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Shape and function of the lumbar spine and the pelvis in the laboratory, in daily life and in the workplace

Abstrakt (German)

Einleitung

Die Ursachen fiir die Entstehung von Rickenschmerzen sind multifaktoriell und reichen von
genetischer Disposition bis zu psychosozialen Problemen. Aber auch anatomische und mechanische
Einflussfaktoren wie die individuelle Form und Beweglichkeit der Lendenwirbelsédule und das
Zusammenspiel mit dem Becken, sowie Bewegungsarmut im Alltag oder physische Belastungen am
Arbeitsplatz werden immer wieder mit der Entstehung von Rickenschmerzen in Verbindung
gebracht. Ziel meiner Dissertation war es, anhand von vier Studien in verschiedenen Settings,
Information Uber diese Faktoren an riickenschmerzfreien Probanden zu gewinnen und den Effekt
von moderierenden Variablen wie Alter und Geschlecht zu untersuchen. Diese Untersuchungen und
Ergebnisse sind notwendig fir ein besseres Verstandnis der Entstehung von degenerativen
Wirbelsdaulenerkrankungen, die klinische Planung von Wirbels&dulen-OP-Verfahren, die Gestaltung
alters- und geschlechtsspezifischer Riickenschmerz-Therapieverfahren, die biomechanische Testung
und das Design von Implantaten sowie fur die Optimierung von Praventionsverfahren am
Arbeitsplatz.

Methodik

Mithilfe eines nicht-invasiven Messgerats wurden Form und Funktion der Lendenwirbelsaule und
des Beckens sowie deren Zusammenspiel in einer standardisierten Bewegungschoreographie unter
Laborbedingungen untersucht. Die Form der Wirbelsaule sowie die Anzahl an Bewegungen wurden
ebenfalls im Alltag tUber 24 Stunden bestimmt. Ferner wurde der Einfluss von Alter und Geschlecht
analysiert. Am Beispiel eines Computerarbeitsplatzes wurde zusétzlich ein bewegungsarmer Teil
des Alltags untersucht und die Wirbelsdulenform und Beckenorientierung sowie die
Wirbelsaulenbewegung auf verschiedenen Sitzmobeln evaluiert.

Ergebnisse

Sowohl die Lendenlordose (Unterschied von 7,4° zwischen &ltester und jingster Kohorte) als auch
deren Beweglichkeit in Flexion (6,2° Unterschied) nimmt mit dem Alter ab. Ebenfalls veréndert sich
mit dem Alter signifikant die Beckenorientierung im Stand (Abnahme des Beckenwinkels: 6,6°)
sowie das Verhaltnis zwischen Wirbelséule und Becken wéhrend der Bewegung (Lumbopelvic
(L/P) Ratio Abnahme: 0,15), welches auch geschlechtsspezifische Unterschiede (L/P Ratio Frauen:

0,68, Maénner. 0,81) zeigt. Alters- wund geschlechtsdifferenziert wurden erstmalig
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Wirbelsdulenbewegungen im Alltag erfasst (Median von 4400 Bewegungen insgesamt) wobei sich
Frauen deutlich mehr (29%) bewegten als Manner. Am Arbeitsplatz konnte gezeigt werden, dass
verschiedene aktive Sitzmobel, entgegen der Erwartung, die Lendenlordose nicht beeinflussen,
langfristig keine Bewegungssteigerung erzielen, jedoch zu einer Veranderung in der Beckenkippung
flhren.

Schlussfolgerung

Rickenschmerz-Einflussfaktoren missen zunachst alters- und geschlechtsdifferenziert betrachtet
werden um Unterschiede zwischen asymptomatischen und pathologischen Bewegungsmustern
ausfindig zu machen. Eine Abnahme der Lordose sowie des Bewegungsumfangs und eine
Verénderung im Bewegungsmuster bei der VVorwartsbeuge treten bei asymptomatischen Probanden
auf und sind Teil des natiirlichen Alterungsprozesses. Diese Alterungseffekte sowie die deutliche
Abweichung der durchschnittlichen Wirbelséule im Alltag von der klinischen Referenzmessung
blieben bisher in OP-Planungen und Ruckenschmerz-Therapien meist unbertcksichtigt, konnen
jedoch deutlichen Einfluss auf die Erfolgsquoten haben. Implantat-Hersteller kénnen mit der
erstmals gewonnenen Angabe Uber die Anzahl der Wirbelsaulenbewegungen im Alltag das Design
und die Dauerfestigkeit ihrer Implantate optimieren. Bezlglich der Prévention von
Rickenschmerzen durch gesteigerte Bewegung im betrieblichen Setting konnten die untersuchten
Sitzmdébel nur unzureichende Erfolge zeigen. Hier gilt es neue MalRnahmen zu entwickeln oder dem

Bewegungsmangel am Arbeitsplatz durch Bewegung im Alltag vorzubeugen [1-4].

Abstract (English)

Introduction

Causes of low back pain (LBP) are multidimensional, ranging from genetic disposition to
psychosocial problems. Moreover, anatomical and mechanical factors, such as the individual shape
and function of the lumbar spine and its relationship with the pelvis, a lack of motion in daily life or
working in constrained positions have been discussed as being related to LBP. The aim of my
dissertation was to investigate these factors in asymptomatic volunteers in four studies in different
settings and to explore the impact of age and gender. These data are necessary for better
understanding the development of degenerative spinal diseases, for clinical planning of spinal
surgeries, for the design of age- and gender specific LBP-therapies, for biomechanical testing of

spinal implants as well as for optimizing prevention methods in the workplace.
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Method

Using a non-invasive measurement tool, the form and function of the lumbar spine and sacrum (as a
representation of pelvic orientation) when standing and their interrelation in motion were assessed in
a standardized choreography under laboratory conditions. The spinal shape and the number of spinal
motions were also assessed over a 24-hour period in daily life. Moreover, effects of age and gender
were investigated. Using the example of a sedentary workplace, a less active part of daily life was
additionally analyzed, and the shape of spine and pelvis, as well as spinal motion was investigated
during sitting on different furniture types.

Results

Lumbar lordosis (difference of 7.4° between the oldest and the youngest cohort) and its mobility in
flexion (difference of 6.2°) decreases with age. During aging the pelvic orientation changes while
standing (reduction in the sacrum angle of 6.6°) as well as the interrelation between lumbar spine
and the pelvis during mobility (decrease in L/P ratio of 0.15), which is additionally affected by
gender (L/P ratio females: 0.68, males: 0.81). For the first time, the number of spinal movements
was evaluated in relation to age and gender in daily life, resulting in 4400 movements, with females
moving more (29%) than males. In the workplace it was demonstrated that, although expected, the
tested furniture did neither affect lumbar lordosis nor increase motion in the long run, however
influenced the pelvic orientation.

Conclusions

LBP-influencing factors first need to be assessed in relation to age and gender to differentiate
between asymptomatic and pathologic spinal movement patterns. A loss in lordosis and RoM and a
change in movement pattern during upper body bending occurs in asymptomatic subjects and is part
of the natural aging process. These age-effects as well as the significant difference in lordosis in
daily life compared to the clinical reference assessment have mostly not been considered in surgical
planning and LBP-therapies till today, although they might have implications for long-term success
rates. The number of spinal movements within 24 hours, which was for the first time investigated, is
of importance for manufacturers of spinal implants as these need realistic and valid values for
testing their implants regarding fatigue strength. Regarding LBP prevention in the workplace by
increasing spinal motion, it was shown that investigated furniture do not lead to any success and that

new methods need to be developed to optimize activity in the occupational setting [1-4].
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Introduction

Low back pain (LBP) is one of the leading causes of disability worldwide, is considered one of the
main causes for absenteeism at work and is one of the most expensive musculoskeletal diseases in
industrialized countries [5-7]. Although the reasons for LBP are regarded as complex, interrelated
and multidimensional, ranging from genetic predisposition to psychosocial factors, several
influencing anatomical and mechanical factors for the development and the aggravation of existing
LBP have been identified [8, 9].

Anatomical parameters, such as the individual lumbar lordosis (shape of the lumbar spine) and its
mobility, have been discussed as indicators for abnormal spinal mechanics and are regarded as
elementary characteristics in the pathogenesis of LBP [10, 11]. Knowledge about the lumbar spinal
shape plays a major role in clinical diagnostics and is of great importance for the design of therapy
and surgical planning. Moreover, the so-called “lumbopelvic (L/P) rhythm” (quantified by the L/P
ratio, which is the ratio of change in lumbar lordosis to change in pelvic orientation during upper
body bending), and describes the complex interrelation between lumbar spinal motion and pelvic
rotation during upper body flexion is considered clinically essential for differentiating asymptomatic
patients from those with LBP. As changes in the movement pattern and the L/P ratio can result in
altered and increased lumbar spine loadings [12], abnormal L/P rhythms are regarded as a risk factor
for LBP [8, 13]. Knowledge about the L/P rhythm is furthermore of importance for designing
prevention and therapy measures for spinal diseases.

Although the lumbar spinal shape and the pelvic orientation, as well as their interaction, are
important parameters for an individual, patient-specific diagnosis and therapy planning, the
influence of moderating factors, such as age and gender, still merits discussion. Previous studies
have investigated the influence of gender and age on lumbar lordosis and pelvic orientation;
however, the effect of these factors remains unknown or the results contradict one other, often due
to the studies’ insufficient sample sizes. Most of the studies detected either no differences or a
decrease in lordosis with increasing age [14-17]. Studies examining gender-related differences either
demonstrated a slightly smaller lordosis in males or detected no significant difference between
genders [14, 15, 18, 19]. Research on pelvic orientation in relation to the effects of gender and age
showed no gender-related differences in pelvic parameters such as pelvic tilt and pelvic incidence

and only weak correlations between pelvic tilt and age [15, 18, 20]. Studies on upper body flexion
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found a reduction in spinal range of motion (RoM) with aging [21-23]. However, differences
between genders on spinal mobility are still controversial, with some studies demonstrating more
and other studies finding less mobility in males compared to females [24-27].

Apart from overlooking the impact of age and gender, most investigations of the lumbar spine were
only performed in the laboratory setting, and it remains unknown how the lumbar spine performs in
daily life. This knowledge, however, is important for the planning of surgical interventions for the
reconstruction of a well-balanced sagittal alignment [10]. In addition, the amount of spinal motion
of asymptomatic individuals remains unknown, despite a lack of motion in the lumbar spine in daily
life (e.g., too little engagement in physical activity or a sedentary lifestyle) has been discussed as
another risk factor for LBP development and exacerbation [28, 29]. To date, physical activity has
only been measured with the help of pedometers, questionnaires or with calorie expenditure
assessments [30-33] and, surprisingly, no normative database on the number of spinal movements in
daily life is available for asymptomatic subjects. These data could serve as a benchmark for how
much motion occurs in the lumbar spine in individuals without LBP and would help to investigate
how much motion is needed in daily life to prevent LBP. Moreover, these data could be used to
objectively distinguish asymptomatic subjects from those with spinal disorders and to characterize
the level of activity of patients. Such motion data from daily life are needed to improve existing
LBP therapies or to develop new approaches to better treat individuals with LBP that is caused by a
lack of physical activity. The effects of age might also play an important role in the number of spinal
movements in daily life, as fatigue failure and degeneration processes of spinal structures in the
elderly and, subsequently, the risk of developing LBP are influenced by the amount of spinal
activity.

