IPP) can quantify it, however, is not applicable for clinical use. We
aimed to investigate correlations between IPP and MRI findings to assess non-invasive MRI based
methods for prediction of hydrostatic integrity of the intervertebral disc. The pressure profiles of 39
lumbar spinal segments originating from 22 human cadavers were recorded during axial compression
in the neutral, the flexed and the extended positions. Disc pressure profiles were measured and
mathematically transformed to a novel metric that quantifies pressure profile heterogeneity across the
disc. The relationship between pressure profile inhomogeneity (“pressure score”) and clinically
established magnetic resonance-based classifications systems and demographic parameters was then
tested using Spearman correlation tests. Pressure profile inhomogeneities were correlated with IVD
degeneration (according to Pfirrmann, rho=0.43, p=0.006), endplate defects (according to Rajasekaran,
rho=0.39, p=0.013), segmental degeneration (according to Farshad, rho=0.41, p=0.009) and age
(rho=0.32, p=0.049). Modic changes per se did not affect the pressure profiles significantly (p=0.23)
and pressure scores did not correlate with BMI (rho=-0.21, p=0.2). Heterogeneity of segmental IVD
pressure profiles is a unique measure of disc function. We demonstrate that established clinical
methods for MRI characterization of the intervertebral disc, the endplate and overall segmental

degeneration all correlate with the hydrostatic integrity of the IVD and can be used for its assessment.

INTRODUCTION

The intervertebral disc (IVD) plays an integral part in spine biomechanics by transmitting high loads
whilst providing large flexibility. These characteristics set very high demands on functionality and
durability of the tissue, which are provided through a sophisticated interplay of a ligamentous ring, the
annulus fibrosus, and the gelatin like core, the nucleus pulposus. The high fluid content of the IVD
helps with load damping, allows force transmission and helps distribute compressive loads over the

whole disc area, preventing local pressure peaks. In 1992, a pressure transducer in the shape of a
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needle was developed to investigate the hydrostatic pressure within the IVD (McNally et al., 1992).
Shortly after, a method called pressure profilometry, was introduced to obtain a hydrostatic pressure
profile by moving the needle through the IVD (Adams and McNally, 1992). In healthy discs, a largely
constant and smooth hydrostatic pressure profile was observed through the nucleus and the largest part
of the annulus (Adams and McNally, 1992). In specimens with light degeneration, this uniform
pressure profile was observed to become more H-shaped with larger pressure peaks in the annulus and
in specimens with more severe degeneration, the profiles became more erratic and spikier, with
regions of high-pressure peaks and completely depressurized zones. It was assumed that endplate
defects, annulus tears or sclerotic zones prevent fluid dispersion and load distribution (McNally et al.,
1996; Przybyla et al., 2006). Regional overload of the highly innervated endplate has been associated
with pain (Jackson et al., 1966) and changes in the pressure profile were highly associated with
discogenic pain by provocative discography (McNally et al., 1996). Pressure profilometry was
therefore suggested as a diagnostic tool to evaluate the hydrostatic integrity of the IVD. However, as
iatrogenic generated disc lesions were found to induce cell death and disc degeneration (Gruber et al.,
2011), clinical pressure profilometry was discontinued. Since no clear association between the
radiologic appearance and the qualitatively evaluated shape of the pressure profiles was reported
(McNally et al., 1996), no non-invasive, clinically applicable methods to estimate the pressure profile
(or the hydrostatic integrity) are available. However, knowledge about the hydrostatic state of the IVD
could be extremely helpful in the clinical setting. Since a clear association between the shape of
pressure profiles and the macroscopic appearance of the intervertebral disc was noted (Adams et al.,
1996), a systematic analysis of the correlation with established radiologic classification systems could
be effective. To this end, a method to quantify the shape of the hydrostatic pressure profile is required.
The goal of this study was to create a quantification method for the shape of pressure profiles, to apply
this method to the pressure profiles of human cadavers and to evaluate the association with established

radiologic grading systems and demographic parameters of the specimens.
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MATERIAL AND METHODS

