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Abstract

For spinal load and muscle force estimation as well as for numerical model and experimental setup validation,
data on human intradiscal pressure are essential. Therefore, the aim of the present meta-analysis was to
summarise all in vitro measurements of human intradiscal pressure performed under defined boundary
conditions, i.e. without external loading (intrinsic pressure), under axial loading (compression, traction,
shear) and under single-planar bending loading (flexion, extension, lateral bending, axial rotation). Data were
evaluated based on segmental level and normalised to force and moment. Regression analysis was performed
to investigate coefficients of determination and statistical significance of relationships between intradiscal
pressure and segmental level for the single loading conditions. 35 studies fulfilled the inclusion criteria,
from which a total of 451 data points were collected for the meta-analysis. High coefficients of determination
were found in axial compression (r* = 0.875) and flexion (> = 0.781), while being low for intrinsic pressure
(r* = 0.266) and lateral bending (r* = 0.385), all showing significant regression fitting (p < 0.01). Intradiscal
pressure decreases from the upper cervical spine to the sacrum in all loading conditions, considering the same
amount of loading for all segmental levels, while the intrinsic pressure exhibits a minimum of the regression
curve in the mid-thoracic spine. Apart from its potential for numerical and experimental model validation,
this dataset may help to understand the load distribution along the human spine.

Keywords: Intradiscal pressure, human spine, meta-analysis, systematic review, multiplanar loading, model
validation, biomechanics.
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Introduction

Measurements of the pressure inside the intervertebral
disc are essential for the estimation of loads and
muscle forces on the spine as well as for the validation
of numerical models and experimental setups in
spine research. Moreover, variation in the intradiscal
pressure represents an important indicator for
pathologies such as intervertebral disc degeneration
or spinal deformities. Since Nachemson first showed
feasibility of intradiscal pressure measurements
under in vitro loading conditions (Nachemson,
1959), numerous in vitro, in vivo and in silico studies
have investigated the effects of body postures,
external loads, ergonomics, surgical releases or
spinal implants on the hydrostatic pressure inside
the nucleus pulposus. However, due to the large
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variety of segmental levels, loading directions, load
levels and testing methods among these studies,
definite intradiscal pressure values for specific
loading conditions, load levels and segmental levels
potentially include high degrees of uncertainty,
entailing a demand for cumulated data sets and meta-
analyses of intradiscal pressure data. Previous studies
have already provided data sets of combined in vivo
(Wilke et al., 1999) and anthropometrical data (Wilke
et al., 2001) as well as meta-analyses of in vivo and in
silico data on intradiscal pressure values (Dreischarf et
al., 2016). However, for the quantitative assessment of
spinal loads and the validation of numerical models
and experimental setups, clearly defined boundary
conditions regarding loading types and segmental
levels are required, emphasising the need for a meta-
analysis of in vitro data from the literature. Therefore,
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the purpose of the present study was to collect and
analyse all in vitro data on human intradiscal pressure
measured under defined boundary conditions to
provide a valid dataset for the estimation of loads
and muscular forces on the spine as well as for the
validation of numerical models and experimental
setups in spine research.

Methods

Study design

The present study consisted of two main parts. In the
first part, a systematic review of the literature was
performed to collect all in vitro studies measuring
the intradiscal pressure in human specimens under
clearly defined boundary conditions. In the second
part, a meta-analysis of the respective intradiscal
pressure values was conducted with respect to
loading direction and segmental level.

Inclusion criteria for study selection

In the first step, a systematic literature search on
PubMed and Web of Science databases was performed
using the keywords “intradiscal” and “intervertebral
disc” combined with “pressure”. Then, all in vitro
studies presenting original intradiscal pressure
data of human specimens were extracted (Fig. 1).
Publications not written in the English language were
excluded to ensure intelligibility of the presented
methods and results. In the second step, the reference
sections of all collected studies were carefully checked

for potential further studies fulfilling the criteria of

step 1. For final inclusion into the meta-analysis, the

collected studies had to meet the following criteria

(Fig. 1).

1. Intradiscal pressure was presented as an absolute
value, either as a number or as a data point in a
diagram.

. Pressure measurement was performed in the
centre of the nucleus pulposus.