Too little motion in daily life is often a reflection of the sedentary behavior of our society, as
approximately one-third of the day is spent in the workplace, and 70% of employees spend their
working time sitting [34-36]. Sitting in the workplace as a risk factor for LBP is controversial, with
some studies reporting sitting as a contributing factor [37-40] and others finding no such evidence
[41-44]. However, it seems that sitting aggravates and preserves existing low back pain [45-48] and
that low back discomfort increases during long periods of sitting [49-52]. Following the
recommendations of ergonomists, who advocate the beneficial effects of active or dynamic sitting,
furniture that proposes to increase spinal motion and beneficially alter spinal posture (e.g., dynamic
chairs or exercise balls) has been studied extensively [50, 53-59]. The success of these tools in
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increasing spinal motion remains unknown, although this knowledge would be important to improve
LBP prevention measures in the workplace and to optimize different seating furniture.

As a complete diagnostic examination using X-rays is ethically not justifiable in a large
asymptomatic cohort, a novel motion-capture approach was used in all four studies that allowed the
analysis of lumbar lordosis and sacrum orientation (as a representation of pelvic orientation) as well
as their mobility. The measurement tool, which combined strain gauge and acceleration sensors, was
employed to measure the spinal shape and motion of more than 200 volunteers in a standardized
short-term choreography as well as in daily life over a 24-hour period, including the example of a
sedentary workplace.

To investigate the above-described research project, four studies were conducted, and the results

were documented and summarized in four scientific publications [1-4]. The division of the research
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Figure 1: Schematic presentation of the progress of this thesis describing the different research levels
and the different settings in which the studies took place.
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The following hypotheses were derived and investigated in a large asymptomatic cohort:
Hypothesis 1: Age and gender significantly affect lumbar lordosis during upright standing and the
range of motion in flexion. (Study 1)

Hypothesis 2: Age and gender influence the pelvic orientation during standing and the interrelation
between the lumbar spine and the pelvis during upper body flexion (L/P rhythm). (Study 2)
Hypothesis 3: Age and gender affect the number of spinal motions that are conducted during a 24-
hour period in daily life, which was objectively counted for the first time. (Study 3)

Hypothesis 4: Different types of seating furniture influence spinal and pelvic posture and lead to an

increase in spinal activity in the workplace. (Study 4)

Method

Study participants

In the studies performed under laboratory conditions (studies 1 & 2), 309 subjects (175 females /
134 males) were evaluated. From these subjects, 208 (115 females / 93 males) were also measured
over a 24-hour period in their daily life (study 3). The study conducted in the workplace examined
separate data of ten males (study 4). Studies 1, 2, and 3 examined data obtained from the same
subjects. To ensure a high correlation between back shape and spinal shape, only subjects with a
body mass index (BMI) below 26 kg/m2 were included. Further inclusion criteria for all studies were
no LBP for six months prior to the measurements and no history of spinal surgery. The volunteers
were classified by gender and assigned to age groups, including 20-35 years (youngest cohort), 36-
50 years, and >50 years (oldest cohort) (studies 1-3).

Ethical statement

The Ethics Committee of the Charité — Universitatsmedizin Berlin approved the studies (registry
number EA4/011/10). The volunteers were informed about the study’s procedure and provided
written consent, which granted their permission to conduct the measurements.

Measurement system

The Epionics SPINE tool (Epionics Medical GmbH, Potsdam, Germany) is a mobile system that is
designed to assess back shape and motion and can be applied to estimate sacrum orientation (as a
representation of the orientation of the pelvis) and pelvic rotation in the sagittal plane. The tool
comprises two flexible sensor strips utilizing strain gauge technology. Each of the sensor strips is

divided into twelve 2.5 cm segments (Epionics segments: S1-S12) measuring local curvature angles
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to quantify the bending of the strip. The sensor strips are each inserted into a hollow plaster that is
attached to the back paravertebrally 7.5 cm from the spine on each side. The segments of the sensor
strips detect the local back curvature. The lower end of each strip is aligned with the posterior
superior iliac spine, which is approximately in line with the first sacral vertebra. A tri-axial
accelerometer located at each lower end assesses the sacrum orientation relative to the earth’s
gravitational field. The sensor strips are connected to a storage unit (12.5 cm x 5.5 cm; weight: 80 g)
that collects data with a frequency of 50 Hz. Information about the system’s accuracy and reliability
can be found elsewhere, along with a more detailed description of the measurement system [4, 60-
62].

The measurement system is non-invasive, wireless, portable and radiation-free. The tool enables
short-term measurements in the laboratory setting in a predefined standardized choreography,
including flexion and extension of the upper body. Moreover, the system is able to conduct long-
term measurements of up to 24 hours in daily life without any restrictions for the subject by saving
the data in the storage unit.

Measurement protocols

All volunteers were first measured in an upright standing position (studies 1-4) and for the
workplace study (study 4) additionally in an upright sitting position during a standardized short-term
choreography (duration: approximately 10 minutes). From these reference positions, volunteers
were asked to conduct maximal flexion and extension of the upper body up to five times at their
own preferred speed.

Moreover, a functional long-term measurement was conducted either over a period of 24 hours of
daily life, including work, free time and resting periods without any instructions for the subjects
(study 3), or over several 2-hour periods in the workplace (study 4). For the workplace study, the
participants were measured at their work desks in front of their computers. Volunteers were asked to
sit for 2 hours on different types of furniture that are supposed to alter sitting posture and activity.
For assessing baseline data, volunteers were first asked to sit on an ordinary office chair with a static
seat pan and a fixed backrest (STATIC). Afterward, they were directed to sit on an office chair with
an adjustable back- and armrest that allows the seat pan to displace forward when the backrest tilts
backwards (DYNAMIC). To test an apparently highly dynamic sitting condition, the participants sat
on an exercise ball (BALL 1%) and continued to use this ball for a 2-week period, to obtain
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information on habituation effects. After 14 days, the 2-hour measurements on the exercise ball
were repeated (BALL 2").

Data analysis

Short-term measurements

The lumbar lordosis was individually calculated by summing the Epionics measurement segments
that were lordotically curved while upright standing in the reference short-term measurement. The
corresponding data from the left and right sensor strips were averaged. These lordotic segments then
served as the individual reference for the determination of the lumbar angle during flexion and
extension. The sacrum orientation was determined from the orientation of the accelerometers, which
are located at the sensor strip’s lower end. Ranges of flexion (RoF) for the lumbar spine and the
sacrum were calculated by subtracting the lumbar and sacrum angles in standing from the
corresponding values in full flexion. For the lumbopelvic rhythm, which was quantified by the L/P
ratio, the change in lumbar lordosis was divided by the change in sacrum orientation during upper
body flexion.

Long-term measurements

For each participant, the measurement data from the sensor segments were collected over 24 or
2 hours and stored in the storage unit. Prior to analysis, the data were filtered using a higher order
low-pass Butterworth filter with a cut-off frequency of 5 Hz for the sensor segments. The lumbar
angle was then individually calculated for each time point of the long-term measurement, summing
the reference segments from the corresponding short-term measurements. The mean lumbar lordosis
in the long-term measurement as well as the percentage of time spent in different positions was
assessed. In the workplace study, moreover the mean pelvic orientation for the 2-hour periods was
investigated and the data for lumbar lordosis and pelvic orientation were compared between the
different seating furniture types.

In addition to posture, spinal movements of different extents were also investigated. For each time
point, the difference between the instantaneous lumbar angle during long-term measurements and
the reference lordosis value from the short-term measurement was assessed. This resulted in a curve
where changes in lumbar lordosis were plotted against time, providing information about spinal
movements. To quantify movements, all local minima and maxima were subsequently determined,
whereby small fluctuations (when the difference between two consecutive extrema was less than 5°)

were discarded. While for the 24-hour measurements all movements ranging from 5° to >65°
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(divided into classes in steps of 5°) were analyzed, for the workplace evaluation only three classes of
movements (small (5-10°), middle (10-15°) and large (15-20°)) were investigated due to the lack of
large movements in this setup.

All data were processed using custom in-house developed MATLAB routines (MATLAB R2009b,
MathWorks, Inc., Natick, MA, US.).

Statistical analysis

All data values were tested for normal distribution using Kolmogorov-Smirnov test, and variance
homogeneity was analyzed using Levene’s test. In cases of normally distributed data, mean and
standard deviations were provided and effects of influencing factors were tested by one- or two-way
analysis of variance (ANOVA), repeated measures ANOVA or paired t-tests using post hoc
Bonferroni’s or Scheffé’s test. In cases of not normally distributed data, median values and ranges
were calculated and effects of influencing factors (e.g., age, gender) were tested by the Mann-
Whitney U Test or the Kruskal-Wallis Test, using post hoc test with Bonferroni correction. Data
were analyzed using SPSS 21.0 (SPSS Inc., Chicago IL, USA).

Results

Effects of age and gender on lumbar lordosis and sacrum in short-term measurements under
laboratory conditions (Studies 1 & 2)

A negative lumbar angle indicated the lumbar lordosis during standing which was -33.8° for the

entire cohort, demonstrating no significant differences between males (-32.4°) and females (-34.9°).

30 - 30 £
Maximum Maximum
= upper body i upper

20 r 20 z

L flexion bo{dy

3 iy flexion
& 10 - < 10
&) @
o0 b
= 0 / = 0 7
= 1
-§ 0 Lumbar RoF E B
: 2

-20 20
et p—

30 L [ | 20-35 yr's 30 - ) 20-35yrs
Standing | , I 35-50 yrs St{mdmg 35-50 yrs
reference o — > 50 yTS reference — = 50 VIS

40 PelvicRoF ) 40 50 yrs

]) 0 20 40 60 80 100 120 b) 0 20 40 60 80 100 120
« . . . .
Sacrum orientation (°) Sacrum orientation (°)

Figure 2: Plot of lumbar angle (y-axis) versus sacrum orientation (x-axis) depicting the L/P rhythm
during flexion for males a) and females b) separately.

10



Results

The mean sacrum orientation in standing was 19.5°, which was significantly different between
genders (males: 17.4°; females: 21.1°). As seen in Figure 2a and b (left part of the figures) and in
Table 1, with increasing age, the anatomical lumbar lordosis was significantly reduced in standing
(showing a change in the absolute lumbar angle of 7.3° in males (change from -36.1° to -28.8°;
p=0.007) and 8.9° in females (change from -37.4° to -28.5°; p<0.001) when comparing the oldest
and youngest cohorts. For the entire cohort, the decrease in the lumbar lordosis (absolute values)
happened with each consecutive age group. While in females the change in the lumbar lordosis was
continuous, the reduction in males occurred mostly between the ages 20-35 yrs and 36-50 yrs,
showing the smallest lordosis in the middle aged group.

