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Abstract

Purpose This study aimed at investigating the effects of different body positions and axial loads on spinal stiffness to better
understand spinal stabilisation mechanisms.

Methods The posterior-to-anterior lumbar and thoracic spinal stiffness of 100 young healthy adults (mean age 23 years;
50 females) were measured in three test situations: prone, standing and standing while carrying a load equal to 50% of the
subject’s body weight. Each test situation comprised three trials.

Results Spinal stiffness in all test situations showed good reliability. Repeated measures analysis of covariance showed
significantly higher spinal stiffness in standing than in the prone position [F(1/1694)=433.630, p < 0.001]. However, spinal
stiffness was significantly lower when standing while carrying a load of 50% of the body weight than when standing without
additional load [F(1/1494)=754.358, p <0.001].

Conclusion This study showed that spinal lumbar and thoracic stiffness increases when body position is changed from prone
to standing. Additional axial load of 50% of the subject’s body weight results in reduced spinal stiffness during standing.

Graphic abstract
These slides can be retrieved under Electronic Supplementary Material.
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Control of the human posture during walking or sit-to-
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article (https://doi.org/10.1007/s00586-019-06254-0) contains
supplementary material, which is available to authorized users.

motor control coordinates muscle recruitment to provide
postural stability [1]. Postural control is maintained by sen-
04 Jaap Swanenburg sory inputs from the vestibular and visual systems as well
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of posterior-to-anterior spinal stiffness have been used for
the diagnostics, management and treatment of patients with
low back pain [3]. These can provide useful biomechani-
cal information for clinical decision making [4] and help
to determine whether a joint is hypo- or hypermobile [5].
It is well known from the literature that postural control is
load-dependent [6]. Carrying a load or a change in body
position leads to a change in spinal stiffness [7-9]. Assess-
ing stiffness in different body positions is important because
the orientation of the spine towards gravity or changes in
loading directly impact spinal stiffness [8, 9]. So far, spinal
stiffness measurements have predominantly been performed
in resting prone position. In such a context, stiffness assess-
ment mostly excludes the muscular contribution of the motor
control system [7]. Change of position from prone to upright
results in an increased spinal muscle activity to stabilise the
spine towards gravity [8, 9]. In the prone position, most of
this stability is achieved by the inherent tension from passive
muscle stiffness, ligaments and joint capsules [9].

To facilitate further research, normative data on spinal
stiffness of asymptomatic individuals are required [4]. More-
over, information regarding systematic comparison of spinal
stiffness with different body positions and/or axial loadings
is not available [10]. A better understanding of spinal stift-
ness may result in novel insights regarding spinal stabilisa-
tion. Therefore, this study aimed to investigate the effects of
body positions and axial load on spinal stiffness.

Methods

A total of 100 young healthy subjects of the age group
18-30 years were recruited; written informed consent was
obtained from all participants. Subjects were excluded from
the study if they had acute back pain (thoracic or lumbar), a
history of significant back pain (thoracic or lumbar) or radi-
ating pain down the leg, contraindications to spinal mobi-
lisation/manipulation, spinal fractures or spinal tumours.
Also, subjects who previously had a surgical intervention in
the thoracic or lumbar spine or experienced a local infection
of the spine or the surrounding tissue were excluded. Meas-
urements were conducted at the Balgrist University Hospital,
Zurich, Switzerland. The ethics committee of the Canton
of Ziirich approved this study BASEC-Nr: 2017-01245 and
registered ClinicalTrials.gov Identifier: NCT03495843.

Data collection procedures

The first step was to obtain demographic data such as
weight, sex, age and height of each participant. This and
the spinal stiffness measurement were performed by two
medical students, who were thoroughly trained in the use of
the mechanical indenter and ultrasound device. All stiffness
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measurements were taken by the same examiner. To prevent
bias, the exact location of the spinous process of LS was
determined with the help of ultrasound. For this purpose,
a portable ultrasound device, the Aloka SSD-500 (Aloka
Co, Tokyo, Japan) with an Aloka UST-934N-3.5 Electronic
Convex Probe, was used. The other spinous processes were
manually identified and marked with ink to label the position
for indenter placement. To increase accuracy, the marking
was verified by both examiners. Before the measurements
were initiated, a familiarisation indentation trial in the prone
position was conducted to minimise the subject’s anxiety.
Because spinal stiffness is influenced by various factors,
such as pain [11], increased abdominal pressure [12] and the
respiratory cycle [13], subjects were instructed to inhale and
exhale comfortably and then hold their breath at the end of a
normal exhalation [13]. For the comfort of the participants, a
short break was allowed after thoracic and before the lumbar
measurements for one breathing cycle.

