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The hydrostatic pressure of the nucleus pulposus represents an important parameter in the characterization of spinal biomechanics, affecting the segmental stability as well as the stress distribution across the anulus fibrosus and the endplates. For the development of experimental setups and the validation of numerical models of the spine, intradiscal pressure (IDP) values under defined boundary conditions are therefore essential. Due to the lack of data regarding the thoracic spine, the purpose of this in vitro study was to quantify the IDP of human thoracic spinal motion segments under pure moment loading. Thirty fresh-frozen functional spinal units from 19 donors, aged between 43 and 75 years, including all segmental levels from T1–T2 to T11–T12, were loaded up to 7.5 Nm in flexion/extension, lateral bending, and axial rotation. During loading, the IDP was measured using a flexible sensor tube, which was inserted into the nucleus pulposus under x-ray control. Pressure values were evaluated from third full loading cycles at 0.0, 2.5, 5.0, and 7.5 Nm in each motion direction. Highest IDP increase was found in flexion, being significantly (p < 0.05) increased compared to extension IDP. Median pressure values were lowest in lateral bending while exhibiting a large variation range. Flexion IDP was significantly increased in the upper compared to the mid- and lower thoracic spine, whereas extension IDP was significantly higher in the lower compared to the upper thoracic spine, both showing significant (p < 0.01) linear correlation with the segmental level at 7.5 Nm (flexion: r = −0.629, extension: r = 0.500). No significant effects of sex or age were detected, however trends toward higher IDP in specimens from female donors and decreasing IDP with increasing age, potentially caused by fibrotic degenerative changes in the nucleus pulposus tissue. Sagittal and transversal cuttings after testing revealed possible relationships between nucleus pulposus quality and pressure moment characteristics, overall leading to low or negative intrinsic IDP and non-linear pressure-moment behavior in case of fibrotic tissue alterations. In conclusion, this study provides insights into thoracic spinal IDP and offers a large dataset for the validation of numerical models of the thoracic spine.
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INTRODUCTION

The hydrostatic pressure of the nucleus pulposus plays a key role in the biomechanical properties of the thoracic spine, reducing compressive stress gradients in the anulus fibrosus (Stefanakis et al., 2014) and affecting the segmental stability more than any ligamentous or bony structure (Wilke et al., 2020). Several investigators explored the characteristics of intradiscal pressure in various in vitro, in vivo, as well as numerical studies, starting with Nachemson, who analyzed the intradiscal pressure in human lumbar spinal specimens (Nachemson, 1959, 1960). Since then, in vitro intradiscal pressure measurements were predominantly performed on the cervical (Pospiech et al., 1999; Dmitriev et al., 2005; Kretzer et al., 2012; Barrey et al., 2015; Liu et al., 2016; Welke et al., 2016; Bell et al., 2018) and lumbar spine (Wilke et al., 1996; Rohlmann et al., 2001; Molz et al., 2003; Schmoelz et al., 2006; Heuer et al., 2007; Gao et al., 2011). On the thoracic spine, in contrast, solely in vivo measurements in mid- and lower thoracic segmental levels (Polga et al., 2004) and few in vitro measurements on specific levels in polysegmental setups (Cheng et al., 2015; Anderson et al., 2016; Metzger et al., 2016) have been conducted so far. For the validation of numerical models and for ensuring high comparability of experimental setups, however, intradiscal pressure data from tests with clearly defined boundary conditions is essential. The purpose of this in vitro study therefore was to quantify the intradiscal pressure in human thoracic spine specimens under pure moment loading.



