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Background: The spinal column possesses shock absorption properties, mainly provided by 

the intervertebral discs. However, with the process of senescence, all structures of the spine, 

including the discs, undergo degenerative changes. It may lead to alteration of the mechanical 

properties of the spinal motion segment and diminished capacity for vibration attenuation.

Objective: The objective of this study was to investigate the age-related changes in shock 

absorption properties of the spine.

Patients and methods: A total of 112 individuals divided into three groups according to age (third, 

fifth, and seventh decades of life) were enrolled in this study. The transmissibility of vibrations through 

the spine was measured in a standing position on a vibration platform by accelerometers mounted at 

the levels of S2 and C0. Registered signals were described using four parameters: VMS (variability), 

peak-to-peak amplitude (PPA), and spectral activity in two bands F2 (0.7–5 Hz) and F20 (15–25 Hz).

Results: In all age groups, signals registered at C0 were characterized by significantly lower 

values of VMS, PPA, and F20, when compared to level S2. Simultaneously, the parameter 

F20 significantly differed among all age groups when C0 vibrations were analyzed: 2.43±1.93, 

5.02±3.61, and 10.84±5.12 for the third, fifth, and seventh decades of life, respectively.

Conclusion: The human spinal column provides vibration attenuation; however, this property 

gradually declines with the aging process.

Keywords: vibration transmissibility, amortization, attenuation, senescence process, inter-

vertebral disc

Background
Functions of the human spine include supporting the body’s weight, facilitating 

movement and flexibility, and protecting other structures in the vulnerable spinal cord 

from injury.1 Along with this, the spinal column possesses shock absorption abilities – it 

attenuates tremors and vibrations that occur in daily life activities; for example, during 

gait, each impact of the heel with the ground produces transient waves that propagate 

up throughout the body.2 The intervertebral disc (IvD) is postulated to be the main 

spinal structure responsible for transfer of the compressive forces between adjacent 

vertebrae and allowing energy dissipation. With the nucleus behaving like a pressured 

cylinder, the disc is the main shock absorber of mechanical stresses transmitted during 

motions from the lower limbs to the skull and brain.3

With senescence, all structures of the spinal column, including the IvD, undergo 

degenerative changes.4–6 The literature suggests that the age-related changes of the 

IvD and surrounding structures lead to alteration of the mechanical properties of the 

spinal motion segment. A trend toward spinal stiffening with increasing degeneration 

has been observed in most studies, although conclusive studies regarding some aspects 

are lacking.7,8 However, the limit between IvD aging and pathological abnormalities is 
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absolutely indistinct and has been recognized as such since 

the start of morphological studies on the IvD.9 Therefore, as 

previously suggested, it would be useful to study how the 

physiological age-related changes within the spine column 

affect its shock absorption function.2

Unfortunately, in all static imaging methods such as X-ray 

or magnetic resonance imaging (MRI), mainly structural 

changes are observed, and for the analysis of spine shock 

absorption properties, these methods are unsuitable.10 Other 

techniques focused on function assessment can be difficult 

to interpret due to the nonspecific application (eg, elec-

tromyography) or are problematic to employ due to cost, 

access, and invasiveness (eg, fluoroscopy). Given the above, 

there is a significant inability to quantify shock absorption 

properties using diagnostic methods commonly applied in 

health care.11

To fill this void, several authors have identified estab-

lished engineering techniques used in evaluating mechanical 

assemblies and adapted them for use in the analysis of 

human locomotor system function.11–14 It seems that the 

spine shock absorption properties can be directly expressed 

in the frequency domain as the transmissibility of vibra-

tion through the spinal column.15 These vibrations can be 

measured with accelerometers attached to the skin over 

the spine bony prominence, which has been previously 

validated against pins inserted directly into the bone, with 

promising results.16 However, currently there are no strict 

guidelines for the use of specific brands and models of accel-

erometers for the measurement of vertical human vibration 

transmissibility.2

There have been few studies on the transmission of 

vibrations through the human body, and through the axial 

skeleton.17–19 It has been reported that the spine transmitted 

more than 50% of the vibration received at the sacrum.2 

In turn, Helliwell et al20 and Smeathers21 over 20 years ago 

reported that the normal spinal column has the capability 

to absorb vibrations with a frequency greater than 15 Hz. 