When analyzing the different segments of the sensor it was revealed, that most of the reduction of
the anatomical lumbar lordosis was observed in the middle part of the lordosis for both genders.
Only small changes of lordosis during aging occurred towards the lumbo-sacral and thoraco-lumbar
transitions. The decrease in the anatomical lumbar lordosis during aging was accompanied by a
significant decrease in the sacrum orientation angle (sacrum verticalisation), from 20.4° to 14.2° in
males (p=0.004; Fig. 2a, Table 1) and from 23.0° to 16.2° in females (p<0.001, Fig. 2b, Table 1).
Moreover, with increasing age, the lumbar RoF significantly decreased and showed a reduction of
9.1° in males (change from 54.6° to 45.5°; p<0.001; Fig. 2a) and of 6.5° in females (change from
53.7° to 47.2°; p=0.007; Fig. 2b, Table 1). On the contrary, the pelvic RoF increased with increasing

age and seemed to compensate for the loss in the lumbar RoF. However, the increase in pelvic RoF

20-35yrs 36-50 yrs >50 yrs ANOVA Post hoc analysis
Mean (SD) Mean (SD) Mean (SD) p-values 20-35 yrs. vs >50 yrs
Lumbar angle Males -36.1 (8.7) 287(9.9) | -288(120) | <0.001* 0.007*
in standing (°) Females -37.4 (7.1) -34.3 (6.8) 285 (8.7) <0.001* <0.001*
Pelvic orientation Males 20.4 (6.9) 14.6 (7.7) 14.2 (9.8) <0.001* 0.004*
in standing (°) Females 23.0 (5.6) 20.8 (6.6) 16.2 (6.2) <0.001* <0.001*
Lumbar angle Males 185 (5.7) 21.4(7.7) 16.8 (8.1) 0.020 0.536
in full flexion (°) Females 16.3(7.3) 19.1(9.1) 18.7 (9.1) 0.113 0.403
Pelvic orientation Males 80.2 (13.0) 80.4(117) | 86.8(12.7) 0.070 0.087
in full flexion (°) Females | 100.9(129) | 984(131) | 97.2(145) 0.325 0.426
Males 54.6 (8.7) 50.0 (11.4) | 45.5(12.0) 0.001* 0.001*
Lordotic RoF (°)
Females 53.7 (9.2) 53.4 (9.5) 47.2 (10.3) 0.005* 0.007*
Males 59.8 (14.8) 658 (13.1) | 72.6(16.4) 0.001* 0.001*
Pelvic RoF (°)
Females | 77.9 (14.7) 77.6(132) | 80.9(16.3) 0.557 0.618

Table 1: Effects of aging on lumbar spine and pelvis and their mobility (mean and standard deviation
(SD)). The p-values are based on one- and two- way ANOVAs and posthoc comparisons using Scheffé's
test. Asterisks and bold values indicate statistical significance (p<0.01).
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during aging was only significant in males (increase of 12.8° from 59.8° to 72.6°; p=0.001, Fig. 2a)
and not in females (increase of 3.0° from 77.9° to 80.9°; p=0.618, Fig. 2b, Table 1). Regarding the
spinal-pelvic interrelation during the full flexion motion, significant differences between females
(L/P ratio = 0.68) and males (L/P ratio = 0.81) have been determined, indicating an overall smaller
contribution of the pelvis to the motion in males compared with females. With aging, the L/P ratio
significantly reduced in males (from 0.91 to 0.65 comparing the oldest to the youngest cohort)
whereas in females no significant differences were detected. This indicates a greater contribution of
the pelvis and a smaller lumbar spinal contribution to the upper body flexion during aging.

Spinal posture and motion in long-term measurements in daily life (Study 3)

The volunteers adopted several different postures that resulted in various lordotic angles during the
day. Approximately five of the 24 hours were spent in a flexed position relative to the reference
lumbar lordosis (between 20° and 30°) while nearly no time (less than 2%) of the overall 24 hours
was spent in an extended position. The median regarding the total number of movements greater
than 5° in the 208 volunteers in this study was approximately 4400 (range 1248-13029) over 24
hours. Of these movements, 66% (2915 (range 741-9897)) were small (5°-10°) and larger
movement changes occurred less often (Fig. 3a). Of the total number of movements, 17% were
between 10° and 15°, 6% were between 15° and 20°, and only 11% of movements were larger than
20° (Fig. 3a). In general, males performed 29% fewer movements than females, with 3846

Number of spinal movements

14000 14000
L] * L]
12000 * 12000 *
100% 66% 17% 6%
L]

10000 . 10000 .

P

2
= 8000 8000
<+ s .
«
2 6000 6000 | *
=
=

L] . —*
2000 J ] 2000 I ;
* [ ]
0 —— 0 S
total small moderate large b) total small moderate large
a movements movements

Figure 3: a) Number of spinal movements (total 5-65°, small 5-10°, moderate 10-15°, large 15-20°)
conducted over 24 hours (median for the entire cohort) b) Number of spinal movements for males
(blue) and females (red) separately. Movements larger than 20° are not displayed. Asterisks indicate
statistical significance.
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movements for males and 4978 for females (Fig. 3b). Apart from the total number of movements,
gender also significantly influenced the number of movements between 10° and 40°. Regarding the
total number of movements, the youngest cohort performed in general more movements than the
oldest cohort; however this effect was only minor. Divided by gender, it was demonstrated that age
significantly affected the number of movements in males only for movements between 10° and 20°
and 35° and 50°. For females, age had no effect on the number of movements.

Spinal and pelvic motion in long-term measurements in the workplace (Study 4)

The mean lumbar angle in the short-term measurement during sitting was -15.5° and was
significantly smaller than during standing (-35.2°). During sitting in the long-term measurements in
the workplace, volunteers sat on average in a flexed posture, with a mean lumbar angle of -1.3° on
the static chair (STATIC), -6.3° on the dynamic chair (DYNAMIC), -0.9° for the first 2 hours on the
exercise ball (BALL 1%), and -3.8° while seated on the ball the second time (BALL 2"%). There were
no significant differences for the total lordosis among the different types of furniture and the

exercise ball measurements. However, during sitting in the long-term measurement, the sacrum
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Figure 4: a) Mean pelvic orientation during 2 hours of sitting on the static chair (STATIC), the dynamic
chair (DYNAMIC) and the exercise ball during the first (BALL (1st)) and second measurement (BALL
(2nd)) b) Number of movements during 2 hours of sitting on the various types of seating furniture for
small (5-10°), moderate (10-15°) and large (15-20°) movements. Asterisks indicate statistical significance.
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orientation differed significantly between measurements on the exercise ball and the static and
dynamic office chairs (Fig. 4a). This indicates a more forward-oriented sacrum on the exercise ball
compared to the sacrum orientation on the chairs (Fig. 4a).

ANOVA analysis demonstrated significant differences in the number of movements between the
different types of furniture in all movement classes. Post-hoc comparison revealed that only the first
measurement on the exercise ball showed a significant increase in the number of movements
compared to the dynamic chair and static chair (Fig. 4b). No significant increase in movement was
detected on the dynamic chair compared to the static chair (Fig. 4b). After 14 days of habituation on
the ball, no significant increase in the number of movements could be detected any longer (Fig. 4b).
Additional and more detailed results of all studies can be found in the attached publications [1-4].

Discussion

In the past, several risk factors for low back pain have been identified. Detailed knowledge of these
factors and the effects of influencing variables are important for sophisticated diagnoses, therapies
und prevention measures for LBP, as this is still a highly relevant clinical concern in our aging
society. A well-balanced spinal shape, good mobility and an adequate amount of motion during the
day and while working are important characteristics to maintain lumbar spinal structure and function
and to avoid LBP. The present thesis demonstrated the significant effects of age and gender on
spinal shape and pelvic orientation, mobility and motion in a large asymptomatic cohort, both in the
laboratory setting in standardized short-term choreographies and in long-term measurements in daily
life and in the workplace.

In agreement with our first hypothesis, aging led to a significant decrease in lumbar lordosis, which
is also in agreement with previous studies [14, 16]. Knowledge of this physiological loss of lumbar
lordosis has an essential implication with regard to the spinal loading, the resultant degeneration
process and therefore the mechanical challenge, which the lumbar spine has to face. It could be
moreover emphasized, that a significant loss of lordosis, which often occurs in patients suffering
from LBP, does also occur as an age-related change in asymptomatic subjects [1]. Therefore it is not
possible to compare between low back pain patients and young, healthy subjects, but age-specific,
symptomatic values are required. The information about the proven level-specific changes in lumbar
spinal shape and motion [1] has important implications for patient specific treatment, individual

therapy approaches and the differentiation between asymptomatic aging and painful degenerative
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spinal diseases. Knowledge of this natural loss of lumbar lordosis and the change in pelvic
orientation with aging can be used to improve the planning of surgical interventions aimed at
reconstructing a well-balanced sagittal alignment that, to date, often use standardized non-specific
reference values [10]. However, an individual optimized patient-specific approach to reconstruct the
sagittal balance requires an age-specific estimation of the lumbar lordosis as provided in our study 1.
While gender did not affect lumbar lordosis, it had an effect on the pelvic orientation while standing
and influenced the spino-pelvic movement pattern during upper body flexion, corroborating
hypothesis 2. This result is supported by previous studies that investigated the lumbopelvic rhythm,
which only included males [12, 63] and found higher L/P ratios than those studies that included both
males and females [64, 65].

Furthermore, a previous study [12] on the loads in the lumbar spine during upper body flexion
demonstrated that the overall compression and shear loading was substantially affected by the
individual L/P ratio. This computational model study found a load increase at spinal level L5-S1 for
smaller L/P values. In our study 2 on the interrelation of the lumbar spine and the pelvis, it was
emphasized that aging significantly reduced the L/P ratio. This implies a significantly higher loading
of lumbar spinal structures in older volunteers compared to young volunteers for the same
inclination angle in the early phase of flexion. These higher loads might partly explain, of course
beside other factors, the higher risk of injury and subsequent LBP in the elderly, as many tasks in
the daily routine, such as washing the dishes or vacuum cleaning are performed in this position [2].
Moreover, the results emphasize the importance of the differentiation between spinal and pelvic
motion in clinical examinations and functional tests before and after therapy to guarantee a
sophisticated evaluation of a patient’s ability to move.