MATERIALS AND METHODS


Specimens

Thirty fresh-frozen human functional spinal units from 19 donors, including at least one specimen per thoracic spinal segmental level, were prepared for experimental testing. Nineteen specimens were from female donors and 11 from male donors, while average donor age was 56 years, ranging from 43 to 75 years (Table 1). Inclusion criteria were sufficient intervertebral disc height and the absence of severe osteophyte formation, bony, cartilaginous, or ligamentous defects, fractures and tumors, which was confirmed by frontal and sagittal x-rays (Faxitron 43805N, Hewlett Packard, Palo Alto, USA). Additionally, adequate flexibility of the motion segments was proved by manual control after preparation. Specimens were stored at −20°C and were thawed for 12–14 h prior to preparation and testing, which was kept below 20 h in total. During preparation, care was taken to preserve all biomechanically relevant structures including all bony, cartilaginous, and ligamentous structures as well as the costovertebral joints, while the ribs were shortened to stumps with a length of about 20–30 mm and all muscle, fat, and nerve tissue was removed. Both vertebrae of the functional spinal units were embedded half, coaxially, and parallel to the intervertebral disc in polymethylmethacrylate (PMMA, Technovit 3040, Heraeus Kulzer, Wehrheim, Germany), while the center of the vertebral body was tried to be positioned in the cylinder axis of the embedding. Using modeling clay prior to embedding, it was ensured to keep the intervertebral ligaments and facet joints movable. Additionally, screws were driven into the vertebral bodies in order to enhance rigid fixation in the embedding before molding. For biomechanical testing, flanges were fixed coaxially on the PMMA cylinders. Pressure sensors were inserted by injecting cannulae in the center of the anterior side of the intervertebral disc, while care was taken that the measurement port of the sensor was positioned in the center of the nucleus pulposus and pointed in cranial direction in all specimens. Correct positioning of the sensor was verified in all planes using a mobile x-ray system (Exposcop CB7-D, Ziehm, Nuremberg, Germany). For fixation of the pressure sensors, a clamping device was sutured to the anterior longitudinal ligament (Figure 1). In order to avoid specimen disintegration, tissue was kept moist using 0.9% saline solution during the process of preparation and testing.


Table 1. Data on donor age (categorized into ranges for anonymization) and segmental levels used for experimental testing.
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FIGURE 1. Illustration of the test setup, exemplarily showing a T10–T11 motion segment with implanted intradiscal pressure sensor prior to pure moment loading.




Experimental Setup

Intradiscal pressure measurement was performed using a sensor device with a diameter of 1.2 mm (FMSPEZ50, MIPM GmbH, Hattenhofen, Germany), including a piezoelectrical micro-pressure sensor in its metal tip, exhibiting a maximum pressure of 5 MPa and an accuracy of 1 kPa. This method had already been successfully applied to the cervical (Pospiech et al., 1999) and lumbar spine (Wilke et al., 1996; Rohlmann et al., 2001; Schmoelz et al., 2006; Heuer et al., 2007) in previous in vitro studies. Before each testing, the sensors were calibrated up to 0.6 MPa using a (Digibar II, HBM GmbH, Darmstadt, Germany). Specimen loading was performed using a well-established spine tester, allowing six-degree-of-freedom quasi-static flexibility testing (Wilke et al., 1994). By means of this technique, range of motion and neutral zone values were already quantified for all thoracic spinal segmental levels in a previous in vitro study (Wilke et al., 2017).



Testing Procedure

The specimens were loaded up to pure moments of 7.5 Nm with an angular velocity of 1°/s in flexion/extension and lateral bending as well as 0.5°/s in axial rotation. Each test run included 3.5 loading cycles per motion plane, while the third full loading cycle was extracted for data evaluation, while the first to loading cycles served for preconditioning of the intervertebral disc and the ligaments (Wilke et al., 1998). After biomechanical testing, the specimens were cut along the sagittal plane using a diamond band saw EXAKT Advanced Technologies GmbH, Norderstedt, Germany) in order to additionally assess the intervertebral disc quality.



Data Evaluation and Statistics

Intradiscal pressure and moment loading data was post-processed using Microsoft Excel 2016 (Microsoft Corp., Redmond, USA) and evaluated regarding pressure values at predefined pure moments of 0.0, 2.5, 5.0, and 7.5 Nm in all motion directions (Figure 2) using Matlab 2014b (MathWorks Inc., Natick, USA). Statistical significances and correlations were analyzed using SPSS 24 (IBM Corp., Armonk, USA). Two group comparisons (effect of sex) were performed using the Mann-Whitney U-test, while multiple group comparisons were conducted using either Friedman's ANOVA in case of dependent samples (differences between pressure values for same applied moments among all motion directions and between pressure values in every motion direction for all applied moments) or the Kruskal-Wallis test with Bonferroni-Dunn correction in case of independent samples (differences between thoracic spinal regions for same applied moments and motion directions), each with a significance level of 0.05. Linear correlation analysis was performed for the effect of segmental level and age on the intradiscal pressure using Pearson's r, while the significance level was set to 0.01. In case of significant correlation, linear regression analysis was additionally conducted to detect potential linear relationships between the respective parameters.
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FIGURE 2. Exemplary diagram illustrating the intradiscal pressure (IDP) as a function of applied moment in lateral bending of a T11–T12 motion segment. IDP was quantified at pure moments of 0 Nm (intrinsic intradiscal pressure), 2.5, 5, and 7.5 Nm for each motion direction.