Moreover, it was also demonstrated that signals registered 

from healthy subjects possess a different frequency domain 

in comparison to patients with spine disorders (eg, ankylosing 

spondylitis).21 However, the influence of senescence on the 

human spine shock absorption capacity has not been ana-

lyzed before. Hence, the aim of this study was to measure 

the in vivo vibration transmissibility of the spinal column 

using skin-mounted accelerometers in healthy subjects in a 

wide range of age groups. This investigation may help to 

expand the knowledge about the amortization function of 

the human spine and the age-related changes in its shock 

absorption properties.

Patients and methods
study population
A total of 112 healthy subjects (47 males and 65 females) 

in three age categories (third decade, 20–29 years old; fifth 

decade, 40–49 years old; seventh decade, 60–69 years old) 

were enrolled in the study. Based on the questionnaire and 

medical interviews, to prevent any artifacts and biased 

results originating from the influence of factors not associ-

ated with aging, individuals with spinal column disorders, 

postural defects, osteoarthritis, underweight or obesity 

(with a body mass index less than 18.5 kg/m2 or greater than 

30 kg/m2, respectively), or other neurological or musculosk-

eletal disorders were excluded from the study. For the sake 

of patients’ safety, patients with osteopenia/osteoporosis 

and endoprosthesis were not included in the study. Ana-

lyzed age groups did not differ significantly in anthropo-

metric parameters; their detailed characteristics are given in 

Table 1.

Signed informed consent was obtained from all tested 

persons, and the rights of subjects were protected. The project 

was approved by the Opole Voivodship Ethics Committee.

Vibration platform and accelerometers
Assessment of spine shock absorption properties was per-

formed by measuring the transmission of vibrations through 

the human body, generated by a vibration platform developed 

for use in whole-body vibration training (Figure 1). The 

used platform allowed generation of complex sine-wave 

vertical vibrations of frequency 2 Hz and 10 mm amplitude, 

with simultaneously superimposed vibrations of 20 Hz and 

2 mm amplitude, produced by two servo-controlled electro-

dynamic vibrators, with a total electrical power of 0.8 kW. 

Table 1 Characteristics of assessment groups

Analyzed 
groups

Number of 
males/females

Age (years), 
mean (SD)

Height (cm), 
mean (SD)

Weight (kg), 
mean (SD)

BMI (kg/m2), 
mean (SD)

Third (n=37) 16/21 24.2 (2.6) 170.1 (9.1) 68.8 (12.3) 23.8 (3.7)
Fifth (n=39) 17/22 46.1 (2.3) 169.5 (8.4) 69.9 (10.9) 24.6 (3.1)
seventh (n=36) 14/22 64.7 (2.9) 168.2 (8.8) 70.7 (11.4) 25.3 (3.5)
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The control system automatically allowed adjustment of the 

vibration amplitude and its frequency to the required values, 

based on data acquired from the internal accelerometer. The 

dimensions of the platform with handrails are as follows: 

130×70×120 cm, for length, width, and height, respectively; 

the total mass is approximately 120 kg.

For vibration transmission acquisition, two single-axis 

piezoelectric acceleration sensors were used: model 

4513B-002 with a multichannel Nexus conditioning ampli-

fier (Brüel & Kjær Sound & Vibration Measurement A/S, 

Nærum, Denmark). A computer equipped with a measuring 

card type CH 3160 (Acquitek, Paris, France) and special-

ized AcquiFlex software were used for registration of the 

signals (Figure 2).

Procedure
The sensors were put over two locations of the spine. One 

accelerometer was mounted to the skin by double-sided 

adhesive tape at the level of the spinous process of the sec-

ond sacral vertebra (S2) to measure the “input” signals. The 

second one, which recorded the “output” signal, was mounted 

by an elastic band at the level of the lambda skull landmark 

(C0). The accelerometers were aligned with the long axis of 

the spine as nearly vertical as possible. The S2 and C0 were 

identified by palpation performed by a trained clinician, and 

the accelerometers were placed by the same clinician.

Subjects were instructed to maintain a comfortable posi-

tion at the center of the vibration platform with feet shoulder-

width apart, keep their arms by their sides, and look straight 

ahead at a point on the wall approximately 3 m away, at eye 

level. The assessment was performed in the early morning 

hours, in underwear, without shoes and socks.

Data collection and signal analysis
After correct positioning of the patient on the platform, 

the vibration was switched on, and the data acquisition 

Figure 1 Scheme of vibration platform (a: 2 Hz electrodynamic vibrator; b: 20 Hz electrodynamic vibrator; c: compression springs; d: accelerometer for control; e: plate of 
platform; f: microcontroller).