The actual clinical assessment not only neglects the complex interrelation between the lumbar spine
and the pelvis, but is also only a “snap-shot” of the actual spinal performance in daily life [66]. The
valid assessment of the lumbar spinal shape and motion is an elementary characteristic for the
diagnosis and therapy of LBP; however, a meaningful functional long-term evaluation of these
factors in daily life has not been described to date. For the first time, the spinal shape was analyzed
over 24 hours and it was revealed that the volunteers conducted a flexed position nearly one-third of
the time. This decrease in lumbar lordosis during the day is probably caused by the dominance of
sitting postures [35] that are adopted by our “sedentary population”. This finding might have
implications for the preclinical testing and designing of spinal implants. The results of study 3
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moreover emphasize the importance of assessing lumbar lordosis in everyday life, as this might help
to understand the outcome of surgical procedures as well as postoperative problems. Not only does
the spinal shape during daily life remain elusive but also little is known about “normal” lumbar
spinal motion behavior in daily life, which has not been monitored till now. It could be emphasized
that genders behave differently regarding the amount of spinal motion, corroborating our third
hypothesis, and that age had only minor effects. Linton and van Tulder [67] showed in their
systematic review that activity and exercise is effective for chronic LBP. However, there is a lack of
information regarding the dose-response relationship as regards physical activity and the effects on
LBP [68]. The results of our study 3 set a baseline for a better understanding of people’s everyday
spinal performance and for ongoing research that aims to establish a database of spinal movements
for the differentiation between subjects with and without motion pathologies. Furthermore, these
motion data can help to improve existing LBP therapies and to develop new approaches to better
treat individuals with LBP that is caused, for example, by a lack of physical activity. The result, that
the lumbar spine is on average in a much more flexed position during the day than in the standard
clinical assessment is highly important to improve the closeness to reality of current in vitro tests for
new spinal implants. Those tests usually assume a standard standing alignment configuration that
does not frequently occur during the day. With the here presented data those tests can be adapted to
patients’ individual and real conditions and can hence improve the quality of in vitro and in silico
investigations of the lumbar spine [66]. The number of spinal movements that was investigated in
study 3 is of importance for manufacturers of spinal implants as these need realistic and valid values
for testing their implants regarding fatigue strength.

Because most working-age people in industrialized countries spend about one-third of their daily life
in their workplaces, the examination of ergonomic risk factors in the workplace is of great
importance [37, 69, 70]. Study 4 highlighted that although there was no significant difference in the
total lordosis between the different chairs and the exercise ball, the assessed pelvic orientation was
significantly altered on the sitting ball. This emphasizes the necessity for future research to
determine not only the spinal shape but also the pelvic orientation in the assessment in ergonomic
studies, as this orientation can vary and thus influence the load bearing of the lumbar spine [71].
Although the amount of motion necessary to prevent low back pain remains unknown, ergonomists
advocate dynamic sitting. However, the results of the study in the workplace indicate that spinal

motion during sitting is not substantially affected by motion-promoting furniture, including
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expensive dynamic office chairs or simple sitting balls. This finding contradicts our fourth
hypothesis and is in agreement with previous studies [55, 59]. These results can be applied in the
manufacturing of chairs that are meant to increase the spinal activity at work. Office chair
manufacturers can moreover use the tool, which we further developed in our study, to test the
efficacy of their devices. Moreover, health care managers and ergonomists in companies should
keep in mind, that sitting is individual: To differentiate between responder and non-responder to
different seating furniture, an individualized subject analysis is required, as the variability between
our volunteers emphasized. This may help to determine individual and specific solutions in the
workplace, allowing the objective evaluation of workplace interventions and to be able to control for
habituation effects. These conclusions can help to develop and improve successful measures for
adapting people’s activity in the workplace to a reasonable degree.

Several limitations regarding the four conducted studies need to be discussed. All of our studies
investigated only asymptomatic subjects, who did not suffer from LBP. However, the results of the
present dissertation are required to establish baseline data of asymptomatic subjects, matched by
gender and age, collected outside the laboratory setting which is missing till today. As the
differentiation into age and gender groups has now been set and real-life values have been collected,
further research needs to take subjects suffering from LBP into account, to guarantee a sophisticated
comparison between these two groups. Knowledge about population-based differences and subjects
with specific spinal diseases will in the future improve the ability to better diagnose and treat LBP.
The workplace study investigated only ten male subjects who were not divided by age and,
therefore, must be regarded as preliminary. Although the study’s conclusion is in good agreement
with previous studies, further research that includes a larger sample size needs to be conducted in
the workplace. Regarding the measurement method used, the system has the potential to objectively
analyze the lumbar spine and the pelvis in both short-term choreographies and measurements of
daily life; nevertheless, a number of limitations remain for its current applicability. The system
measures the volunteers’ back shape and not the spinal shape directly. However, our own validation
studies as well as previous studies compared surface and radiographic lumbar spinal shape and
motion, resulting in good correlation for normal-weight subjects with a BMI of less than 26 kg/m?
[72-74]. This is why we included only volunteers with a BMI not exceeding this limit in our studies.
The system’s acceleration sensors do not directly reveal pelvic parameters that can only be obtained
from radiographs, but they do provide an approximation of sacrum orientation and pelvic motion
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[2]. Regarding the measurements in the workplace, the system is currently not able to determine
movements such as lateral bending or upper body rotation, although these are relevant ergonomic
risk factors.

To summarize, this thesis highlighted the impact of age and gender on the lumbar spine, pelvic
orientation and their interrelation, both when standing and during motion in short- and long-term
assessments in daily life. The presented results emphasize that for a sophisticated functional analysis
of subjects, it is essential to first consider age- and gender-dependent changes and, moreover, to
investigate mobility and motion in daily life additionally to the laboratory setting. Knowledge of
influencing factors on lumbar lordosis and pelvis, their motion, and performance in daily life and in
the workplace is of great importance for developing new diagnostic procedures, improving patient-
specific therapeutic programs and designing individual prevention measures for reducing the

incidence and prevalence of LBP.
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Abstract

Background: The understanding of the individual shape and mobility of the lumbar
spine are key factors for the prevention and treatment of low back pain. The
influence of age and sex on the total lumbar lordosis and the range of motion as
well as on different lumbar sub-regions (lower, middle and upper lordosis) in
asymptomatic subjects still merits discussion, since it is essential for patient-
specific treatment and evidence-based distinction between painful degenerative
pathologies and asymptomatic aging.

Methods and Findings: A novel non-invasive measuring system was used to
assess the total and local lumbar shape and its mobility of 323 asymptomatic
volunteers (age: 2075 yrs; BMI <26.0 kg/m?; males/females: 139/184). The
lumbar lordosis for standing and the range of motion for maximal upper body flexion
(RoF) and extension (RoE) were determined. The total lordosis was significantly
reduced by approximately 20%, the RoF by 12% and the RoE by 31% in the oldest
(>50 yrs) compared to the youngest age cohort (20-29 yrs). Locally, these
decreases mostly occurred in the middle part of the lordosis and less towards the
lumbo-sacral and thoraco-lumbar transitions. The sex only affected the RoE.
Conclusions: During aging, the lower lumbar spine retains its lordosis and mobility,
whereas the middle part flattens and becomes less mobile. These findings lay the
ground for a better understanding of the incidence of level- and age-dependent
spinal disorders, and may have important implications for the clinical long-term
success of different surgical interventions.
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Introduction

The individual shape of the lumbar spine is an essential predictor for different
lumbar degenerative pathologies and for the success of various surgical
interventions [1-5]. Moreover, the mobility of the lumbar spine is discussed as an
indicator for abnormal spinal mechanics [6, 7]. The influence of the factors age
and sex on the total lumbar lordosis and the range of motion (RoM) still merits
discussion, because it is essential for a patient-specific treatment, for example,
with regard to patient age and disease localisation, and evidence-based distinction
between painful degenerative pathologies and asymptomatic aging. Despite their
influence, the impact of these factors on certain regions of the lumbar spine and
its mobility, including upper, middle and lower lumbar spine, remains unknown.

Most studies on the effect of age showed that lumbar lordosis decreases or
remains constant during the lifetime [8-21]. Only a few studies demonstrated an
increase in lumbar lordosis with aging [22,23]. Studies investigating sex-related
differences in lordosis showed either a slightly greater lordosis in females or no
significant dependency on sex [24—27]. However, several of these studies
investigating age and sex were limited in their sample sizes, did not differentiate
between males and females and subjects with or without low back pain. Moreover,
in almost all of these studies the whole lumbar lordosis was usually described by a
single angle (e.g. Cobb’s method), which strongly simplifies the complex lumbar
curvature [28-30]. A more detailed analysis, including of different lumbar sub-
regions, may reveal that the upper, middle or lower lumbar lordosis are affected
specifically, for example, by aging.

In addition to the individual shape of the lumbar lordosis, it is generally
accepted that the total RoM in flexion-extension is reduced with increasing age
[6,31-39]. However, similar to lumbar lordosis, it remains unknown, which
lumbar sub-region is affected dominantly by aging in males and females.
Knowledge about local changes in spinal function with aging may therefore help
to optimise and adapt the treatment to the diseased spinal level.

Because detailed segmental diagnostic X-ray examinations are ethically
questionable in healthy individuals and very laborious in large cohorts, a new
technological approach was first identified and further developed by our group
[40], which would allow analysis of the total and local lordosis as well as the spinal
function (e.g. by means of RoM). Using this sophisticated, strain-gauge based tool
that had been validated previously, the present study investigated the effect of age
and sex on the lordosis and on the RoM for the whole lordosis as well as for the
different lumbar sub-regions in asymptomatic volunteers across the adult lifespan.
It was hypothesised that:

(1) aging reduces the total lumbar lordosis and the total range of motion in
flexion (RoF) and extension (RoE) of the lumbar spine,

(2) locally, the change in lordosis and mobility with aging varies between
different lumbar sub-regions,

(3) the total lumbar lordosis is larger in females than in males.
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Materials and Methods

Measuring system
The lumbar and thoraco-lumbar shape and the mobility of the spine in the sagittal
plane were dynamically determined with the Epionics SPINE system (Epionics
Medical GmbH, Potsdam, Germany). The system has the advantage over X-ray
techniques that the volunteers are not exposed to radiation and thus several
repeated measurements are possible. Furthermore, different sub-regions of the
lumbar lordosis, including the lower, middle and upper lordosis, can be analysed.
The high accuracy and reliability of the system was reported previously [40,41].
The system consists of two flexible sensor strips, which are placed in hollow
plasters onto the volunteers’ back (Fig. 1). Each of the strips are positioned
paravertebrally approximately 7.5 cm from the mid-sagittal plane while the lowest
part of the strips is positioned at the level of the posterior superior iliac spine
(approximately first sacral vertebra). Each sensor strip consists of twelve 25-mm-
long single sensor units (Epionics segments: S1-S12) containing strain-gauge
technology. Each sensor unit detects the local back curvature as illustrated in
Fig. 1. The data from all 12 sensors is collected at 50 Hz and saved locally on a
small storage unit (12.5 cm X 5.5 cm; mass: 120 g) carried on a belt, allowing free
unhampered movements of the volunteer. An accelerometer is located at the lower
end of each sensor strip to assess the orientation of the sensors in relation to
earth’s gravitational field. A detailed description of the system has been published
elsewhere [40,41].

Volunteers

Measurements were performed on 429 asymptomatic volunteers (198 males, 231
females). Subjects were free from acute low back pain and had no low back pain
within the previous 6 months. Furthermore, volunteers had no previous spinal
surgery.

Own validation and previously published studies showed that there is a
significant correlation (Spearman’s correlation: 0.86, p<<0.0I [42]) between the
total lumbar lordosis measured on the back and the radiologically determined
lordosis in subjects with a BMI <26.0 kg/m®. Moreover, this value of 26.0 kg/m*
is considered as the normal-weight limit for subjects with an age similar to the
mean age of the here investigated cohort (National Research Council, [43]) and
was set to the BMI-limit in the present study.

The volunteers were classified for sex and assigned to four age groups: 20-29
years, 30-39 yrs, 40—49 yrs and>50 yrs, as was done in previous studies (e.g.:
[15,44]).