Ethics, Funding, and Conflicts of Interest

The use of human specimens was approved by the ethical committee board of the University of Ulm, Germany, in November 2014 (No. 302/14). The specimens were acquired from the body donation organizations Anatomy Gifts Registry program (AGR, Hanover, Maryland, USA) and Science Care (Science Care Inc., Phoenix, Arizona, USA), which declared that written informed consent of the donors was obtained prior to decease. The study was funded by the German Research Foundation (DFG, WI1352/20-2). The authors declare to have no potential conflicts of interest.




RESULTS

In general, pressure-moment curves exhibited symmetrical, V-shaped characteristics (Figure 2), especially in axial rotation. Intradiscal pressure was generally highest in flexion movement at the pure moment of 7.5 Nm, which represented a significant increase compared to extension and right lateral bending for the same applied moment (Figure 3). Furthermore, the intradiscal pressure significantly increased for all applied moments compared to all previous steps in flexion direction, which was also found for bilateral axial rotation with the exception of the intradiscal pressure at 2.5 Nm in right axial rotation. Significant increases of the intradiscal pressure were also found for all loading steps in extension and at an applied moment of 5.0 Nm in left lateral bending, each compared to the intrinsic intradiscal pressure at 0.0 Nm. Median intrinsic pressure was below 0.06 MPa in all motion planes, while being significantly increased during lateral bending movement (0.058 MPa) compared to axial rotation (0.037 MPa) and flexion/extension (0.022 MPa). Variation range was generally lowest in axial rotation and flexion, while being highest in lateral bending, where the average v-shape of the pressure-moment curves was rather flattened. In extension, the median intradiscal pressure even tended to decrease from 5.0 to 7.5 Nm, leading to a non-linear pressure-moment behavior.


[image: Figure 3]
FIGURE 3. Boxplot diagrams illustrating the intradiscal pressure (IDP) values of all tested specimens (n = 30) as a function of the applied moment in the six motion directions, including medians, 25th and 75th percentiles, as well as maximum and minimum values. Outliers are plotted as points. The bold red line represents the connection between all median values, while the red area summarizes the medium 50-percentile zone. Significantly increased IDP values (p < 0.05) are marked by asterisks: *, Significantly higher compared to respective motion directions with same applied moment (F, flexion; E, extension; LB(L/R), (left/right) lateral bending; AR(L/R), (left/right) axial rotation); **, Significantly higher compared to intrinsic disc pressure at 0.0 Nm within the same motion direction; ***, Significantly higher compared to disc pressure at 2.5 Nm within the same motion direction; ****, Significantly higher compared to disc pressure at 5.0 Nm within the same motion direction.


Comparing the intradiscal pressure regarding thoracic spinal regions, significantly higher pressures were found in flexion of the upper thoracic spine (T1–T5) compared to the lower thoracic spine (T8–T12) for all loading steps as well as compared to the mid-thoracic spine (T5–T8) at the applied moment of 7.5 Nm (Figure 4). In contrast, the intradiscal pressure in extension was significantly higher in the lower thoracic spine compared to the upper thoracic spine at 7.5 Nm. Significant linear correlation was detected between thoracic spinal level in flexion for all applied moments and in extension at 7.5 Nm, while correlation was generally found being negative in flexion (r = −0.629/−0.561/−0.548 for 7.5/5.0/2.5 Nm, respectively) and positive in extension (r = 0.500) (Figure 5). Additional regression analysis exhibited an approximate intersection point of intradiscal pressure trend at T12 level with about 0.4 MPa in the flexion/extension motion plane. No significant differences between the single thoracic spinal regions or correlations between the single segmental levels and the intradiscal pressure were found in lateral bending and axial rotation. Variation range tended to be lowest in the lower thoracic spine in case of flexion and axial rotation movements, while it tended to be lowest in the mid-thoracic spine in case of lateral bending movements (Figure 4). In extension direction, the pressure-moment characteristics tended to alter in craniocaudal direction, with the median intradiscal pressure peak tending to shift toward higher applied moments.