3. Except for the sensor entry, the intervertebral disc
was intact and no implant was inserted in the
level of pressure measurement.

4. The segmental level of intradiscal pressure
measurement and the sample size of isolated
measurements were clearly stated in the article
text or in the respective diagram.

5. Boundary conditions of the test setup were clearly
defined. For the present analysis, solely force
or moment-controlled loading scenarios were
considered.

6. Loading, if performed, was applied in a single
direction or in a single motion plane.

7. There was no long-term preconditioning of the
specimen.

N

Data acquisition

In the third step (Fig. 1), the single intradiscal
pressure data points of all selected studies were either
acquired from values reported either in the article
text or in tables or extracted from diagrams using
an open-source software for image segmentation
(Engauge Digitizer 12.1). This technique was already

Systematic literature research:
(“intradiscal” OR “intervertebral disc“) AND “pressure*

|

l

Web of Science
n=1375

Inclusion criteria:

In vitro study
Human specimens
Original data
English language

Inclusion criteria:

Absolute IDP values

IDP measurementin the nucleus pulposus

Intact specimen conditions

Segmental level(s) and sample size(s) clearly stated

Clearly defined boundary conditions (Force/moment control)
Loadingin one direction/motion plane

No long-term preconditioning (> 5 min)

PubMed
n=1570
Step 1
n=155
Additional
reference check
Step 2
n=35
* Mean/median values
* Conversion of IDP units to MPa l
« Age
. Sox Step 3
+ Degeneration grade | Data
+ Measuring device acquisition
Step 4
Regression
analysis

Fig. 1. Schematic illustration of the methodical approach from literature research to data analysis

(IDP = intradiscal pressure).
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successfully used in a previous study analysing
knee joint kinematics (Hacker ef al., 2016). Then, the
obtained data volume was post-processed using Excel
2016 (Microsoft Corporation). In case of multiple
reported data points, all values of the respective study
were acquired and used as single values for further
analysis, while reported mean or median values were
counted as single values. Intradiscal pressure values
measured in lateral bending or axial rotation were
averaged if bilateral values were reported. Pressure
units other than MPa were converted to MPa to
achieve quantitative comparability. Additionally,
data on age, sex, intervertebral disc degeneration
and the used measuring device were documented,
if specified in the respective study.

Statistical analysis

To detect and evaluate potential relationships
between intradiscal pressure values and segmental
levels in the single loading directions, pressure values
were normalised to the respective applied load or
moment and regression analysis was performed
using the statistics software SPSS 24 (IBM). First,
curve-fitting algorithms including linear, quadratic,
cubic, logarithmic and exponential regression models
were used to gain the highest possible coefficient of
determination for each loading direction. In the next
step, an analysis of variance (ANOVA) was performed
to verify the statistical significance of the respective
regression fitting, while the significance level was
set to 0.01.

Results

Selected publications

Systematic literature search using the above-
mentioned inclusion criteria resulted in 35
publications (Table 1a-c), from which a total of 451
single intradiscal pressure values were extracted.
Of these 35 studies, 10 reported measurements of
intradiscal pressure in the cervical region (ID 1-10),
3 in the thoracic region (ID 11-13) and 22 in the
lumbar region (ID 14-35). Specifications of age, sex
and intervertebral disc degeneration of the tested
specimens were not completely available among all
studies but revealed overall large ranges regarding
age (6-91 years) and disc degeneration (no-severe) as
well as a larger proportion of male specimens (151)
compared to female specimens (95). Applied axial
forces varied from 50 to more than 2,000 N, while
applied moments ranged from 1 to 10 Nm. Of the
17 studies applying axial forces, 5 reported pure,
unconstrained loading and 5 follower loading, while
6 studies did not explicitly state the axial loading type
and 1 exhibited fully constrained axial loading. Of the
20 studies using moment application, 19 explicitly
reported on pure moment loading. Overall, pressure
sensors from 13 different companies were used, while
sensors of Precision Measurements Co. (Raleigh, NC,
USA) and MIPM GmbH (Mammendorf, Germany)
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were the most commonly reported devices, with 7
references each.