The thoracic and lumbar spinal stiffness of the partici-
pants was assessed in three test conditions: prone, neutral
standing upright and standing with an additional axial load.
The axial loading was accomplished with the help of a long
weight bar which the participants were carrying while stand-
ing. The weight on the bar was adjusted to equal 50% of the
participant’s body weight (standing + 50%). The first test
measurement was performed in the prone position, the sec-
ond in the standing position, and the third with the additional
axial loading. Each test comprised three trials. Between each
measurement, there was a 2-min break to ensure viscoelastic
recovery before the next trial [14]. In the prone position,
the participants were laying on a medical couch. For safety
reasons, the measurements obtained with additional axial
load (standing + 50%) were performed with a squat rack. The
long weight bar was placed in the squat rack, slightly below
shoulder height of the subject, and 50% of the participant’s
body weight (+0.5%) was put on it. The position of the feet
was directly under the middle of the bar, and the hands were
evenly spaced. Shortly before taking the measurement, the
subject was instructed to lift the bar and remain in the stand-
ing position. When the subject was in a stable standing posi-
tion, the stiffness measurements were taken (see Fig. 1).

Assessments

The spinal stiffness was assessed using a device which meas-
ures tissue compliance by employing the concept of impulse
response [10, 15]. An impulse is generated by the device
and applied to the spine. A force transducer of the device
measures the response, the impulse response. The impulse
response is the compliance of the muscles, joints and con-
nected structures to the energy generated by the impulse or
stiffness [15]. The compliance of the involved tissues by
approximation corresponds to a linear time-invariant system
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Fig. 1 Measurement set-up; standing +50% standing with additional axial load

and the impulse to a very brief (< 1 ms) input signal. There-
fore, the impulse response completely characterises this
compliance [16, S. 1471f]. It can be thought of as force with
no change in time. Thus, the units of output are Newton
(force). This method has the advantage that it can meas-
ure spinal stiffness in different body positions. To measure
posterior-to-anterior spinal stiffness, a computer-assisted
analytic device (PulStar Function Recording and Analysis
System, PulStarFRAS, Sense Technology, Inc, Pittsburgh,
PA, USA) was used [15]. A force of 80 N was applied from
the device to the spinous process. To trigger the measure-
ment, a preload of 18 N was applied to overcome possible
confounders caused by the soft tissue components between
the device and spinous process. For this study, an impulse
head with a single contact probe was used. The participants
were asked to report if they experienced any pain during
measurements.

Statistical analysis

Descriptive statistics were used to summarise baseline char-
acteristics of the participants, and the mean of the three trials
of each test situation was used for further calculations. A
graph of mean spinal stiffness and 95% confidence intervals
(CD) of each thoracic and lumbar vertebra in all three test-
ing situations was plotted. Measurements of Th1 and Th2
during the test situation involving standing with additional
axial load were not possible because the spinous processes
were covered by the weight bar.

The test-retest reliability of all three test situations was
assessed with an intraclass correlation coefficient (ICC) with
95% CI. Cronbach’s alpha was assessed to evaluate internal
consistency. The standard error of measurement (SEM) and
smallest detectable change were calculated to determine
absolute reliability. Limits of agreement (LoA) and system-
atic bias were assessed using Bland—Altman plots.

The differences in spinal stiffness between body posi-
tions (factors prone and standing) and additional axial
loading (factors standing and standing +50%) were tested
with a two-factor repeated measures analysis of covari-
ance (ANCOVA) with body mass index (BMI) and sex as
the between-subjects factors. Three BMI categories were
defined (<20, 20-24, > 25 kg/m?). For post hoc analysis,
a one-way analysis of variance for each vertebra was used
(Bonferroni correction p <0.003). All statistical analyses
were performed using SPSS 23 (IBM, PASW Statistics,
Chicago, IL). The REDCap (8.2.0, Vanderbilt University)
was used to collect and store data.

Results

Participants

One hundred participants were recruited and spinal stiffness
was measured; none of them had to be excluded.