[image: Figure 4]
FIGURE 4. Boxplot diagrams illustrating the intradiscal pressure (IDP) values at upper, mid-, and lower thoracic spinal levels as a function of the applied moment in the six motion directions, including medians, 25th and 75th percentiles, as well as maximum and minimum values. Outliers are plotted as points. The bold red line represents the connection between all median values, while the red area summarizes the medium 50-percentile zone. Significantly increased IDP values (p < 0.05) compared to respective thoracic spinal regions within the same respective motion direction and with same applied moment are marked by *.
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FIGURE 5. Scatter plots summarizing all intradiscal pressure (IDP) values as a function of the thoracic spinal segmental level for the four different applied moments in the six motion directions. Significant linear correlations (p < 0.01) are highlighted by dotted trend lines and the respective linear correlation coefficients.


No statistical significant effects of sex and age on the intradiscal pressure were found in the present study. However, the intradiscal pressure tended to be higher and exhibited larger variation ranges in specimens from female donors compared to those of male donors (Figure 6). Moreover, slight trends were detected toward decreasing intradiscal pressure with increasing donor age for all applied moments in all motion directions (Figure 7). Although age had no statistically significant effect, indications were found that the intradiscal pressure was affected by the tissue quality of the intervertebral disc. While not showing substantial signs of degeneration in the x-ray images, fibrotic changes of the nucleus pulposus and the anulus fibrosus were especially detected in specimens from elderly donors, overall leading to low or even negative intrinsic pressure and more flattened pressure-moment characteristics compared to specimens from younger donors (Figure 8).
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FIGURE 6. Boxplot diagrams illustrating the intradiscal pressure (IDP) values for specimens of female (left) and male (right) donors as a function of the applied moment in the six motion directions, including medians, 25th and 75th percentiles, as well as maximum and minimum values. Outliers are plotted as points. The bold red line represents the connection between all median values, while the red area summarizes the medium 50-percentile zone. Significant differences regarding sex were not detected in any motion direction.
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FIGURE 7. Scatter plots summarizing all intradiscal pressure (IDP) values as a function of donor age for the four different applied moments in the six motion directions. Significant linear correlations (p < 0.01) were not detected. Trends are illustrated by dotted lines.



[image: Figure 8]
FIGURE 8. Exemplary comparison of pressure-moment characteristics in flexion/extension, lateral bending, and axial rotation (first and third row, top down) and intervertebral disc tissue quality in frontal and sagittal x-rays as well as sagittal and transversal cuttings (second and last row, top down) between a 49 years old female donor (left) and a 71 years old donor (right).


A summary of all evaluated parameters including the statistical analysis is given in the Supplementary Excel file attached to this publication.



DISCUSSION

The intradiscal pressure of the human thoracic spine has been poorly investigated. While several previous in vivo and vitro studies determined the intradiscal pressure of the cervical and lumbar spine, the hydrostatic pressure in thoracic intervertebral discs was solely explored in a single in vivo study (Polga et al., 2004). For a complete understanding of thoracic spinal biomechanics as well as for the accurate validation of in vitro and numerical models of the thoracic spine, however, data on the thoracic spinal intradiscal pressure is essential. The present in vitro study therefore aimed to quantify the intradiscal pressure of all human thoracic spine segmental levels under multi-planar pure moment loading.