Measurement protocol

The volunteers performed standardised motion choreographies in the sagittal
plane. For guidance and standardisation, the volunteers watched a video prior to
the exercise, which explained and demonstrated the exercise. Starting from a
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Storage unit

Segmental
lordosis angle

Epionics
Segment S2

Accelerometer

Fig. 1. Epionics SPINE system with the positions of the Epionics segments S1-S12. On average, the lumbar lordosis is covered by the first six
segments (shown in red). Middle: Schematic sketch of the definition of the determined segmental angle is shown for a single exemplary sensor unit S2.

doi:10.1371/journal.pone.0116186.9001

relaxed standing position, the volunteers were asked to perform a maximal upper
body flexion and extension with extended knees up to six times. Before each
exercise, the subjects were measured in a relaxed standing position. Each volunteer
performed the movements at his or her own preferred speed.

Data analysis

All Epionics sensor segments (S1-S12, Fig. 1) and the total lumbar lordosis were
evaluated for the three investigated body positions: standing, maximal flexion and
maximal extension of the upper body. The results of the left and right sensor strips
were averaged. The total lumbar lordosis in standing of each volunteer was
determined individually as the sum of all lordotically curved segments. The total
angles for flexion and extension were calculated individually as the sum of the
segments, which were identified as being lordotic during upright standing. The
total RoF and RoE in the lumbar spine for each subject were calculated as the
maximal or minimal angle difference with respect to standing.

Statistical Analysis
Descriptive statistics (mean, standard error, standard deviation) were analysed
using SPSS 21.0 (SPSS Inc., Chicago IL, USA). The Kolmogorov-Smirnov test was
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performed to evaluate the normal distribution for each investigated group. In
addition, the Levene’s test was performed to test equality of variance. A two-way
analysis of variance (ANOVA) with the factors age and sex was performed to
evaluate the effects on the total lumbar lordosis, total RoF and total RoE.
Subsequently, the mean values of the lordosis, RoF and RoE of the Epionics
segments of different age groups were compared sex-specifically using a one-way
ANOVA followed by post-hoc analysis using Scheffé’s test. A p-value <0.01 was
considered as statistically significant.

Ethics Statement

This study was approved by the Ethics Committee of the Charité —
Universitatsmedizin Berlin (registry number EA4/011/10). The procedure of this
study was explained to each volunteer in detail and they signed a written informed
consent, which allows spinal shape determinations with the Epionics SPINE
device.

Results

Volunteers

Due to the defined BMI-threshold of 26.0 kg/m?, 106 volunteers were excluded
from the initial sample of 429, which resulted in a final number of 323 subjects
(males: 139, females: 184). The mean values for body height, body weight and
BMI for all the age cohorts are given in Table 1.

Total and local lumbar lordosis during standing
The Kolmogorov-Smirnov test showed that the lumbar lordosis followed a normal
distribution for both sexes. Two-way ANOVA demonstrated that the total lumbar
lordosis was only significantly associated with age, but not with sex (Table 2). For
the whole sample, this reduction of the total lordosis with age occurred with each
consecutive age group (Fig. 2 top; Table 3). There was a significant reduction of
approximately 7.4° (=20%) between the youngest and the oldest cohort. This
decrease was more evident in females, who showed a significant reduction of 7.9°,
than in males with 6.7°% which was only close to significant (p=0.034). For both
sexes, there was only a small lordosis reduction between 20-29 yrs and 30-39 yrs.
In the following aging process, females showed a continuous decrease, while the
reduction in males mostly occurred between the ages 30-39 yrs and 40—49 yrs.
The smallest total lordosis in males was measured within the 40—49 yrs group.
Post-hoc comparison demonstrated no statistical differences between the 40—
49 yrs and>50 yrs age groups (p=0.977) in males, whereas there was a significant
reduction of the lordosis between the 20-29 yrs and the 40-49 yrs age groups
(p=0.009).

On average, the first six Epionics segments (S1-S6) were lordotic in the present
cohort (Figs. 1, 3 A) and are therefore presented here. Epionics segments above
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Table 1. Number of volunteers and mean values (standard deviation) for age, body height, body weight and body mass index.

All

Voluntee- entire cohort 323
rs

female 184

male 139
Age entire cohort 38.6 (14.0)
(in years)

female 38.4 (14.1)

male 38.9 (13.7)
Body entire cohort 173.0 (9.5)
height
(in cm)

female 167.6 (6.9)

male 180.1 (7.4)
Body entire cohort 67.6 (10.1)
weight
(in kg)

female 61.7 (7.5)

male 75.4 (7.5)
BMI entire cohort 22.5 (2.0)
(in kg/m?)

female 21.9 (2.1)

male 23.2 (1.7)

20-29 yrs
115

66
49
251 (2.7)

24.8 (2.7)
25.6 (2.8)
173.8 (9.3)

168.3 (7.0)
181.2 (6.5)
66.9 (10.0)

60.7 (6.8)
75.1 (7.2)
22.0 (1.9)

214 (1.9)
22.9 (1.7)

30-39 yrs
70

40
30
34.0 (3.3)

34.0 (3.3)
34.0 (3.3)
173.2 (9.3)

167.7 (6.4)
180.6 (7.1)
66.7 (10.2)

61.0 (8.2)
74.3 (7.2)
22.2 (2.2)

21.7 (2.3)
22.8 (1.9)

40-49 yrs
71

41
30
445 (3.2)

442 (3.3)
44.9 (3.1)
172.9 (9.2)

168.0 (7.2)
179.6 (7.2)
68.6 (10.0)

62.8 (7.6)
76.6 (6.7)
22.9 (2.0)

22.2 (2.1)
23.7 (1.4)

>50 yrs
67

37
30
60.3 (7.9)

60.8 (8.0)
59.6 (7.8)
171.5 (10.2)

165.8 (7.0)
178.4 (9.2)
68.6 (10.4)

62.8 (7.7)
75.8 (8.8)
23.2 (1.8)

22.8 (1.9)
23.7 (1.4)

doi:10.1371/journal.pone.0116186.t001

those were part of the thoraco-lumbar transition and lower thoracic kyphosis.
Locally for both sexes, the greatest loss of lordosis occurred in the middle part of
the lordosis with a tendency towards the upper part. Generally, less reduction was

Table 2. Results of two-way analysis of variance (ANOVA) for age and sex for each of the three dependent variables: lumbar lordosis, range of flexion and

range of extension.

Total lumbar lordosis
Age

Sex

Age x Sex

Total range of flexion
Age

Sex

Age x Sex

Total range of extension
Age

Sex

Age x Sex

<0.001*
0.017
0.287

<0.001*
0.134
0.212

<0.001*
<0.001*
0.188

0.123
0.018
0.012

0.080
0.007
0.014

0.132
0.088
0.015

*Statistically significant (p<<0.01).

doi:10.1371/journal.pone.0116186.t002
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Fig. 2. Mean values of the total lumbar lordosis (top), total range of flexion (middle) and total range of
extension (bottom) in all four investigated age groups for the whole cohort (grey columns). The red
lines represent males and the blue lines females. Error bars represent the standard deviation.

doi:10.1371/journal.pone.0116186.9002

observed towards the thoraco-lumbar and lumbo-sacral transitions (Fig. 3B;
Table 3). The largest absolute loss of lordosis between the youngest and oldest
cohorts occurred in the Epionics segment S4 with values of 2-3°. The lower
segments S1 and S2 and the upper segment S6 showed no significant differences
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Table 3. Mean total lumbar lordosis (standard error; standard deviation) for investigated age groups.

ANOVA

Post-hoc:
20-29 yrs

Entire
cohort
(n=323)

Males
(n=139)

Females
(n=184)

Parameter

Total Lumbar
Lordosis

S1 Lordosis
S2 Lordosis
S3 Lordosis
S4 Lordosis
S5 Lordosis
S6 Lordosis

Total
Lumbar
Lordosis

S1 Lordosis
S2 Lordosis
S3 Lordosis
S4 Lordosis
S5 Lordosis
S6 Lordosis

Total
Lumbar
Lordosis

S1 Lordosis
S2 Lordosis
S3 Lordosis
S4 Lordosis
S5 Lordosis
S6 Lordosis

36.4 (0.7; 7.9)

5.6 (0.2; 2.4)
6.3 (0.2; 2.3)
7.3 (0.2; 2.1)
6.7 (0.2; 1.8)
5.1 (0.2; 1.8)
3.2 (0.2; 1.8)
35.5 (1.2; 8.7)

6.6 (0.3; 2.2)
7.2 (0.3; 2.3)
7.6 (0.3; 2.3)
6.3 (0.3; 2.0)
4.4 (0.3; 1.8)
2.4 (0.2; 1.6)
37.1(0.9; 7.2)

4.9 (0.3; 2.3)
5.7 (0.3; 2.1)
7.1 (0.2; 1.9)
6.9 (0.2; 1.6)
5.7 (0.2; 1.6)
3.9 (0.2; 1.6)

35.9 (1.0; 8.1)

5.8 (0.3; 2.6)
6.3 (0.3; 2.3)
7.0 (0.3; 2.3)
6.1 (0.2; 2.0)
4.7 (0.2; 1.8)
3.2 (0.2; 1.6)
34.9 (1.7, 9.1)

7.0 (0.6; 3.3)
6.9 (0.5; 2.9)
7.1 (0.5; 2.7)
5.7 (0.4; 2.2)
4.1 (0.3; 1.9)
2.6 (0.3; 1.8)

36.6 (1.2; 7.3)

4.9 (0.2; 1.3)
5.8 (0.3; 1.7)
6.9 (0.3; 1.9)
6.4 (0.3; 1.9)
5.1 (0.2; 1.5)
3.8 (0.2; 1.3)

40-49 yrs
30.9 (1.0; 8.7)

5.4 (0.4; 3.2)
5.5 (0.3; 2.5)
6.0 (0.3; 2.3)
5.0 (0.3; 2.3)
3.7 (0.2; 2.1)
2.5 (0.2; 2.0)
27.6 (1.9; 10.2)

7.2 (0.7; 3.8)
6.3 (0.6; 3.1)
5.7 (0.4; 2.5)
4.0 (0.4; 2.0)
2.3(0.3; 1.8)
1.1 (0.3; 1.7)
33.3 (1.0; 6.4)

4.2 (0.3; 2.0)
4.9 (0.3; 1.8)
6.2 (0.3; 2.2)
5.8 (0.3; 2.2)
4.8 (0.2; 1.5)
3.6 (0.2; 1.4)

29.0 (1.2; 10.0)

5.2 (0.4; 3.1)
5.4 (0.4; 2.9)
5.6 (0.3; 2.5)
45(0.3; 2.1)
3.2 (0.2; 1.9)
2.3 (0.2; 2.0)
28.8 (2.1; 11.6)

6.7 (0.7; 3.7)
6.5 (0.6; 3.3)
6.0 (0.5; 2.6)
4.1 (0.4; 2.1)
2.4 (0.4; 2.0)
1.3 (0.4; 2.0)
29.2 (1.4; 8.8)

3.9 (0.3; 1.9)
4.4 (0.4; 2.2)
5.2 (0.4; 2.4)
4.8 (0.3; 2.1)
3.9 (0.3; 1.6)
3.1 (0.3; 1.6)

p-value*
<0.001

0.599
0.020
<0.001
<0.001
<0.001
0.001
0.001

0.881
0.576
0.003
<0.001
<0.001
0.001
<0.001

0.041
0.003
<0.001
<0.001
<0.001
0.118

vs.>50 yrs**
<0.001

0.752
0.085
<0.001
<0.001
<0.001
0.015
0.034

0.999
0.801
0.065
<0.001
<0.001
0.075
<0.001

0.119
0.016
0.001
<0.001
<0.001
0.133

All measurements are in degrees.