Intrinsic intradiscal pressure

Intradiscal pressure measured without external load
application, also referred to as intrinsic pressure,
revealed decreasing pressure values from upper
cervical to mid and lower thoracic spinal regions,
while increasing from the lower thoracic spine to
the sacrum (Fig. 2). Regression analysis resulted in a
statistically significant cubic curve (p = 0.003) with a
low coefficient of determination (r2=0.266), showing
a maximum of 0.21 MPa at C2-C3 and a minimum of
0.05 MPa at T9-T10.

Intradiscal pressure under axial compression
Axial compression exhibited a strong decrease in
the intradiscal pressure from the upper cervical to
the upper lumbar region, from where the pressure
remained almost constant towards the sacrum
(Fig. 3). The cubic regression curve exhibited a
high coefficient of determination (2 = 0.875) and
statistically significant regression fitting (p < 0.001).
The maximum of the cubic regression curve
amounted to 4.35 MPa/kN at C2-C3, while the
minimum was 0.72 MPa/kN at L1-L2.

Intradiscal pressure in flexion

Loading in flexion direction caused an exponential
decrease in the intradiscal pressure from the
upper cervical region to the sacrum (Fig. 4).
The resulting regression curve showed a high
coefficient of determination (2> = 0.781) and was
statistically significant (p < 0.001). The maximum
of the exponential regression curve amounted to
0.28 MPa/Nm at C2-C3, while the minimum was
0.02 MPa/Nm at L5-51.

Intradiscal pressure in extension

Pressure values during loading in extension direction
tended to decrease from the upper cervical to the
upper thoracic region and from the lower thoracic
region to the sacrum, while being almost constant
along the thoracic spine (Fig. 5). Regression analysis
resulted in a statistically significant (p < 0.001) cubic
curve, with a medium coefficient of determination
(r* = 0.574). The maximum of the cubic regression
curve was 0.20 MPa/Nm at C2-C3 and the minimum
0.00 MPa/Nm at L5-S1, while the pressure remained
almost constant between 0.5 and 0.6 MPa/Nm from
T3-T4 to T12-L1.

Intradiscal pressure in lateral bending

In bilateral lateral bending, the intradiscal pressure
tended to decrease from the upper cervical to the
upper thoracic region and from the lower thoracic
region to the sacrum (Fig. 6). In the thoracic spine,
the intradiscal pressure remained almost constant but
tended slightly to increase towards the thoracolumbar
transition. A statistically significant (p < 0.001) cubic
curve was obtained by regression analysis with a

www.ecmjournal.org
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low coefficient of determination (r*=0.385), showing
its global maximum of 0.15 MPa/Nm at C2-C3 and
its global minimum of 0.00 MPa/Nm at L5-S1. Local
minimum and maximum values were found at T3-T4
with 0.05 MPa/Nm and at T10-T11 with 0.06 MPa/Nm.

Intradiscal pressure in axial rotation

Axial rotation generally caused low intradiscal
pressure values, which tended to decrease
exponentially from the upper cervical region to
the sacrum (Fig. 7). Regression analysis led to
a statistically significant (p < 0.001) exponential
curve with a medium coefficient of determination

0.50

045

(r* = 0.570). The maximum of the exponential
regression curve amounted to 0.12 MPa/Nm at C2-
C3, while the minimum was 0.02 MPa/Nm at L5-5S1.

Intradiscal pressure under axial traction and shear
loading

Only 2 studies were found reporting intradiscal
pressure values measured under traction loading,
both at the three cervical levels from C3-C4 to C5-
Cé6 (Liet al., 1998; Wu et al., 2012), exhibiting median
values of 0.9, 1.1 and 1.2 MPa/kN, maximum values
of 1.47,1.53 and 1.46 MPa/kN and minimum values
of 0.54, 0.44 and 0.59 MPa/kN, respectively. An
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investigation by Frei et al. (2002) represented the
only study that investigated intradiscal pressures at
T12-L1 under shear loading, reporting mean values of
0.11 MPa in anterior shear, 0.13 MPa in lateral shear
and 0.23 MPa in posterior shear under 500 N loading.