Figure 2 Scheme of measurement stand and equipment (a: vibration platform; b: amplifier; c: measuring analog-to-digital card; d: PC; e: analyzed parameters).
Abbreviation: PPA, peak-to-peak amplitude.
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commenced after 10 seconds and lasted 6 seconds. Recording 

of generated signals was performed in the periodicity between 

0.7 and 100 Hz with a sampling rate of 1 kHz. Each result 

was low-pass filtered according to the 50 Hz threshold. The 

obtained signals ranged from 0.7 to 50 Hz and are described 

using four parameters. The variability of the recorded signals 

was assessed by computing the mean-squared values of an 

obtained signal in fixed-duration segments of 5 ms each, and 

then computing the variance of the values of the parameter 

over the entire duration of the signal (VMS). Moreover, for 

signal amplitude analysis, the peak-to-peak amplitude (PPA) 

parameter was used, calculated by the difference between 

the highest amplitude value and the lowest amplitude value. 

For assessment of the signal frequency characteristics, the 

spectral activity was analyzed by summing the spectral power 

of the recorded signal in two bands: F2 (0.7–5 Hz) and F20 

(15–25 Hz). All data were analyzed using custom-made 

scripts in MATLAB (R2010b; MathWorks Inc.).

statistical analysis
Demographic and anthropometric characteristics of analyzed 

groups were presented as descriptive statistics (mean and 

SD), and the Mann–Whitney U-test was used to evaluate 

differences between them. Normality of the distribution was 

assessed with the Shapiro–Wilk test. Because of skewed dis-

tribution of F2 and F20 parameter values, they were analyzed 

after logarithmic transformation. Evaluation of all dependent 

variables was performed with analysis of variance, and then 

for post hoc comparisons, the Tukey test for unequal sample 

sizes was used. For correlation analysis between anthropo-

metric data and VMS, PPA, F2, and F20 parameter values, 

Pearson’s r test was performed. The level of significance 

was set at p,0.05. Statistical analysis was performed using 

Statistica v.12 (StatSoft, Inc., Tulsa, OK, USA).

Results
The mean values of signal parameters registered from 

112 individuals in three age-category groups are presented 

in Table 2. When values of VMS, PPA, and F20 param-

eters recorded from S2 and C0 were compared, differences 

between these two levels were found in all age-category 

groups (Table 2). All signals registered from C0 were char-

acterized by significant lower variability, amplitude, and the 

spectral activity in the range of 15–25 Hz, when compared 

to S2 level. Only the F2 parameter did not differentiate the 

signals between “input” and “output”, due to the very similar 

spectral activity from 0.7 to 5 Hz in all considered groups.

In Figure 3, representative signal courses registered 

from S2 and C0 levels for individuals in the third, fifth, 

and seventh decades of life are shown. It can be observed 

that the signal registered from S2 in all cases had a similar 

course (Figure 3A–C). In contrast, the signal registered from 

the C0 level differed between particular representatives of 

groups (Figure 3D–F). It can be seen that the signal repre-

sentative for the third-decade group (Figure 3D) exhibited 

a smooth signal sinusoidal wave of 2 Hz frequency. In the 

fifth-decade group (Figure 3E), additional low oscillations 

of 20 Hz occurred in the signal course, intensifying in the 

seventh-decade group (Figure 3F).

These observations are confirmed by the mean values of 

VMS, PPA, F2, and F20 parameters (Table 2). The statistical 

analysis did not indicate any differences in these parameters 

between age groups, when analyzed for S2 level. Meanwhile, 

when spectral activity of C0 vibrations was analyzed, the 

F20 parameter showed significant variation among all age 

groups – the values increase geometrically with age. Simi-

larly, we observed a significant age-related increase of PPA 

values describing the amplitude of C0 vibrations, but only 

when comparing the youngest and the oldest age groups.

The characteristics of signals reflecting the vibrations 

at the C0 level are also illustrated as distributions of the 

frequency spectrum in Figure 4. While the power spec-

trum density in ~5 Hz bandwidth in the analyzed groups 

was similar, differences in the power spectral density in 

the ~20 Hz bandwidth were clearly observed between all 

three groups.