Dissection, preparation and storage

39 spinal segments (8x T12L1, 10x L1L2, 4x L2L3, 9x L3L4, 8x L4L5) arising from 22 fresh frozen
cadavers stored at —20 °C until dissection (5 female and 17 male, age: 63-74 years, further information
in appendix) were used for this study (Science Care, Phoenix, AZ, USA). Ethical approval was
obtained by the local authorities (BASEC Nr. 2017-00874). After thawing, sagittal T2w turbo spin-
echo (TSE) dixon images, including water only (repetition time (TR) / echo time (TE) 4000 ms /86
ms; Field of view (FOV) 350 mm; matrix 512 x 512 pixels; echonumbers 1; slice thickness 3mm; flip
angle 150; echo train length 17), sagittal T1w TSE (repetition time (TR) / echo time (TE) 750 ms /8.7
ms; Field of view (FOV) 350 mm; matrix 512 x 512 pixels; echonumbers 1; slice thickness 3 mm; flip
angle 159; echo train length 4) and axial T2w TSE (repetition time (TR) / echo time (TE) 3620 ms /96
ms; Field of view (FOV) 210 mm; matrix 512 x 512 pixels; echonumbers 1; slice thickness 3 mm; flip
angle 15; echo train length 16) were performed on a 3T MRI scanner (Magnetom Prisma, Siemens
Medical Solutions, Erlangen, Germany) in order to evaluate IVD-degeneration based on the Pfirrmann
classification (Pfirrmann et al., 2001), endplate integrity according to Rajasekaran (Rajasekaran et al.,
2008) and segmental degeneration according to Farshad (Farshad-Amacker et al., 2017). Furthermore,
the specimens were evaluated for the presence of Modic-changes (Modic et al., 1988). Radiologic
evaluation was conducted by an experienced radiologist. The specimens were further checked for bony
defects and spinal disease such as ankylosing spondylitis. Careful dissection was performed without
harming bony structures, paraspinal ligaments and the intervertebral disc. The IVD was punctured
with a 1.6 mm Kirschner wire in the mid-sagittal plane as preparation for the insertion of the pressure

needle.

Biomechanical Test Setup
A static biaxial test machine (Zwick/Roell Allroundline 10kN and testXpert III Software, ZwickRoell
GmbH & Co. KG, Germany) was used for biomechanical testing. A custom-made testing setup

combined with 3D-printed clamps (Cornaz et al., 2020) was used for the fixation of the specimens in
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the horizontal position (figure 1 A). Axial compression was generated with a horizontally oriented
piston (Festo, DSNU-32-80-PPV-A) connected to the x-y-plane, while flexion-extension loading was
generated with the torsional motor of the test machine. A linear stepper motor (Zaber, NA23C60-T4)
with 60 mm travel range complemented with a pressure transducer (Gaeltec, CTN/4F-HP, Linearity:
+-1%FS BSL, Sensitivity: SuV/V/mmHg) was mounted opposite the specimen in the transversal plane
of the IVD (figure 1B). The motor allowed to pull the pressure needle through the IVD in a well-

controlled way to generate pressure profiles (figure 1C).

Biomechanical Test Protocol

The pressure profile of each specimen was recorded during axial compression loading with 400 N
force and during the combined application of 7.5 Nm flexion or extension with 400 N axial
compression. Prior to the first profilometry, the segments were preconditioned with 10 cycles of +/-
7.5 Nm flexion-extension. The pressure needle was manually inserted through the IVD until a pressure
drop to zero clearly indicated that the transducer passed the dorsal annulus and the posterior
longitudinal ligament. The pressure probe was oriented in the lateral direction to be less affected by
the endplate (Adams et al., 1996). A custom-made Labview software (LabVIEW 2017) was used to
record position and pressure during the retraction of the pressure needle with a sampling rate of 120
Hz and a constant velocity of 5 mm/s resulting in a special resolution of 24 values/mm. Testing was
performed at room temperature with a humidity of about 50%. To prevent dehydration, the specimens
were frequently sprayed with phosphate buffered saline (PBS). The same test sequence (neutral,
flexion and extension) was applied for all specimens and loading duration was below one minute per

test with a recovery time of about 2 minutes between tests.