Discussion

The intradiscal pressure represents an important
measure for the estimation of loads and muscle forces
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in the spine as well as for the validation of numerical
models and experimental setups. Several studies
have reported measurements of the intradiscal
pressure in the human spine. However, experimental
techniques, loading conditions and segmental levels
varied considerably among these studies, potentially
causing high degrees of uncertainty due to the lack
of definite and valid intradiscal pressure values for
specificloading directions and load levels. Therefore,
the present meta-analysis aimed to collect and
evaluate intradiscal pressure data from the literature
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regarding potential relationships between loading
conditions and segmental levels in order to provide
reliable guide values for load estimation and model
validation.

Findings of the present meta-analysis exhibited
the substantial influence of the loading condition on
the relationship between intradiscal pressure and
segmental level as well as on the variation range for
each level in terms of the coefficient of determination.
While obvious patterns and high coefficients of
determination were found for axial compression and
flexion loading, relatively low relationships were
detected for intrinsic intradiscal pressure without
external load application and for lateral bending
loading. This might be caused by morphological
factors, in particular the three-dimensional shape
of the intervertebral disc as well as the specific
ligamentous and articular properties of the functional
spinal unit, which could have led to varying effects
in the different loading directions. Moreover, the
deformation behaviour of the intervertebral disc and
the motion behaviour of the surrounding ligamentous
and bony structures might have adapted to the
most frequent loading types in daily life, which are
particularly axial compression in upright position and
flexion in forward bending. While axial compression
exhibited the highest absolute pressure values in
the evaluated studies, flexion showed the highest
absolute values of all bending conditions, especially
in the cervical region. This might indicate that the
nucleus pulposus is mostly exposed to volumetric
compression in axial compressive and flexion loading
due to stronger interaction with the anulus fibrosus
and the endplates. Extension, lateral bending, and
axial rotation, in contrast, might be more affected by
other morphological and material features, e.g. due
to mobility restraint of the facet joints or stabilising
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effects of specific ligaments. Posterior elements, for
instance, increase the intradiscal pressure under
axial compression (Nachemson, 1960). Moreover,
previous studies found low intradiscal pressure
values and high value ranges (Wilke et al., 2020) or
even inconsistent data (Schilling ef al., 2011) in lateral
bending loading, potentially explaining the low
coefficient of determination in lateral bending loading
in the present meta-analysis. Furthermore, the high
variation range of the intrinsic pressure found in the
present meta-analysis indicated that the quality of the
nucleus pulposus in terms of water content, volume
and fibrotic tissue ingrowth might have influenced
the measurements of the hydrostatic intradiscal
pressure, as previously described (Adams et al., 1986;
Panjabi et al., 1988). However, for the estimation of
loads and the validation of numerical models, the
intrinsic intradiscal pressure may not be of major
importance compared to conditions in which loading
is applied. Nevertheless, these potential effects
should be considered when validating experimental
setups. Regional variations of intradiscal pressure
in single loading conditions, on the other hand,
may be explained by differences in the absolute and
relative size of the nucleus pulposus along the spine.
Pooni et al. (1986) showed that the cross-sectional
area of the nucleus pulposus is gradually increasing
from the upper cervical to the lower lumbar spine,
potentially leading to decreasing intradiscal pressure
in cranio-caudal direction as detected in the present
meta-analysis, similar to the pressure differences
between bike, car and truck tyres. Moreover, the
average disc height, which was found to be the
lowest in the mid-thoracic spine (Pooni et al., 1986),
might have caused the low intrinsic pressure values
found in this region in the present meta-analysis
by directly determining the volume of the nucleus
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Fig. 6. Intradiscal pressure (IDP) values in lateral bending as a function of the segmental level. ID
numbers next to the single data points specify the respective literature reference as defined in Table la-c.
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pulposus. As the nucleus pulposus size was not
reported in most of the evaluated studies, the effect
of these parameters on the intradiscal pressure should
be further investigated in future studies. However,
since the amount of loading increases also in cranio-
caudal direction in vivo, the physiological intradiscal
pressure distribution might differ from the in vitro
situation. Nevertheless, when comparing the findings
of the present meta-analysis with the results of in vivo
studies, similar trends regarding decreasing pressure
values from the mid-thoracic spine to the lumbar
spine were detected, especially with regard to the
pressure values in upright standing position (Table
2). The results of these in vivo studies additionally
indicate that the intradiscal pressure depends on
the segmental level and the loading condition,
while it could also be affected by intervertebral disc
degeneration or the measurement technique, which
should be further evaluated in future studies.