Bold values indicate statistical significance (p<<0.01).
*p-values base on one-way ANOVA. **Post-hoc comparison using Scheffé’s test.

doi:10.1371/journal.pone.0116186.t003

for the whole sample, nor for males and females separately. For the relative
change, the lordosis of the youngest cohort was set to 100% in Fig. 3 C. In males,
the largest relative reduction of the lordosis occured in S6 (to 54% of the
reference) with continuously less reduction towards the most caudal segment S1
(to 101%). In females, the largest relative reduction occurred in S5 (to 69%), with
continuously less reduction to the most caudal segment S1 (to 80%) and
furthermore less in S6 (to 81%). These local changes in males and females led to a
characteristic change between the ‘young’ and the ‘old’ lordosis as illustrated in

Fig. 4.

PLOS ONE | DOI:10.1371/journal.pone.0116186 December 30, 2014

8/19



@'PLOS | ONE

Age-Related Loss of Lumbar Spinal Lordosis and Mobility

x
256
©
5
S5
&
S
(%) g S4
QL 3
© 8
E c S3
o
-
w
s2
0 3
n g st
() Ry
o]
S
°
S
2
£ T s6
8
=1 g
: o
- | s
€
" o sS4
2 &
© 3
w
= 8 s3
o 5
L by
s2
©
S s1
©
5
N

W 20-29yrs
W 30-39yrs
@40-49yrs
O>50yrs

0 2 4 6 8 10 12
Segmental lordosis (Deg)

W 20-29yrs|
B 30-39yrs
@ 40-49yrs
O>50yrs

I

0 2 4 6 8 10 12
Segmental lordosis (Deg)

L 1 1 1

Epionics Segment cranial > & caudal Epionics Segment cranial >

& caudal

S6

S5

sS4

S3

S2

S1

S6

S5

sS4

S3

S2

s1

~a

20-29yrs age group

e

== 30-39yrs \
e 40-49y TS
>50yrs
-3 -2 -1 0 1

Absolute change in lordosis (Deg)

Q
3
o
2
L
[
(-}
©
4
>
(=2}
o
(=]
N
n

- e

=@= 30-39yrs
= 40-49yrs|
>50yrs
-3 2 -1 0 1

Absolute change in lordosis (Deg)

cranial > & caudal Epionics Segment cranial >

Epionics Segment

< caudal

S6

S5

s4

S3

S2

s1

S6

S5

s4

S3

S2

S1

54% <

A

54%

64% & |

79% (€4—

100 % = 20-29yrs age group

91% |

101%
\ [

0% 50% 100%

Relative change in lordosis (%)

70%

A

100 % = 20-29yrs age group

0% 50% 100%

Relative change in lordosis (%)

Fig. 3. Mean values of the segmental lordosis for the Epionics segments S1 to S6 in all investigated age groups (A). Males (above) and females (below) are
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doi:10.1371/journal.pone.0116186.9003

Total and local range of flexion and extension during standing
The Kolmogorov-Smirnov test showed that the RoF and RoE were normally
distributed in male and female cohorts. The total RoF and RoE were significantly
associated with age (Table 2). Moreover, the total RoE, but not the total RoF, was
significantly associated with sex.
For the whole sample as well as for males and females separately, the total RoF

showed no significant difference between the 20-29 yrs and 30-39 yrs age

cohorts, but a consecutive decrease for the subsequent age groups (Fig. 2 middle;
Table 4). Although significant, the total RoF was reduced by only approximately
12% (6.2°) when comparing the youngest and oldest cohorts of the whole sample.
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doi:10.1371/journal.pone.0116186.9004

This decrease was only significant for males, with a loss of 8.6° In females, the
reduction was only 4.2°

Males and females showed similar local patterns for the reduction of the RoF
with increasing age. This local reduction was most dominantly in the middle part
(S3, S4) of the lumbar region (Fig. 5 A, B; Table 4). In general, the Epionics
segments close to the thoraco-lumbar and lumbo-sacral transition (S1, S6)
showed non-significant absolute changes with increasing age. Males tended to
display a slightly greater reduction relative to the youngest cohort than females,
with the greatest loss in segment S5 (to 73% of the reference; Fig. 5 C). In females,
the largest relative reduction occurred in S4 (to 80%).

The total RoE of the whole sample was reduced for each consecutive age cohort
and was significantly decreased by approximately 31% when comparing the
youngest and oldest cohort (Fig. 2 bottom; Table 4). The loss of the RoE was
more pronounced and only significant in females (12.4°). Males showed a smaller
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Table 4. Mean range of flexion (RoF) and range of extension (RoE) (standard error; standard deviation) for investigated age groups.

Parameter

Entire
cohort
(n=323)

Total range
of flexion

RoF $1
RoF S2
RoF S3
RoF S4
RoF S5
RoF S6

Total range
of extension

RoE $1
RoE S2
RoE S3
RoE S4
RoE S5
RoE S6

Total range
of flexion

RoF S1
RoF S2
RoF S3
RoF S4
RoF S5
RoF S6

Total range
of extension

RoE $1
RoE S2
RoE S3
RoE S4
RoE S5
RoE S6

Total range
of flexion

RoF S1
RoF S2
RoF S3
RoF S4
RoF S5
RoF S6
Total range of extension
RoE S1
RoE S2

Males
(n=139)

Females
(n=184)

53.7 (0.8; 9.0)

6.6 (0.2; 2.5)
8.8 (0.2; 2.2)
10.9 (0.2; 2.3)
10.2 (0.2; 2.3)
7.8 (0.2; 2.2)
4.9(0.2; 1.9)
31.1 (1.1; 11.3)

5.4 (0.3; 3.3)
7.0 (0.3; 2.9)
7.9 (0.3; 3.0)
6.2 (0.3; 3.0)
3.4 (0.2; 2.6)
1.2 (0.2; 2.3)
54.1 (1.3; 9.0)

7.2 (0.4; 2.6)
95 (0.3; 2.3)
11.5 (0.3; 2.4)
10.6 (0.3; 2.3)
8.2 (0.3; 2.1)
4.9 (0.3; 1.8)
25.7 (1.3; 8.8)

5.3 (0.4; 2.9)
6.5 (0.4; 2.6)
6.8 (0.4; 2.6)
4.7 (0.3; 2.4)
2.2 (0.3; 2.1)
0.5 (0.3; 1.8)
53.4 (1.1; 9.1)

6.2 (0.3; 2.3)
8.3 (0.2; 1.9)
10.4 (0.3; 2.1)
9.9 (0.3; 2.2)
7.6 (0.3; 2.3)
4.9 (0.3; 2.0)
35.1 (1.4; 11.4)
5.3 (0.4; 3.6)
7.4 (0.4; 3.1)

55.5 (1.1; 8.8)

7.3(0.3;2.7)
9.0 (0.3; 2.3)
10.6 (0.3; 2.4)
9.7 (0.3; 2.1)
7.7 (0.2; 1.9)
5.3 (0.2; 1.7)
26.7 (1.3; 10.6)

4.7 (0.3; 2.4)
5.9 (0.3; 2.6)
6.5 (0.3; 2.8)
5.0 (0.3; 2.5)
2.8 (0.2; 2.0)
1.3 (0.2; 2.0)
55.9 (1.7; 9.2)

8.1(0.7; 3.6)
9.6 (0.5; 2.8)
11.1 (0.5; 2.6)
10.1 (0.4; 2.2)
8.1 (0.4; 2.1)
5.4 (0.4; 2.0)
235 (1.9; 10.2)

4.4 (0.4; 2.3)
5.3 (0.5; 2.6)
5.7 (0.5; 2.9)
4.2 (0.5; 2.5)
2.4 (0.3; 1.9)
1.1 (0.3; 1.6)
55.2 (1.4; 8.6)

6.6 (0.2; 1.5)
8.5 (0.3; 1.7)
10.2 (0.3; 2.1)
9.5 (0.3; 2.2)
7.5 (0.3; 1.8)
5.2 (0.2; 1.5)
29.1 (1.6; 10.4)
4.9 (0.4; 2.5)
6.3 (0.4; 2.6)

40-49 yrs
51.7 (1.2; 10.2)

7.3 (0.4; 3.3)
8.2 (0.3; 2.3)
9.6 (0.3; 2.2)
9.0 (0.2; 2.1)
7.5 (0.2; 2.0)
5.4 (0.3; 2.1)
22.2 (1.4; 11.5)

4.2(0.4;3.1)
45(0.3; 2.8)
4.6 (0.4;3.1)
3.6 (0.3; 2.9)
2.5(0.3; 2.2)
1.6 (0.2; 2.0)
49.1 (2.0; 10.9)

8.8 (0.7; 3.9)
9.2 (0.5; 2.8)
9.8 (0.4; 2.4)
8.6 (0.4; 2.2)
6.8 (0.4; 2.0)
4.7 (0.4; 2.2)
17.6 (1.9; 10.3)

4.9 (0.6; 3.5)
4.2 (0.5, 2.7)
3.5 (0.5; 2.5)
2.1 (0.4; 2.3)
1.3 (0.4; 2.0)
1.0 (0.3; 1.9)
53.6 (1.5; 9.3)

6.3 (0.3; 2.2)
75(0.3;1.7)
9.4 (0.3; 2.1)
9.3 (0.3; 2.0)
8.0 (0.3; 1.9)
5.8 (0.3; 2.0)
25.6 (1.8; 11.2)
3.8 (0.4; 2.8)
4.7 (0.4; 2.8)

47.5 (1.4; 11.8)

7.1 (0.3; 2.5)
7.8 (0.3; 2.3)
8.7 (0.3; 2.4)
7.9 (0.3; 2.3)
6.4 (0.3; 2.1)
4.8(0.3; 2.1)
21.4 (1.1; 8.8)

3.9 (0.3; 2.8)
3.8 (0.3; 2.3)
3.9 (0.3;2.2)
3.4 (0.2; 2.0)
2.7 (0.2; 1.8)
2.1(0.2; 1.8)
455 (2.2; 12.0)

7.7 (0.6; 3.1)
8.3 (0.5; 2.5)
9.2 (0.4; 2.4)
7.9 (0.4; 2.3)
5.9 (0.4; 2.1)
4.0 (0.4; 2.0)
19.9 (1.3; 7.2)

5.0 (0.5; 2.9)
4.3 (0.4; 2.1)
3.9 (0.4; 2.0)
2.9 (0.4; 2.0)
2.0 (0.4; 1.9)
1.4 (0.3; 1.7)
49.2 (1.9; 11.5)