Data analysis and statistical evaluation
Degeneration of the pressure profile has been associated with “deviation from a constant profile”,
“increasing shorting of the constant part”, “H-shaped profiles”, “increasing numbers of peaks” and

“discontinuity of the profile” (McNally et al., 1996). Mathematically, deviation from a constant profile

can be described with the variance (or standard deviation) of the data and bumpiness or discontinuity
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of the curve as the deviation from zero slope. The profile was normalized to the length of the pressure
profile for independency of disc size and resampled to 100 data points to allow for better
reproducibility of the method. The pressure amplitude was normalized to the mean pressure for

independency of loading amplitudes. The pressure variation was formulated as

Pressure variation = Std pl Z (pl P)
i=1

with std = standard deviation, p; = normalized pressure, N = number of data points = 100,
fa = normalized mean pressure and i = data point index . Pressure discontinuity was defined as

1

~N
i=1
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Al

Pressure discontinuity = mean(abs(

. ADi . . .
with abs = absolute value and Wi change in normalized pressure per normalized length.

Since pressure variance and discontinuity were correlated (p = 0.82, p < 0.001), a principle component
analysis (PCA) was performed to weigh to two components and to reduce on dimension. Principle

component 1 was able to explain 99.94% of the variance. The pressure score was defined as

Pressure score

APL 1
=wp X std(pl) + wy X mean|abs =wq Z(pl p) +wy X =
Al 11 | N
ADi
=ilal

with the weighing factor wy = 0.0292 and w, = 0.9996 as derived in the PCA.

The segmental pressure score was defined as the mean pressure scores recorded in flexion, extension
and in the neutral position. To quantify the variability of the pressure profiles between these loading
conditions, the average of the percental difference along the normalized profile for all combinations
(flexion-extension, flexion-neutral, extension-neutral) was computed and a Spearman correlation rank
test was preformed to test the relationship with the segmental pressure score. The relations between
the segmental pressure score was evaluated with a Pearson correlation rank test and the radiological

(Pfirrmann, Farshad, Rajasekaran) and the demographic parameters (age and BMI) were evaluated by

8
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performing Spearman correlation rank tests. For the Rajasekaran system, the data were pooled in grade
1&2, grade 3&4 and grade 5&6. The specimens with any type of Modic change were grouped due to
the small number for each individual type and the Mann-Whitney U test was used to evaluate the
difference. Non-parametric testing was chosen since Shapiro-Wilk tests showed not all values to be

normally distributed. Statistical significance was assumed with p < 0.05.
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RESULTS

The segmental pressure scores ranged from 4 to 26.2 (figure 2) and were positively correlated with the
percental profile difference (rho = 0.81, p < 0.0001) (figure 3).

From 39 specimens, 7 IVD were classified as Pfirrmann 2, 16 as Pfirrmann 3, 15 as Pfirrmann 4 and 1
as Pfirrmann 5. Median segmental pressure scores (interquartile distance) were 8.9 (6.1) for grade 2,
13.1 (19.5) for grade 3, 14.9 (6.3) for grade 3 and 22.7 (0) for grade 4. Segmental pressure score and
Pfirrmann grade showed a significant positive correlation (rho = 0.43, p = 0.006) (figure 4).

8 segments were classified according to classification for segmental degeneration by Farshad
(Farshad-Amacker et al., 2017) as 1, 29 as Farshad 2, and 2 as Farshad 3. Median pressure scores were
9.5 (7.1) for Farshad 1, 13.8 (7.8) for Farshad 2, and 19.4 (6.7) for Farshad 3. A significant positive
correlation between segmental pressure score and the Farshad classification system was observed (rho
=0.41, p = 0.009) (figure 4).

The Rajasekaran endplate classification system separated the segments into 14 segments with
Rajasekaran 1&2, 22 segments with Rajasekaran 3&4 and 3 segments with Rajasekaran 5&6 (mean
value between cranial and caudal endplate). The segmental pressures scores were 12.3 (8.2) for
Rajasekaran 1&2, 16.2 (6.2) for Rajasekaran 3&4, and 17.3 (5.0) for Rajasekaran 5&6. A significant
positive correlation between segmental pressure score and the Rajasekaran grading was recorded (rho
=0.39, p = 0.013) (figure 4).