To ensure high data comparability, intradiscal
pressure values were normalised to force in case
of axial loading and to moment in case of bending
loading due to the wide range of applied loads in the
selected studies, which also inhibited the analysis of
the effect of combined loading types on intradiscal
pressure. However, normalisation requires quasi-
linear relationship between the applied load and
the resulting intradiscal pressure. Regarding axial
compression, several studies showed an almost
perfect linear relationship between load and pressure
(Anderson et al., 2016; Brinckmann and Grootenboer,
1991; Buttermann and Beaubien 2008; Cripton et
al., 2001; Nachemson, 1960; Nachemson, 1963;
Rolander, 1966). One study reported a non-linear
relationship under high compression loads, which
might have been caused by the constrained loading

0.50

conditions described in the study (Minns and Walsh,
1997), which, however, did not essentially affect the
normalised values. In case of moment application,
the findings of most previous studies indicate a
quasi-linear relationship between moment and
intradiscal pressure in the loading phase (Barrey et
al., 2015; Charles et al., 2011; Rohlmann et al., 2001;
Schmoelz et al., 2006; Wilke et al., 2020; Wilke et al.,
1996; Wilke et al., 2013; Wilke et al., 2006). However,
some other studies suggest non-linear behaviour
in the initial phase of moment loading (Molz et al.,
2003) or by applying high moments (Nachemson
et al., 1979). Therefore, the results of the present
meta-analysis might be affected by a potential non-
linear behaviour between intradiscal pressure and
the applied moment, which should be considered
when using the data for model validation purposes.
However, due to the high variation regarding
applied forces and moments in the selected studies,
a quantitative comparison of the data would not
have been feasible without normalisation. For the
validation of numerical or experimental models, in
any case, loading should not exceed the maximum
limits reported in the selected studies for the different
spinal regions (Table 1a-c).

It was not possible to evaluate the effects of age,
sex and intervertebral disc degeneration on the
intradiscal pressure due to the large variability of the
reported data in the selected publications. However,
previous studies found that increasing age and
male gender cause more likely intervertebral disc
degeneration (Adams ef al., 1996; Goh et al., 2000),
which might have affected the results of the present
meta-analysis due to the large proportion of elderly
and male donors (Table la-c). Furthermore, these
studies indicate that disc degeneration is affected
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Fig.7. Intradiscal pressure (IDP) values in axial rotation as a function of the segmental level. ID numbers
next to the single data points specify the respective literature reference as defined in Table 1a-c.
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Table 2. Literature data on in vivo intradiscal pressure (IDP) measurements.

Mean/
median Age Lying prone | Sitting upright | Standing upright
agein |rangein (IDP in MPa, | (IDP in MPa, (IDP in MPa, Sample
Reference | Level(s) years years | Sex | mean * SD) mean * SD) mean * SD) size | Measuring device
Polgaetal, | T6-T7, 2 f Tokai Rika Co.,
2004 T7T8 28 19-47 Am 0.29 +0.04 0.99 +0.06 1.01 +£0.06 6 Japan
Polga et al., | T9-T10, 2f Tokai Rika Co.,
2004 T10-T11 28 19-47 Am 0.20 +0.03 0.88 +0.04 0.86 +0.06 6 Japan
Nactemson . S
and Elfstrém, | L3-L4 28 14-60 0.38+0.03 1.00+0.10 0.71+0.12 59 ;ram saug
1970 3m rigid resin in an
elastic tube
Satoetal, | 1415 45 1974 | OF 1 0092003 | 054018 0.62+0.16 pg | TokaiRikaCo,
1999 18 m Japan
Wilke et al., 5 French, MIPM
1999 L4-1L5 45 - 1m 0.11 0.55 0.5 1 GmbH, Germany