6.6 (0.3; 1.9)
7.4 (0.3; 2.1)
8.4 (0.4; 2.4)
7.9 (0.4; 2.4)
6.9 (0.3; 2.0)
5.4 (0.3; 2.0)
22.7 (1.6; 9.7)
3.0 (0.4; 2.3)
3.4 (0.4; 2.3)

ANOVA
p-value*

<0.001*

0.270
0.006*
<0.001*
<0.001*
<0.001*
0.211
<0.001*

0.007*
<0.001*
<0.001*
<0.001*
0.038
0.032
<0.001*

0.191
0.182
<0.001*
<0.001*
<0.001*
0.072
0.001*

0.601
<0.001*
<0.001*
<0.001*
0.184
0.160
0.041

0.633
0.012
<0.001*
<0.001*
0.126
0.121
<0.001*
<0.001*
<0.001*

Post-hoc:
20-29 yrs

vs.>50 yrs**

0.001*

0.720
0.046
<0.001*
<0.001*
<0.001*
0.986
<0.001*

0.017
<0.001*
<0.001*
<0.001*
0.311
0.048
0.005

0.931
0.274
0.002
<0.001*
<0.001*
0.334
0.061

0.973
0.005
<0.001*
0.013
0.990
0.204
0.199

0.788
0.151
<0.001*
<0.001*
0.392
0.677
<0.001*
0.002
<0.001*
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Table 4. Cont.
Post-hoc:

ANOVA | 20-29 yrs
Parameter 40-49 yrs p-value*| vs.>50 yrs**
RoE S3 8.7 (0.4; 3.0) 7.1(0.4; 2.7) 5.5 (0.5; 3.2) 4.0 (0.4; 2.5) <0.001* <0.001*
RoE S4 7.3 (0.4; 2.9) 5.5 (0.4; 2.4) 4.8 (0.4; 2.8) 3.7 (0.3; 1.9) <0.001* <0.001*
RoE S5 4.3 (0.3; 2.6) 3.2 (0.3; 2.1) 3.3 (0.3; 2.0) 3.3 (0.2; 1.5) 0.026 0.192
RoE S6 1.7 (0.3; 2.5) 1.4 (0.4; 2.2) 2.1(0.3; 2.1) 2.7 (0.3; 1.8) 0.067 0.205

All measurements are in degrees.
Bold values indicate statistical significance (p<<0.01).
*p-values base on one-way ANOVA. **Post-hoc comparison using Scheffé’s test.

doi:10.1371/journal.pone.0116186.t004
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reduction of only 5.8° Independent of age, males had a smaller total RoE than
females.

For the local RoE, males and females both showed the largest absolute
reduction in the middle part of the lordosis (S3; Fig. 6 A, B) and, similar to the
local RoF, less reduction towards the transition zones. However, in females, the
absolute and relative reductions were more pronounced in the middle and lower
Epionics segments (Fig. 6 C). Males showed no significant and only small relative
changes in the Epionics segment S1. In both sexes only small non-significant
changes in the RoE occurred in segments close to the thoraco-lumbar transition

(S5, S6).

Discussion

This study investigated the effect of age and sex on the lordosis and the RoM of
the whole lumbar spine as well as for different lumbar sub-regions in
asymptomatic volunteers across the adult lifespan. The results of the present study
emphasise the importance of the factor age on the lumbar lordosis and the RoM.
We demonstrated that the age-related changes in the lordosis and the RoM differ
between men and women and are strongly level dependent. The lordosis and RoM
in the middle part of the lumbar spine are dominantly reduced with aging, with
less reduction towards the lumbo-sacral and thoraco-lumbar transitions. The sex
affects only the RoE.

The loss of total lordosis with aging as demonstrated in this study (Fig. 4) is in
agreement with measurements in the literature [9,11, 17] and corroborates our
first hypothesis. This study provides evidence that this aging process is not
uniform throughout lifespan and differs between males and females. In both sexes,
the decrease of lordosis appears only marginal between 20-29 yrs and 30-39 yrs.
While in females the process of aging is subsequently more continuous, the loss of
lordosis in males mostly occurs between the 30-39 yrs and 40—49 yrs age groups.
This discontinuous loss of lordosis explains why in some studies, in which only
cohorts older than 40 years with no young control group were investigated, no
significant loss of lordosis was found [14,20]. In the present study, a high inter-
subject variability was found, which necessitates a sufficient cohort size with a
homogeneous composition to detect these age effects. Furthermore, in the present
study, asymptomatic subjects were investigated, whereas in other studies subjects
with acute or chronic low back pain participated. However, the change in lordosis
during aging differs between asymptomatic and symptomatic subjects, because the
latter may already have, for example, a flat sagittal alignment or spinal diseases
that affected the spinal curvature during an earlier stage of life [1-3]. Similar to
the lordosis in standing, aging is also the crucial factor for a reduction in total
RoM, especially in extension, where it is reduced by 31% between the oldest and
youngest cohorts. This is consistent with previous studies [38, 39, 45].

In opposite to our third hypothesis, the lumbar lordosis was not significantly
different between both sexes, which is in agreement with several studies
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[9, 14,24, 26], however in opposite to other investigations [12,46]. The present
study suggests that the difference in lordosis between men and women is small
and varies between age groups. This might partly explain why studies with varying
cohort sizes and different mean ages show contradictory results. Furthermore, in
this sample, only subjects with a BMI <26.0 kg/m” participated, which resulted in
a mean BMI of 22.5 kg/m”. Therefore, the impact of being overweight or obese

was not investigated.

Currently, a detailed investigation of the age effect on certain regions of the
lordosis and its motion is lacking in the literature. In accordance with our second
hypothesis, the lower Epionics segments were less affected by aging than the
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middle segments, which characteristically changes the total lordosis and
‘concentrates’ the lordotic shape of the lumbar spine to the lower segments. Only
one radiological study on a small cohort supports our findings of a significant
correlation between age and lordosis loss restricted to the middle lordosis (L3—4)
[9]. Only a trend was observed in the adjacent segments L2—-3 and L4-5, and no
significant influence was found in L5-S1. Previous studies reported a close
relationship between the morphology of the pelvis, as, for example, characterised
by the pelvic incidence [47], and the degree of total lumbar lordosis
[25,26,48,49]. The level specific changes in lumbar lordosis during aging suggest
that different parts of the lumbar spine may substantially change their relationship
to the individual pelvic incidence.

In analogy to the aging process of the lordosis, the RoM characteristically
changes with age. The RoM in the middle lumbar lordosis also decreases, whereas
the RoM next to the thoracic and sacral transitions only shows a small change.
Therefore, not only the lower lumbar lordosis but also its mobility is preserved
during aging. These facts may have important implications for the spinal loading
and the prevalent degeneration process in the lower lumbar spine during life, and
could help to understand the mechanical challenges the lower lumbar spine has to
withstand. However, these results also have consequences for the treatment of
degenerative spinal diseases. Because the shape and motion differently change for
certain regions of the lumbar spine, an age- and lumbar level-specific treatment
may be important for long-term patient satisfaction.

This study emphasises that a reduction of the lordosis in symptomatic subjects
with a severe, painful degenerated lumbar spine partly consists of a natural
adaptive process during aging, which also occurs in asymptomatic subjects.
Knowledge of this physiological loss of lordosis in asymptomatic individuals may,
however, be essential for surgical reconstruction concepts of the sagittal alignment
of the spine. In these concepts, the degree of lordosis is estimated mostly with the
help of the individual pelvic incidence of the patient, which is assumed to be
independent of posture and age (e.g.: lumbar lordosis = pelvic incidence +9°%
[50]). Because of the physiological loss of lordosis with aging, the relationship
between the lumbar lordosis and pelvic incidence appears to also be dependent on
age. Therefore, an optimal patient-specific reconstruction may require an age
dependent estimation of the lordosis.

Although the results presented here are consistent with radiological measure-
ments, it should be noted that the Epionics SPINE system determines the
curvature of the back and not directly the shape of the spine. Multiple studies
previously demonstrated that the curvature and motion measured on the back
and the spine significantly correlate with each other [42,51,52]. In our own
preliminary validation studies, we could additionally show that the correlation
between the back and spinal shape is poor in overweight and obese persons, which
limits this study to normal-weight subjects (BMI <26.0 kg/m*). However, this
study investigated the spinal shape and motion of a large asymptomatic cohort for
which a radiological study design is ethically not supportable. Furthermore, this
study is limited by investigating the motion only in the sagittal plane, although the
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motion of the lumbar spine in other anatomical planes such as during axial
rotation and lateral bending might be affected by aging as well.

In conclusion, this study characterises the adaptive response of the lumbar
spinal shape and its mobility as a function of age in asymptomatic males and
females. While the lower part of the lumbar spine retains its lordosis and mobility,
the middle part flattens and becomes less mobile. This may have important
implications for the clinical long-term success of different surgical interventions,
for instance for the surgical reconstruction of the sagittal alignment. Furthermore,
the results can help to better understand the incidence of level- and age-dependent
spinal disorders, and are essential for patient specific treatments and an evidence-
based distinction between painful degenerative pathologies and asymptomatic

aging.

Acknowledgments

The authors thank the volunteers for their contribution to this study.

Author Contributions

Conceived and designed the experiments: MD AR HS. Performed the
experiments: MD LA AR HS. Analyzed the data: MD LA AR EP MB TZ GD CD
PS MP HS. Wrote the paper: MD LA AR EP MB TZ GD CD PS MP HS.

References

1. Rajnics P, Templier A, Skalli W, Lavaste F, llles T (2002) The importance of spinopelvic parameters in
patients with lumbar disc lesions. International orthopaedics 26: 104—108.

2. Labelle H, Roussouly P, Berthonnaud E, Dimnet J, O’Brien M (2005) The importance of spino-pelvic
balance in L5-s1 developmental spondylolisthesis: a review of pertinent radiologic measurements. Spine
30: S27-34.

3. Barrey C, Jund J, Noseda O, Roussouly P (2007) Sagittal balance of the pelvis-spine complex and
lumbar degenerative diseases. A comparative study about 85 cases. European Spine Journal 16: 1459—
1467. doi:10.1007/s00586-006-0294-6.

4. Strube P, Hoff EK, Perka CF, Gross C, Putzier M (2012) Influence of the Type of the Sagittal Profile on
Clinical Results of Lumbar Total Disc Replacement After a Mean Follow-up of 39 Months. Journal of
spinal disorders & techniques. doi:10.1097/BSD.0b013e31827f434e.

5. Pellet N, Aunoble S, Meyrat R, Rigal J, Le Huec JC (2011) Sagittal balance parameters influence
indications for lumbar disc arthroplasty or ALIF. Eur Spine J 20 Suppl 5: 647-662. doi:10.1007/s00586-
011-1933-0.

6. Intolo P, Milosavljevic S, Baxter DG, Carman AB, Pal P, et al. (2009) The effect of age on lumbar
range of motion: a systematic review. Manual therapy 14: 596-604. doi:10.1016/j.math.2009.08.006.

7. Boden SD (1996) The use of radiographic imaging studies in the evaluation of patients who have
degenerative disorders of the lumbar spine. The Journal of bone and joint surgery 78: 114-124.