Modic changes were observed in 4 segments (3x Modic Type 2, 1x Modic Type 3) and were pooled
together. The segmental pressure score was 12.3 (8.2) for the Modic group and 16.2 (6.2) for the non-
Modic group. The difference did not reach statistical significance (p = 0.23) (figure 4).

Spearman correlation testing revealed a positive correlation between age and pressure score (rho =
0.32, p =0.049) (figure 5). The association between BMI and pressure score (rho =-0.21, p=0.201)

was non-significant (figure 5).

10
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DISCUSSION

The hydrostatic integrity of the intervertebral disc changes during the process of degeneration.
Changes in the hydrostatic integrity of the disc create regional overload of the highly innervated
endplates and are associated lower back pain (Jackson et al., 1966). Invasive pressure profiles would
allow quantification of the hydrostatic integrity but are clinically not applicable as the procedure itself
initiates disc degeneration. We aimed to find associations of MRI finding to invasive pressure profiles
of IVDs to allow prediction of hydrostatic integrity by clinical MRI sequences. A novel pressure score
was created to quantify the shape of the pressure profiles. The score showed significant associations to
commonly used MRI gradings for disc-, endplate and segmental degeneration. More severe
degenerative changes of the intervertebral disc (Pfirrmann classification) and the endplate
(Rajasekaran classification) as well as segmental degeneration (Farshad classification) were correlated
with higher pressure scores representing more irregular pressure profiles and reduced hydrostatic
integrity. The estimation of the hydrostatic integrity of the [VD is therefore possible with the
commonly applied grading systems based on clinical routine MRI sequences, however with limited
correlation coefficients ranging from 0.39 to 0.43. The accuracy of this non-invasive method to
evaluate the hydrostatic integrity of the intervertebral disc could be further increased with additional
imaging approaches such as quantitative MRI, which could provide further information about
compositional and structural characteristics of the intervertebral disc (Ellingson et al., 2014; Mwale et
al., 2008; Nazari et al., 2015; Yamabe et al., 2017; Yang et al., 2020). However, the evaluation of

these methods lies outside the scope of this manuscript.

Small pressure scores indicating a non-degenerated situation with intact hydrostatic integrity showed
largely equal pressure profiles during the neutral, the flexed and extended loading condition. This
observation indicates that the healthy IVD acts largely “waterbed”-alike and is able to distribute
compressive loads uniformly, even when the segment is strongly bent. In specimens with higher
pressure scores indicating hindered fluid dispersion, the difference between the three loading

conditions was more distinct and in cases with very high pressure scores with completely
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depressurized regions and regions with very high pressure amplitudes, a large variability between

loading conditions was present.

The associations of the here observed degrees of degeneration and changes in hydrostatic integrity of
the IVD can be used in the understanding of the process of segmental degeneration: In the healthy,
non-degenerated spine, uniform load distribution is achieved thanks to the specific anatomy and
composition of the IVD (figure 6). During early degeneration, a decrease in proteoglycans results in a
reduced water content in the IVD (Boos et al., 2002) (especially in the nucleus), which impedes load
distribution and results in an increasing fraction of the load being transmitted through the annulus
(Adams and McNally, 1992; Adams and Roughley, 2006), which manifests in the H-shaped pressure
profile (Przybyla et al., 2006). Such a load redistribution agrees with the observation, that in older
subjects and in patients with more severe degree of degeneration, the trabecular structure and thickness
are more developed in the peripheral regions of the vertebral body compared to the central region
(Wang et al., 2013). According to Wolff’s law, bone synthesis is highly sensitive to mechanical
stimuli and increased force transmission through the peripheral region of the vertebra could cause such
remodeling processes. Vice versa, less load is transmitted over the central region, in which the
endplates were observed to become thinner (Roberts et al., 1997) and more porose with degeneration
(Zehra et al., 2015). These changes could make them more susceptible to mechanical failure (Fields et
al., 2010; Moore, 2006; Zehra et al., 2015; Zhao et al., 2009). Supporting this hypothesis, a decrease in
proteoglycan content has been linked to reduced endplate thickness (Roberts et al., 1997). With further
degeneration, the pressure profiles become increasingly irregular, indicating hindered pressure
equalization. It has been hypothesized, that localized failure of the supporting endplates are causing
such irregular loading patterns (Moore, 2000; Rade et al., 2017), since acute changes in pressure
profiles could be induced by artificial endplate breakages (Przybyla et al., 2006). As a consequence of
this hindered load equalization, localized overloading of the IVD could occur and initiate degenerative
changes. This hypothesis is supported by the observation of cracks in the endplates in very young
subjects (age 3-10 years) (Boos et al., 2002). However, irregular load distribution patterns could not
only be caused by defects in the endplates, but also by structural changes of the IVD itself. The