Table 2 Values of analyzed parameters and statistical differences between particular decades of life

Analyzed 
groups

VMS (V), mean±SD PPA (V), mean±SD F2 (V2/Hz), mean±SD F20 (V2/Hz), mean±SD

Sacrum Occiput Sacrum Occiput Sacrum Occiput Sacrum Occiput
Third (20–29) 0.64±0.31 0.21±0.13 1.42±1.53 0.91±0.64 1.62±0.82 1.57±0.82 11.47±5.02 2.43±1.93
Fifth (40–49) 0.66±0.35 0.21±0.14 1.47±1.62 0.98±0.73 1.64±0.79 1.58±0.87 12.51±6.14 5.02±3.61
seventh (60–69) 0.71±0.42 0.23±0.18 1.58±1.64 1.14±0.70 1.65±0.96 1.60±1.14 13.03±7.66 10.84±5.12
p-values
Third vs fifth 0.143 0.387 0.397 0.114 0.190 0.485 0.093 0.012
Third vs seventh 0.052 0.178 0.060 0.037 0.398 0.217 0.051 0.001
Fifth vs seventh 0.196 0.215 0.105 0.092 0.264 0.269 0.127 0.006

Note: Bold values are statistically significant (p,0.05).
Abbreviation: PPA, peak-to-peak amplitude.
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In addition, significant correlations between values of 

analyzed parameters and anthropometric data were found. 

The values of PPA and F20 parameters measured at the 

C0 level were negatively correlated with height of partici-

pants, but only in the third-decade group (r=-0.39, p=0.04 

and r=-0.53, p=0.01, respectively).

Discussion
The purpose of the present study was to investigate the 

age-related changes in shock absorption properties of the 

human spinal column. The analysis relied on the assessment 

of vibration transmissibility through the spine, measured by 

skin-mounted accelerometers. Our hypotheses and the results 

of other authors indicated that the healthy spine is able to 

attenuate frequency components mainly above 15 Hz.20,21 

However, it was also previously suggested that the various 

daily physical activities may generate vibrations in the lower 

spectrum of frequencies (0.5–4 Hz) and that during daily 

life or sport physical activities, the human body is exposed 

to complex waves rather than simple, isolated sine waves.2 

Therefore, we analyzed the spine’s capability of attenuation 

of combined vibrations, consisting of a sinusoidal waveform 

with 2 Hz frequency and 10 mm amplitude as well as 20 Hz 

frequency and 2 mm amplitude.

The results presented herein confirmed that the spinal 

column allows for energy dissipation and provides vibra-

tion absorption. This is clearly visible for vibration compo-

nents of 20 Hz, which were attenuated by 50% on average 

(F20 parameter), when all patients were analyzed together. 

This phenomenon was expected according to the previous 

studies and is elucidated by the biomechanical properties of 

the IvD and its viscoelastic behavior.22,23 In turn, when shock 

absorption properties of vibrations in bandwidths of 2 Hz fre-

quency and 10 mm amplitude (F2 parameter) were analyzed, 

we found that in particular age groups, the structures of the 

spinal column from the sacrum to the occiput transfer 97% 

of vibrations, regardless of age. Our observations may be 

explained by the results of Helliwell et al,20 who reported 

that in healthy subjects vibration transmissibility was 

attenuated at frequencies above 15 Hz, but below 13 Hz the 

transmissibility can be enhanced due to muscular contraction. 

Similarly, Baig et al24 suggested that frequencies of 2–4 Hz 

may induce greater muscle activity, leading to spinal stiff-

ening, due to dynamic stabilization. However, in our study, 

the muscle activity was not evaluated, and it is difficult to 

determine whether the lack of absorption of vibration of 2 Hz 

Figure 3 Course of the signals registered on the s2 level: representatives for individuals in the third decade of life (A), fifth decade of life (B), and seventh decade of life (C). 
Course of the signals registered on the C0 level: representatives for individuals in the third decade of life (D), fifth decade of life (E), and seventh decade of life (F).

Figure 4 Power spectrum distribution in all signals recorded from the C0 level for 
particular age groups.
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is associated with viscoelastic characteristics of the IvDs or 

dynamic stabilization provided by muscle tension.25 Kiiski 

et al19 reported that the vibration-induced accelerations can 

increase at frequencies ,20 Hz because of body segment 

resonances. Anyway, this result is consistent with the view 

that spine shock absorption is a complex process and that the 

spine dissipates energy preferentially and does not act as a 

simple shock absorber in the direction of the spinal axis.26

Furthermore, we found that the aging process is accom-

panied by reduced spine shock-absorbing capability. It is 

difficult to compare our results to previous studies, as to 

the best of our knowledge no prior research has investi-

gated the influence of the aging process on the spine shock 

absorption function. Our results directly showed age-related 

diminished possibilities of attenuation of 20 Hz vibrations, 

observed as a significant increase of the F20 parameter values 

measured at C0, with successive decades of life. When we 

analyzed spectral power in the bandwidth from 15 to 25 Hz, 

for sexagenarians, we noted twofold and fourfold higher 

levels of vibrations measured at the skull, when compared 

to the quadragenarians and the vicenarians, respectively. 