8. Vialle R, Levassor N, Rillardon L, Templier A, Skalli W, et al. (2005) Radiographic analysis of the
sagittal alignment and balance of the spine in asymptomatic subjects. The Journal of bone and joint
surgery 87: 260-267. doi:10.2106/JBJS.D.02043.

9. Gelb DE, Lenke LG, Bridwell KH, Blanke K, McEnery KW (1995) An analysis of sagittal spinal
alignment in 100 asymptomatic middle and older aged volunteers. Spine 20: 1351-1358.

PLOS ONE | DOI:10.1371/journal.pone.0116186 December 30, 2014 16 /19



@'PLOS | ONE

Age-Related Loss of Lumbar Spinal Lordosis and Mobility

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29.

Korovessis PG, Stamatakis MV, Baikousis AG (1998) Reciprocal angulation of vertebral bodies in the
sagittal plane in an asymptomatic Greek population. Spine 23: 700—4; discussion 704-5.

Nourbakhsh MR, Moussavi SJ, Salavati M (2001) Effects of lifestyle and work-related physical activity
on the degree of lumbar lordosis and chronic low back pain in a Middle East population. Journal of spinal
disorders 14: 283-292.

Lang-Tapia M, Espafia-Romero V, Anelo J, Castillo MJ (2011) Differences on spinal curvature in
standing position by gender, age and weight status using a noninvasive method. Journal of applied
biomechanics 27: 143-150.

Jackson RP, McManus AC (1994) Radiographic analysis of sagittal plane alignment and balance in
standing volunteers and patients with low back pain matched for age, sex, and size. A prospective
controlled clinical study. Spine 19: 1611-1618.

Tsuji T, Matsuyama Y, Sato K, Hasegawa Y, Yimin Y, et al. (2001) Epidemiology of low back pain in the
elderly: correlation with lumbar lordosis. Journal of orthopaedic science 6: 307-311. doi:10.1007/
s0077610060307.

Korovessis P, Stamatakis M, Baikousis A (1999) Segmental roentgenographic analysis of vertebral
inclination on sagittal plane in asymptomatic versus chronic low back pain patients. Journal of spinal
disorders 12: 131-137.

Takeda N, Kobayashi T, Atsuta Y, Matsuno T, Shirado O, et al. (2009) Changes in the sagittal spinal
alignment of the elderly without vertebral fractures: a minimum 10-year longitudinal study. Journal of
orthopaedic science 14: 748-753. doi:10.1007/s00776-009-1394-z.

Milne JS, Lauder IJ (1974) Age effects in kyphosis and lordosis in adults. Annals of human biology 1:
327-337.

Schwab F, Lafage V, Boyce R, Skalli W, Farcy J-P (2006) Gravity line analysis in adult volunteers: age-
related correlation with spinal parameters, pelvic parameters, and foot position. Spine (Phila Pa 1976)
31: E959-67. doi:10.1097/01.brs.0000248126.96737.0f.

Hansson T, Bigos S, Beecher P, Wortley M (1985) The lumbar lordosis in acute and chronic low-back
pain. Spine 10: 154-155.

Hammerberg EM, Wood KB (2003) Sagittal profile of the elderly. Journal of spinal disorders &
techniques 16: 44-50.

Amonoo-Kuofi HS (1992) Changes in the lumbosacral angle, sacral inclination and the curvature of the
lumbar spine during aging. Acta anatomica 145: 373-377.

Tiiziin C, Yorulmaz |, Cindas A, Vatan S (1999) Low back pain and posture. Clinical rheumatology 18:
308-312.

Lin RM, Jou IM, Yu CY (1992) Lumbar lordosis: normal adults. Journal of the Formosan Medical
Association 91: 329-333.

Stagnara P, De Mauroy JC, Dran G, Gonon GP, Costanzo G, et al. (1982) Reciprocal angulation of
vertebral bodies in a sagittal plane: approach to references for the evaluation of kyphosis and lordosis.
Spine 7: 335-342.

Vaz G, Roussouly P, Berthonnaud E, Dimnet J (2002) Sagittal morphology and equilibrium of pelvis
and spine. European Spine Journal 11: 80-87.

Boulay C, Tardieu C, Hecquet J, Benaim C, Mouilleseaux B, et al. (2006) Sagittal alignment of spine
and pelvis regulated by pelvic incidence: standard values and prediction of lordosis. European Spine
Journal 15: 415-422. doi:10.1007/s00586-005-0984-5.

Janssen MMA, Drevelle X, Humbert L, Skalli W, Castelein RM (2009) Differences in male and female
spino-pelvic alignment in asymptomatic young adults: a three-dimensional analysis using upright low-
dose digital biplanar X-rays. Spine 34: E826-32. doi:10.1097/BRS.0b013e3181a9fd85.

Roussouly P, Gollogly S, Berthonnaud E, Dimnet J (2005) Classification of the normal variation in the
sagittal alignment of the human lumbar spine and pelvis in the standing position. Spine (Phila Pa 1976)
30: 346-353.

Roussouly P, Pinheiro-Franco JL (2011) Sagittal parameters of the spine: biomechanical approach.
European Spine Journal 20 Suppl 5: 578-585. doi:10.1007/s00586-011-1924-1.

PLOS ONE | DOI:10.1371/journal.pone.0116186 December 30, 2014 17 /19



@'PLOS | ONE

Age-Related Loss of Lumbar Spinal Lordosis and Mobility

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Janik TJ, Harrison DD, Cailliet R, Troyanovich SJ, Harrison DE (1998) Can the sagittal lumbar
curvature be closely approximated by an ellipse? Journal of orthopaedic research 16: 766—770.
doi:10.1002/jor.1100160620.

Batti’e MC, Bigos SJ, Sheehy A, Wortley MD (1987) Spinal flexibility and individual factors that
influence it. Physical therapy 67: 653—-658.

Sullivan MS, Dickinson CE, Troup JD (1994) The influence of age and gender on lumbar spine sagittal
plane range of motion. A study of 1126 healthy subjects. Spine 19: 682-686.

Consmiiller T, Rohimann A, Weinland D, Druschel C, Duda GN, et al. (2012) Velocity of lordosis
angle during spinal flexion and extension. PloS one 7: €50135. doi:10.1371/journal.pone.0050135.

Trudelle-Jackson E, Fleisher LA, Borman N, Morrow JR, Frierson GM (2010) Lumbar spine flexion
and extension extremes of motion in women of different age and racial groups: the WIN Study. Spine 35:
1539-1544. doi:10.1097/BRS.0b013e3181b0c3d1.

Bible JE, Simpson AK, Emerson JW, Biswas D, Grauer JN (2008) Quantifying the effects of
degeneration and other patient factors on lumbar segmental range of motion using multivariate analysis.
Spine 33: 1793-1799. doi:10.1097/BRS.0b013e31817b8f3a.

Troke M, Moore AP, Maillardet FJ, Cheek E (2005) A normative database of lumbar spine ranges of
motion. Manual therapy 10: 198-206. doi:10.1016/j.math.2004.10.004.

Van Herp G, Rowe P, Salter P, Paul JP (2000) Three-dimensional lumbar spinal kinematics: a study of
range of movement in 100 healthy subjects aged 20 to 60+ years. Rheumatology 39: 1337-1340.

Dvorak J, Vajda EG, Grob D, Panjabi MM (1995) Normal motion of the lumbar spine as related to age
and gender. European Spine Journal 4: 18-23.

McGregor AH, McCarthy ID, Hughes SP (1995) Motion characteristics of the lumbar spine in the
normal population. Spine 20: 2421-2428.

Taylor WR, Consmiiller T, Rohimann A (2010) A novel system for the dynamic assessment of back
shape. Medical engineering & physics 32: 1080-1083. doi:10.1016/j.medengphy.2010.07.011.

Consmiiller T, Rohimann A, Weinland D, Druschel C, Duda GN, et al. (2012) Comparative evaluation
of a novel measurement tool to assess lumbar spine posture and range of motion. European Spine
Journal 21: 2170-2180. doi:10.1007/s00586-012-2312-1.

Guermazi M, Ghroubi S, Kassis M, Jaziri O, Keskes H, et al. (2006) [Validity and reliability of Spinal
Mouse to assess lumbar flexion]. Annales de réadaptation et de médecine physique: revue scientifique
de la Société francaise de rééducation fonctionnelle de réadaptation et de médecine physique 49: 172—
177. doi:10.1016/j.annrmp.2006.03.001.

National Research Council: Diet and Health. Implications for Reducing Chronic Disease Risk. (1989).
Washington D.C.: National Academy Press.

Mac-Thiong J-M, Roussouly P, Berthonnaud E, Guigui P (2010) Sagittal parameters of global spinal
balance: normative values from a prospective cohort of seven hundred nine Caucasian asymptomatic
adults. Spine 35: E1193-8. doi:10.1097/BRS.0b013e3181e50808.

Troke M, Moore AP, Maillardet FJ, Hough A, Cheek E (2001) A new, comprehensive normative
database of lumbar spine ranges of motion. Clinical rehabilitation 15: 371-379.

Schroder J, Braumann KM, Reer R (2014) [Spinal form and function profile: reference values for
clinical use in low back pain]. Der Orthopade 43: 841-849. doi:10.1007/s00132-014-2316-0.

Legaye J, Duval-Beaupére G, Hecquet J, Marty C (1998) Pelvic incidence: a fundamental pelvic
parameter for three-dimensional regulation of spinal sagittal curves. European Spine Journal 7: 99—-103.

Berthonnaud E, Dimnet J, Roussouly P, Labelle H (2005) Analysis of the sagittal balance of the spine
and pelvis using shape and orientation parameters. Journal of spinal disorders & techniques 18: 40—47.

Mac-Thiong J-M, Labelle H, Berthonnaud E, Betz RR, Roussouly P (2007) Sagittal spinopelvic
balance in normal children and adolescents. European Spine Journal 16: 227—-234. doi:10.1007/s00586-
005-0013-8.

Schwab F, Lafage V, Patel A, Farcy J-P (2009) Sagittal plane considerations and the pelvis in the adult
patient. Spine 34: 1828-1833. doi:10.1097/BRS.0b013e3181a13c08.

PLOS ONE | DOI:10.1371/journal.pone.0116186 December 30, 2014 18 /19



@'PLOS | ONE

Age-Related Loss of Lumbar Spinal Lordosis and Mobility

51. Stokes IA, Bevins TM, Lunn RA (1987) Back surface curvature and measurement of lumbar spinal
motion. Spine 12: 355-361.

52. Adams MA, Dolan P, Marx C, Hutton WC (1986) An electronic inclinometer technique for measuring
lumbar curvature. Clinical biomechanics (Bristol, Avon) 1: 130-134. doi:10.1016/0268-0033(86)90002-1.

PLOS ONE | DOI:10.1371/journal.pone.0116186 December 30, 2014 19/19



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Figure 1
	Section_11
	Section_12
	Section_13
	Section_14
	TABLE_1
	TABLE_2
	Figure 2
	Section_15
	TABLE_3
	Figure 3
	Figure 4
	TABLE_4
	Figure 5
	Section_16
	Figure 6
	Section_17
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52