12
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increased load acting on the annulus (manifesting as the H-shaped pressure profile in early
degeneration), could generate tears and internal annulus collapses, which can in turn initiate localized
ossification (Adams and Roughley, 2006; Gunzburg et al., 1992). Such structural changes could
impede pressure equalization, again resulting in localized pressure peaks, which could induce further
tears and degeneration of the IVD and subsequent failure of the endplate in the area. The hypothesis of
annulus tears as an initiating factor for the degenerative cascade is supported by the occurrence of
tears in specimens without endplate failure (Senck et al., 2020). Based on these hypothesized
pathomechanical processes, all initial lesions would consequently result in a combination of structural
changes or defects of the IVD, weakened or defective endplate and reduced resilience of the vertebral
body in the central region, combined with a highly irregular pressure distribution. This combination
renders the segments vulnerable to painful endplate failure, disc herniation and progressive loss of disc

height.

The current study is associated with several limitations. First, this study is based on cadaveric
specimens, which were imaged without external loading (Kingma et al., 2000) and which were tested
at room temperature. This could change the radiologic and biomechanical characteristics compared to
the in-vivo situation, limiting direct transferability of the results to the clinical setting. Also, the
applied loads cannot reflect the complex in-vivo loading conditions, which could cause different
pressure distributions in the IVD. The test sequence was not varied, and the effect of long-time loading
was not evaluated. The specifics of the applied methodology (e.g., temporal and spatial sampling rate,
noise) could limit comparability of the results to pressure profiles measured by other groups, however
the performed resampling of the data should help limit the effect of this aspect. The physical
interpretation of the pressure profile is challenging. While the pressure profile in healthy specimens
seems to adequately represent the hydrostatic pressure in the IVD, this relation is less clear with more
erratic profiles. Pressure peaks might also result from solid structures in the IVD and not solely from
fluid pressure (Adams and McNally, 1992). Nevertheless, the assumption that irregular pressure

profiles indicate a non-uniform pressure distribution still appears reasonable. The conclusions are

13



Hydrostatic integrity of the IVD

based on measurements derived from a pressure profiles in the mid-sagittal plane. Even though similar

pressure profiles can be expected in other regions, this assumption cannot be proven with our data.

A mathematical method was developed to quantify the shape of pressure profiles (pressure score). The
pressure score correlates significantly with MRI gradings of the intervertebral disc (Pfirrmann), the
endplate (Rajasekaran), the overall degenerative state of the spinal segments (Farshad) as well as age.
It does not correlate with presence of Modic changes and BMI. These correlations show that an
association between hydrostatic integrity of the IVD and the MRI appearance exists. However, the link

is not very strong.
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Figure 1: A) Spine testing setup for spinal segments. Axial compression can be combined with flexion
and extension. B) The test rig including linear stepper motor and pressure needle. C) Schematic

visualization of the experiment.

Figure 2: Mean pressure score (P-Score) from flexion, neutral and extension of 39 samples. The y-
axis represents the normalized pressure and the x-axis represents the normalized position in the
intervertebral disc from dorsal (left) to ventral (right).

Figure 3: Relation between the segmental pressure score and the profile difference. The profile
difference was computed as mean percental difference between all three profiles (flexion, extension
and neutral) compared to each other. The results of the Spearman correlation test are indicated, and a

least-square line is fitted to illustrate the data distribution.

Figure 4: Association between segmental pressure score and radiologic grading systems (Pfirrmann,

Farshad, Rajasekaran and Modic).

Figure 5: Correlation between segmental pressure score and demographic parameters (age and BMI).

Figure 6. Hydrostatic integrity and its role in the course of degeneration.
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APPENDIX
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