Pressure-moment characteristics revealed a high dependence of the intradiscal pressure on the respective motion direction. While showing almost linear relationship in flexion and bilateral axial rotation, a distinct tendency was found in the upper and mid-thoracic spine toward a non-linear relationship in extension as well as in bilateral lateral bending, respectively. Since all segmental levels were tested under same loading conditions, the non-linear pressure-moment behavior in extension might indicate that in the upper and mid-thoracic spine, physiological loading is generally lower in extension direction compared to the other five motion directions when hypothesizing that the pressure-moment characteristics show linear behavior during elastic deformation of the intervertebral disc. However, due to the fact that the intradiscal pressure even decreased for higher moments in the upper segmental levels, it can be expected that the loads are rather transferred to the facet joints than to the intervertebral disc. Moreover, it was found that the flexion intradiscal pressure significantly decreased from the upper to the lower thoracic segmental levels, whereas the intradiscal pressure significantly increased, while being approximately equal at T12 level, suggesting that the intradiscal pressure divergence between flexion and extension generally decreases toward the thoracolumbar transition region. The pressure-moment characteristics in lateral bending, in contrast, exhibited a high variation range and low median intradiscal pressure values in the upper and mid-thoracic segmental levels, indicating a high impact of individual intervertebral disc properties on the lateral bending intradiscal pressure, such as degenerative, morphological, or biochemical features. In axial rotation, on the contrary, the pressure-moment characteristics were overall comparable across all segmental levels and revealed a low variation range, indicating a low effect of intervertebral disc properties on the intradiscal pressure during axial torsion. In general, thoracic spinal motion segments showed V-shaped pressure-moment behavior during entire loading cycles in all motion planes in the present study, while previous studies on the lumbar spine exhibited more butterfly-shaped pressure-moment characteristics (Wilke et al., 1996; Rohlmann et al., 2001; Schmoelz et al., 2006). This might indicate that in the thoracic spine, bending and torsion of the intervertebral disc leads to a more homogeneous volumetric compression of the nucleus pulposus compared to the lumbar spine, where the nucleus pulposus has a larger play due to higher deformability of the anulus fibrosus (Koeller et al., 1984). Therefore, the intervertebral disc height, which is greater in the lumbar spine compared to the thoracic spine (Pooni et al., 1986), might essentially contribute to the pressure-moment behavior.

In the present study, intrinsic intradiscal pressure values varied between −0.052 and 0.175 MPa with a median value of 0.037 MPa, while not exhibiting any significant effect of segmental level, sex, or age. However, significant effects of the motion plane were found, indicating potential effects of the motion plane on specimen preconditioning, although differences were overall minimal. Data of comparable in vitro studies on the lumbar spine also exhibited higher intrinsic intradiscal pressure in lateral bending compared to flexion/extension and axial rotation (Wilke et al., 1996; Rohlmann et al., 2001; Schmoelz et al., 2006), leading to the assumption that preconditioning in lateral bending might differ from the other two motion planes. Compared to previous in vitro studies on the cervical and lumbar spine, the intrinsic intradiscal pressure values of the present study showed a high variation range, while overall being in the same order of magnitude (Table 2). This large variation range might be explained by effects of intervertebral disc degeneration, which is known to increase with advancing age in the thoracic spine (Goh et al., 2000). Moreover, previous in vitro studies on the lumbar spine found that the intrinsic intradiscal pressure is lower in more degenerated intervertebral discs compared to healthy, young intervertebral discs, which generally show positive pressure values in vitro (Nachemson et al., 1979; Panjabi et al., 1988; Adams et al., 1996). As a consequence, it can be expected that disc degeneration induced the negative pressure values in the present study, although no distinct signs of degeneration were examined on the x-rays prior to the experiments. However, even mildly degenerated intervertebral discs exhibit hydrostatic properties, which was shown in a previous in vitro study on the lumbar spine (Adams et al., 1994). Therefore, specimens with negative pressure values were not excluded from the present study, since the primary aim was to evaluate the intradiscal pressure of average thoracic spinal motion segments. Nevertheless, the effect of intervertebral disc degeneration on the intradiscal pressure of the thoracic spine represents an important research question, which should be further investigated in future studies.