by the disc level, potentially leading to even lower
intradiscal pressure in the lumbar spine, which
might have also influenced the outcome of the
present meta-analysis. Until now, the effect of disc
degeneration on intradiscal pressure has been mainly
investigated for axial compression loading, overall
showing decreasing pressure values for increasing
degeneration grades (Adams et al., 1996; Stefanakis
etal.,2014; Zehraet al., 2019). However, the influence
of bending loading has been poorly investigated,
which should be considered in future studies. A
potential effect of the transducer type on intradiscal
pressure values was not detected in the present
study, although it was expected that rigid sensors
may provide divergent data compared to flexible
sensors. However, studies using rigid pressure
transducers (Laxer et al., 2006; Minns and Walsh, 1997;
Nachemson, 1960; Nachemson, 1963; Nachemson,
et al., 1979; Rolander, 1966) exhibited comparable
pressure values in the present meta-analysis but were
predominantly used for axial compression testing,
where the intervertebral disc is not unilaterally
deformed. Therefore, flexible pressure transducers
should be favoured when measuring intradiscal
pressure under multi-planar bending loading.
Other measurement technologies, such as stress
profilometry or osmometry, were also included in
the review process and represent useful and valid
methods for the determination of the intradiscal
pressure. However, none of the studies using one
of these methods met all the predefined inclusion
criteria. Studies reporting long-term preconditioning
of their specimens were also excluded from further
analysis for two main reasons. First, most in vitro
studies investigating intradiscal pressure did not
use long-term preconditioning, while inclusion of
studies using this method could have potentially
increased the data variability. Moreover, in silico
studies that might use the data of this meta-analysis
for model validation usually do not simulate long-
term preconditioning, potentially causing limitations
to the validation process. Nevertheless, long-term
preconditioning represents a valuable method to
simulate the human intervertebral disc fluid loss
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and, therefore, is more physiological when compared
to its absence. While the intradiscal pressure
values presumably would decrease after long-term
preconditioning, future in vitro and in silico studies
should take this constraint into account when using
the data of the present meta-analysis.

The present meta-analysis had some limitations
regarding the statistical evaluation of the data. Mean
and median values reported in the selected studies
were included as single data points in the analysis
despite their underlying sample size. Rating of these
values depending on the sample size would have
been possible but was refrained from to not distort the
outcome variation ranges. Furthermore, analysing the
data using regression models impeded the inclusion
of standard deviations from the selected studies. The
method of regression analysis itself is also limited due
to potential smoothening of effects in transition areas,
such as the cervicothoracic and the thoracolumbar
region. Moreover, the method of curve fitting does
not completely ensure a consistent data evaluation
among the single loading conditions. However, it
represented the best possible approach to take into
account the different data distribution characteristics,
whereas using the same regression model was not
feasible without obtaining an overall lower regression
quality. Another limitation was that the coefficient of
determination did not indicate whether an adequate
number of data points was included to receive solid
results. Therefore, for the validation of numerical
models or experimental setups, the regression
curves presented in the present study represent
guide values, which have to be used in combination
with their variation ranges, which, however, might
be affected by potential outliers. A removal of these
potential outliers was considered but not performed,
since the respective publications did not raise the
suspicion of incorrect use of methods. Moreover,
the completeness of data should be ensured to allow
the reader to have a comprehensive view of the
literature, while a certain degree of data variability
was seen, as expected with regard to the nature of
experimental testing. Furthermore, considering the
scarce, scattered and potentially unphysiologically
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determined data found in the literature, the results
of the present meta-analysis should be used with
caution. Nevertheless, the present meta-analysis
provided a large and valid data set for validation
purposes by combining these highly variable data.
Moreover, the presented data may help to understand
the multiplanar load distribution along the spine in
combination with the physiologically acting loads on
the intervertebral discs. These should be determined
in more detail in future studies, preferably by using
long-term preconditioning of the specimens and
highly reproducible measurement techniques, as
well as by investigating the intradiscal pressure of
all spinal levels under different loading conditions.
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Discussion with Reviewer

Theo Smit: Intradiscal pressure is a major marker of
disc degeneration, which in turn affects intradiscal
pressure. How can we quantify the effect of
degeneration on the data points and, therefore, of the
mathematical fitting curves?

Authors: Since the reported data are based on
studies that evaluated intradiscal pressure but not
disc degeneration, the effect of degeneration on
the intradiscal pressure data was unfortunately not
quantifiable. However, it can be assumed that all
data points below the regression curve originate from
discs that were more likely affected by degeneration.
Future studies should focus on this issue.

Editor’s note: The Scientific Editor responsible for
this paper was Mauro Alini.
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