The characteristics of participants are summarised
in Table I; none of them experienced pain during the
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Table 1 Characteristics of participants

All (N=100) Male (N=50) Female (N=50)

Age (years, 23.0+2.8 234423 22.6+3.1
mean £+ SD)

Weight (kg, 683+11.3 754+89 61.2+8.8
mean=+SD

Height (cm, 172.7+8.3 178.4+6.6 167.1+£5.5
mean + SD)

BMI <20 (mean) 13 (18.7) 2 (19.3) 11 (18.7)

BMI 20-24 (mean) 63 (22.2) 31 (22.5) 32 (22.0)

BMI > 25 (mean) 24 (26.4) 17 (26.3) 7 (26.7)

SD standard deviation, BMI body mass index

measurements. The mean spinal stiffness with 95% CI in all
three test situations is presented in Fig. 2.

Reliability

Spinal stiffness in all test situations showed good reliability,
with the ICCs > 0.83, Cronbach’s alpha between 0.83 and
0.88 and SEM <2.02. All outcomes are shown in Table 2.
The Bland-Altman plot indicated that most points were
located within the 95% LoA for test-retest reliability. No
systematic error was observed. The results of each trial and
Bland—Altman plots can be found in supplementary file S1.

Influence of body position

Repeated measures ANCOVA main effect with sphe-
ricity assumed showed mean spinal stiffness signifi-
cantly higher when standing than when in the prone
position [F(1/1694)=433.630, p <0.001]. Results of
each vertebra are shown in Table 3. We also found that
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Fig.2 Spinal stiffness on the basis of body position

Table 2 Reliability of stiffness measurements in all three test situations

Session 1 and 2

Session 1 and 3

Session 2 and 3

ICC (95% CI) a SEM MDC ICC (95% CI) a SEM MDC ICC (95% CI) a SEM MDC
Prone 0.84 (0.83-0.86) 0.84 2.00 554 0.83(0.81-0.84) 0.83 2.02 560 0.85(0.84-0.86) 085 2.00 5.54
Standing 0.87(0.85-0.88) 0.87 1.51 419 0.87(0.86-0.88) 0.87 148 4.09 0.89(0.88-0.90) 0.89 1.64 454
Standing+50% 0.88 (0.87-0.89) 0.88 1.45 4.03 0.85(0.83-0.87) 0.85 1.65 4.56 0.86(0.85-0.88) 0.87 159 440

ICC intraclass correlation coefficient, CI confidence interval, @ Cronbach’s alpha, SEM standard error of measurement, MDC minimal detectable

change, Standing + 50% standing with additional axial load
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Table 3 Findings of ANOVA for different body positions and addi-
tional axial loads

Vertebra Prone—standing Standing—stand-
ing+50%

F(199/1) p F(199/1) p
Thl 7.393 0.007 N.A N.A
Th2 7.739 0.006 N.A N.A
Th3 2.144 0.145 148.167 0<0.001%*
Th4 0.001 0.974 81.318 0<0.001%*
Th5 15.189 0<0.001%* 65.258 0<0.001%*
Thé 58.899 0<0.001%* 48.177 0<0.001%*
Th7 140.800 0<0.001%* 51.504 0<0.001%*
Th8 292.967 0<0.001%* 48.177 0<0.001%*
Th9 348.961 0<0.001%* 35.958 0<0.001%*
Th10 308.697 0<0.001%* 26.028 0<0.001%*
Thll 268.913 0<0.001%* 25.402 0<0.001%*
Th12 292.389 0<0.001%* 31.692 0<0.001%*
L1 99.516 0<0.001%* 3.058 0.082
L2 82.156 0<0.001%* 8.153 0.005
L3 33.743 0<0.001%* 11.207 0<0.001%*
L4 14.820 0<0.001%* 23.961 0<0.001%*
L5 6.040 0.015 7.641 0.006

Standing + 50% standing with additional axial load, NA not available
*Bonferroni correction p <0.003

there was an interaction between BMI and body posi-
tion [F(2/1694)=29.358, p <0.001]; however, no rela-
tion between sex and body position was observed
[F(1/1694)=0.828, p=0.363]. Testing all three BMI
groups (BMI <20, 20-24, > 25) separately showed sig-
nificant differences between the prone and standing posi-
tions in all three groups: BMI <20, F(1/220)=128.001,
p<0.001; BMI 20-24, F(1/1070)=710.029, p <0.001;
BMI >25, F(1/407)=65.482, p <0.001. The effects of dif-
ferent positions on spinal stiffness were similar in all three
BMI categories.