Table 2. Literature comparison between previous in vitro studies and the present in vitro study regarding intradiscal pressure (IDP) of human specimens without preload in different motion directions depending on segmental levels and applied moment.
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Previous investigations on the intradiscal pressure of the thoracic spine are limited to few in vitro studies using polysegmental test setups (Cheng et al., 2015; Anderson et al., 2016, 2018; Metzger et al., 2016) and one in vivo study (Polga et al., 2004). While Cheng et al. did not report absolute pressure values and Anderson et al. solely investigated the effect of follower loading on the intradiscal pressure at T4–T5 and T8–T9 levels, Metzger et al. found slightly higher average pressure values at T7–T8 level compared to the present study. Mean pressure values of Metzger et al., however, were within the variation range of the present study and exhibited similar pressure behavior with respect to the different motion directions, including pressure values being highest in flexion (Table 2). Anderson et al. (2018) furthermore identified increased pressure-moment slope after rib cage removal, indicating a stabilizing effect of the rib cage structures, which has to be considered when interpreting the results of the present study, where the anterior rib cage structures were neglected. Moreover, pressure-moment slopes were generally higher at T4–T5 level compared to T8–T9 level in all motion directions, which can be attributed to the use of an additional compressive follower load of 400 N in this study. In an in vivo study, Polga et al. measured the intradiscal pressure in mid- (T6–T8) and lower (T9–T11) thoracic spinal levels. They detected pressure values of about 0.3 MPa in the mid- and of about 0.2 MPa in the lower thoracic spine in prone position, presumably resulting from low muscular activity in axial compression direction, while in both upright sitting and standing, the intradiscal pressure increased to about 1.0 MPa in the mid- and to about 0.9 MPa in the lower thoracic spine. During bending and twisting movements of the participants, however, Polga et al. found increasing intradiscal pressure values from the mid- to the lower thoracic spine. Furthermore, the pressure values of Polga et al. were significantly higher compared to the values of a previous study on the lumbar spine in upright standing position, but significantly lower when compared to forward flexed position while holding a weight of 20 kg (Nachemson and Elfström, 1970). The same trend was also found compared to a further in vivo study on the lumbar spine with one participant (Wilke et al., 1999). Therefore, it might be concluded that in vivo, the intradiscal pressure decreases along the thoracolumbar spine in sole upright position, whereas the pressure increases along the thoracolumbar spine in bending or twisting positions. Comparing these findings with the combined data of the present in vitro study as well as previous in vitro studies, investigating intradiscal pressure in the cervical spine (Pospiech et al., 1999; Dmitriev et al., 2005; Kretzer et al., 2012; Barrey et al., 2015; Liu et al., 2016; Welke et al., 2016; Bell et al., 2018) and lumbar spine (Wilke et al., 1996; Rohlmann et al., 2001; Molz et al., 2003; Schmoelz et al., 2006; Heuer et al., 2007; Gao et al., 2011) without axial preload, a different intradiscal pressure distribution can be observed. While showing almost consistent intrinsic intradiscal pressure along the spine, the intradiscal pressure tends to decrease along the spine under pure moment application in all motion directions, especially when seen in relation to the applied moment (Table 2). This might indicate that additional axial preload alters the intradiscal pressure distribution along the spine, which should be considered in future experimental testing as well as in numerical model development. Moreover, additional compressive preload affects the pressure-moment characteristics, as previously shown for the lumbar spine (Rohlmann et al., 2001), especially leading to increased intrinsic pressure, which has to be taken into account when comparing the in vitro data of the present study to in vivo data and when validating numerical models. Testing without additional compressive load therefore represents a major limitation of the present study. Nevertheless, the data of the present study is essential for the validation of numerical models of the thoracic spine due to its clearly defined boundary conditions and therefore highly reproducible data. Previous investigations suggest a 400 N follower preload in order to create physiological intradiscal pressure values in the thoracic spine (Anderson et al., 2016), while producing potential, hardly controllable artifacts due to coupling and clamping effects at the same time. Moreover, follower load was shown to significantly decrease the flexibility and to alter the three-dimensional motion behavior of the thoracic spine (Liebsch et al., 2018), leading to additional boundary conditions for numerical models. Furthermore, preloading of the specimen might affect the intradiscal pressure measurement due to the distinct decrease of intervertebral disc height, which is lowest in the thoracic spine (Pooni et al., 1986). When using the herein presented data for the validation of a numerical model of the thoracic spine, the costovertebral joints have to be considered due to the presence of the posterior sections of the ribs in the present study. These were left intact because of their stabilizing effect on thoracic spinal motion segments (Liebsch et al., 2017) and thus their potential influence on the intradiscal pressure. Another limitation of the present study is that possible effects of the sensor entry point in the anterior part of the intervertebral disc cannot be fully excluded and may have caused small measuring artifacts especially in flexion direction. However, all tested specimens in the present study showed adequate anterior disc height, suggesting only minimal effects of the sensor entry point.

In conclusion, a large dataset regarding intradiscal pressure values of the human thoracic spine was generated. This dataset can be used as comparative data for future in vitro studies as well as for the validation process of numerical models of the thoracic spine.
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