We postulate that this phenomenon mainly results from age-

related degenerative changes in the spinal column structures, 

responsible for shock absorption. It was reported that with the 

physiological aging process the alterations in the extracellular 

matrix of the IvD occur through modification in the synthe-

sis of type II collagen to type I collagen, and reduction of 

aggrecan synthesis in the nucleus pulposus. This process can 

extend to and affect the annulus fibrosus, consequently reduc-

ing the intervertebral space.9 Similar changes occur in the 

end plates, which may have consequences for the nutritional 

supply and hydration of the IvD.22,27 Although the mechanical 

effect of these degenerative changes is not fully understood, 

it appears that alterations of the tissue properties of the IvD, 

including dehydration and reorganization of the nucleus and 

stiffening of the annulus fibrosus, cause the IvD to be less able 

to adjust to compression.7,8,28,29 However, it should be noted 

that the observed age-related increase of the vibration level 

measured at the occiput could also be a partial consequence 

of the process of senescence of the overall musculoskeletal 

system, not only the spinal column. This thesis may be sup-

ported by the observed trend of an age-associated increase of 

all analyzed parameters, and near statistically significant dif-

ferences between the third and seventh groups in VMS, PPA, 

and F20 parameter values measured at the S2 level. Thus, it 

appears that the reduced muscle strength, stiffer tendons, 

and degenerative changes within lower limb joints typical 

for aging may be an additional, relevant factor responsible 

for diminished vibration absorption in the elderly.

Moreover, in this study, we analyzed the relationships 

between anthropometric data of participants and spine shock-

absorbing capacity. In particular, we observed negative cor-

relations between body height and the spectral power in the 

bandwidth from 15 to 25 Hz (F20 parameter) measured at  

the occiput. However, these relations were present only in the 

third group. We propose that the observed phenomenon may 

be associated with the fact that a longer spine column pos-

sesses better damping properties than a shorter one, but due to 

the age-related changes within the IvD and its loss of height, 

differences in capability of vibration attenuation decline. It 

should also be considered that the reduction in height of the 

IvD directly affects the adjacent vertebrae; it can lead to an 

increase of more than 50% of the compressive force on the 

lumbar spine being resisted by the neural arch.30 Thus, it can-

not be excluded that the observed disturbances of vibration 

attenuation are also associated with age-related changes in 

other structures of the spinal motion segment, including zyga-

pophysial joints.5,27 Moreover, it seems that the shape of the 

spinal curvatures also may significantly affect the amortization 

function.19,31 It was suggested that the spines of patients with 

decreased curvatures (decreased lordosis or axially extended 

spines) possess decreased capacity of shock attenuation.32

Due to this, a limitation of our study is unknown status of 

spinal structures (IvD and zygapophysial joints), not analyzed 

by a suitable imaging method (eg, MRI). We also did not 

consider the effect of the shape of the spinal curves on the 

obtained results. Moreover, some constraints are related to 

the use of skin-mounted accelerometers, despite the fact that 

every effort was made to ensure that the accelerometers were 

mounted identically on all subjects. It should be taken into 

account that certain anthropometric characteristics related to 

interpersonal anatomical differences or age-related changes 

not associated with the spine as well as differences in sensor 

mounting methods could have a slight impact on the obtained 

results. Therefore, further research should include direct evalu-

ation of spinal structures and should focus on anthropometric 

characteristics (including the shape of curvatures of the verte-

bral column, body mass index, muscle strength, and muscle 

tension) to establish the real relationship between these factors 

and spine vibration transmissibility. Moreover, repeatability 

of the analysis of the vibration attenuation is not recognized, 

and it seems that in subsequent studies test–retest reliability is 

necessary to confirm the clinical usefulness of this method.

Conclusion
Our findings seem to extend the knowledge of the amortization 

function of the human spine. Although our data were obtained 

with skin-mounted accelerometers and can be considered 
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indicative only, we showed that the spinal column allows 

for energy dissipation and provides vibration attenuation, 

but these properties gradually decrease with age. The dimin-

ished capability of shock absorption can be explained by 

age-related changes in the structures of the spinal motion 

segment, mainly the IvDs.
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