Influence of additional axial loading

Repeated measures ANCOVA main effect with sphericity
assumed showed that mean spinal stiffness was signifi-
cantly lower in the configuration of standing +50% than
that in normal standing [F(1/1494)=754.358, p <0.001]
(Table 3). Investigating the frequencies of the direction of
change across vertebras and across subjects, 82% of the ver-
tebras showed a decrease (mean decrease 8.3% +7.3SD), 2%
showed no change, and 16% presented an increase (mean
increase 2.8% +2.7SD) in spinal stiffness. There was an
interaction between BMI and the loading [F(2/1494)="7.041,
p=0.001]; however, there was no relation between sex and
axial loading [F(1/1494)=0.002, p=0.965]. Testing all

three BMI categories separately showed significant differ-
ences between standing and standing with additional load in
all three groups: BMI <20, F(1/194)=175.219, p <0.001;
BMI 20-24, F(1/944)=699.787, p<0.001; BMI > 25,
F(1/359)=199.694, p < 0.001. Additionally, the effects of
different positions on spinal stiffness were similar in all 3
BMI categories.

Discussion

Here, we present spinal stiffness data in different body posi-
tions and/or with different axial loadings. The data were
found to be reliable, thereby providing normative data on
spinal stiffness in asymptomatic individuals. In contrast to
our expectations, this study showed no significant difference
in spinal stiffness between males and females in all body
positions. While this is in line with results by Stanton and
Kawchuk [17], two previous studies showed higher spinal
stiffness values in males than in females [11, 18]. But one
study found this difference only for the vertebra Th7 [11]
and in the other study, the males were 14 years older than
the females [18], which might have influenced the results
[19]. In the present study, spinal stiffness did demonstrate
a dependency on the BMI of the participants. Our finding
of decreasing stiffness with higher BMI is supported by the
literature [18, 19]. Despite the influence of BMI on spinal
stiffness, the different BMI groups showed the same effects
in different body positions and with different axial loads.

Influence of body position

There was higher spinal stiffness in the upright than that in
the prone position in most thoracic and lumbar vertebrae.
This result supports the concept that increased activation
of the back extensor muscles in an upright neutral position
results in higher stiffness values than in prone position [8].
Only Th1-Th4 showed lower spinal stiffness values in the
upright position. A possible explanation could be that the
sternum stabilised the upper thoracic spine while the subject
laid prone on the table [20]. According to our knowledge,
there is only one study which has measured both thoracic
and lumbar spinal stiffness [15], and it involved assessing
18 healthy young adults in the prone position. Similar to our
results, higher stiffness values were found for Th1-Th4 with
lower values for the lumbar spine in the prone position [15].
In contrast, another study has reported lower spinal stiff-
ness in the upper than in the lower thoracic spine in healthy
participants aged 18—45 years [21]. However, the thoracic
spine was not measured entirely in this study (only the four
vertebrae adjacent to the stiffest vertebra).
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Influence of additional axial loading

Spinal stiffness in most vertebrae decreased while the sub-
jects were carrying an additional axial load compared to
standing upright neutrally. This is similar to a study that
investigated spinal stiffness of the L3 vertebra in prone and
upright positions during parabolic flight, where decreased
spinal stiffness was observed during hypergravity (1.8 g)
conditions [22]. These results are contrary to what has
been found using in vitro samples [9] or in vitro porcine
models [23]. Such in vitro experiments test the stiffness
of passive structures, including bones and ligaments, but
obviously do not include the assessment of muscle activity
or spinal motor control. One explanation could be where/
how the load in this study was applied. In our study, the
load was placed on the shoulders. This produces a simi-
lar axial load as carrying a backpack with a minimum of
moment arms, which has been shown to result in particu-
larly low spine loads [24]. In line with this notion, earlier
studies found no change or even a decreased lumbar erec-
tor spinae EMG activity while carrying a backpack com-
pared to the unloaded spine [25]. Accordingly, a reduc-
tion of the erector spinae activity leads to a forward trunk
lean to counterbalance the weight [25]. In our study, the
axial load placed on the participant’s shoulders creates an
extension moment in the same way as a backpack. Because
the stability provided by the passive structures is small
[7], active structures and motor control of the spine likely
contribute to the decrease in stiffness found in the present
study.

Limitations

Due to the squat rack lying over the participants’ shoul-
ders, we could not measure the stiffness of Th1l and Th2
in the upright position with an additional load. Further-
more, several factors which influence spinal stiffness were
not assessed, e.g. trunk muscle activity and abdominal
pressure.

Conclusion

This study provides new insights regarding spinal motor
control. We confirmed the increase in spinal lumbar and
thoracic stiffness when body position is changed from prone
to standing upright. Additional axial load of 50% of the body
weight during standing leads to reduced spinal stiffness.
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