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Zusammenfassung

Einleitung

Ruckenschmerzen zahlen zu den Hauptbeschwerden der heutigen Gesellschaft. Bei
Patienten mit Riickenschmerzen ist die Untersuchung der Wirbelsaulenform und ihrer
Beweglichkeit ein grundlegender Bestandteil der kérperlichen Untersuchung. Es wird
allgemein angenommen, dass die Korrektur der Wirbelsaulenform und die Behebung
von Bewegungseinschrankungen Schmerzen lindern und die Lebensqualitat
verbessern kann. Hierfir sind jedoch grundlegende physiologische Referenzwerte von
asymptomatischen Probanden notig. Obwohl bekannt ist, dass die Wirbelsaulenform
und ihre Beweglichkeit von Alter und Geschlecht abhangig sind, bleiben die Details
dieser Veranderungen immer noch unklar. Eine evidenzbasierte Beschreibung dieser
Unterschiede aufgrund von Alter und Geschlecht ist daher fur eine Therapie-

verbesserung unerlasslich.
Methodik

Es wurden drei systematische Reviews erstellt um den Einfluss von Alter und
Geschlecht auf die Form und Beweglichkeit der Hals-, Brust- und Lendenwirbelsaule
bei asymptomatischen Erwachsenen zu ermitteln. Fir die Hals- und Lenden-
wirbelsdule wurden zusatzlich Meta-Analysen durchgefihrt. Zur Bewertung der
Qualitat der Arbeiten wurde das quality assessment tool for quantitative studies

verwendet.
Ergebnisse

Die Literaturrecherche ergab 4037, 897 und 2372 Arbeiten zum Thema Form und
Beweglichkeit von Hals-, Brust- bzw. Lendenwirbelsdule. Davon erfillten 34, 45 bzw.
65 Studien die Einschlusskriterien und wurden fir die systematischen Reviews
herangezogen. Die meisten Arbeiten waren Querschnittsstudien mit einer moderaten
Studiendesignqualitat. In elf Arbeiten aus dem Halswirbelsaulen- und zwolf aus dem
Lendenwirbelsaulenbereich wurden ahnliche Altersbeschreibungen verwendet und in
die Meta-Analysen einbezogen. Aufgrund unzureichender Homogenitat der Daten

konnte fur die Brustwirbelsdule keine Meta-Analyse durchgefuhrt werden.

Mit jeder Lebensdekade zwischen den 20er bis zu den 60er Jahren nahm die

Brustwirbelsaulenkyphose zu. Die Lendenwirbelsdulenlordose &nderte sich in diesen



Zusammenfassung

Altersabschnitten uneinheitlich und war bei Frauen in jeder Altersgruppe im Durch-
schnitt grol3er als bei Mannern. Die zervikale, thorakale und lumbale Beweglichkeit
nahm mit zunehmendem Alter richtungsabhangig nicht monoton ab. Die Auswirkungen
des Geschlechts auf die Mobilitdt der Wirbelsdule waren in jedem Jahrzehnt
uneinheitlich und unterschieden sich in den verschiedenen Wirbelsaulenregionen

sowie in den verschiedenen anatomischen Richtungen.
Schlussfolgerung

In dieser Arbeit wurden die quantitativen Auswirkungen von Alter und Geschlecht auf
die Wirbelsdulenform und ihre Mobilitat bei asymptomatischen Erwachsenen
statistisch ausgewertet. Die Ergebnisse ermoglichen es, besser zwischen
Funktionsstorungen, die durch Wirbelsaulenerkrankungen und solchen, die durch
physiologische Anpassungsprozesse wahrend des Alterns verursacht werden, zu
unterscheiden. Fur einen umfassenden Vergleich, der auch symptomatische
Veranderungen umfasst, sind weitere Langzeitstudien mit Langzeit-Follow-up an

Patienten mit Riickenschmerzen erforderlich.



Abstract

Introduction

Spinal pain is one of the leading causes of disability in modern societies. In patients
with spinal pain, observation of spinal shape and mobility is a basic component of the
physical examination, which is due to a common belief that correcting spinal shape
and mobility aberrations can alleviate pain and improve the quality of life. When
clinicians aim to normalize dysfunctional spinal shape or mobility, a fundamental basis
of physiological reference values in asymptomatic individuals is a prerequisite.
Although there is a general understanding that the spinal shape and mobility alter with
age and sex, the details of these variations remain lacking. Therefore, an evidence-
based description of these differences because of age and sex is essential for an

improved treatment.
Methods

Three systematic reviews were performed to investigate the effect of age and sex on
cervical, thoracic and lumbar spinal shape and mobility in asymptomatic adults. Meta-
analyzes were additionally performed for the cervical and lumbar spine. The quality
assessment tool for quantitative studies was applied to assess the methodological

quality.
Results

The literature search yielded 4037, 897 and 2372 hits for cervical, thoracic and lumbar
spinal shape and mobility, respectively. Among these, 34, 45 and 65 studies,
respectively, met the inclusion criteria and were included in the systematic reviews.
Most were cross-sectional studies with a moderate study design quality. Eleven studies
for the cervical and twelve for lumbar spine with similar age descriptions were included
in the meta-analyses. Insufficient homogeneous data did not allow a meta-analysis for

the thoracic spine.

With one-decade age increments from the 20s to 60s, there was an increasing
tendency for thoracic kyphosis. Lumbar lordosis changed inconsistently with aging
from the 20s to 60s and was greater in females than in males in each age range.
Cervical, thoracic and lumbar mobility decreased non-monotonically with aging in each

anatomical direction. The effect of sex on spinal mobility was inconsistent in each
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decade age range and differed among different spinal regions as well among different

anatomical directions.
Conclusions

Quantitative effects of age and sex on spinal shape and mobility in asymptomatic
adults were statistically evaluated. These findings allow better discrimination between
functional deficits caused by spinal disorders and by physiological adaptive processes
during aging. Further longitudinal studies with long-term follow-up including subjects
with spinal pain need to be conducted to ensure an extensive comparison between

symptomatic and asymptomatic individuals.



1. Introduction

Cervical, thoracic and lumbar pain are among the most serious public health problems
worldwide. Numerous epidemiological studies demonstrated their extraordinary level
of lifetime incidence and high prevalence [1-7]. A review of different cross-sectional
studies indicated that approximately 70—-85% of the population experience spinal pain
at some point in their life [8]. This exceptionally high number of individuals involved
and the serious consequences, including the loss of labor productivity and high rates
of hospital admission, result in tremendous direct and indirect costs for societies’
healthcare systems and economies. In 2009, the total spinal pain costs were estimated
to €48.96 billion for Germany, which equated to 2.2% of the Gross Domestic Product
(GDP) [9]. In China, the years lived with disability for back pain was 16.347 million in
2013, which was the leading cause for disability [10]. Because of the demographic
changes of an aging society, this socio-economic burden will increase further in future.
Although spinal pain can arise through various reasons, most patients suffer without
specific anatomic and/or neurophysiological changes [8]. However, observation of
spinal shape and mobility is a basic component of the physical examination in patients
with spinal pain, which is partly due to a common belief that identifying and correcting
spinal shape and mobility aberrations can reduce pain and improve the quality of life
[11-13]. When clinicians aim to normalize dysfunctional shape or mobility, an empirical

basis of normal values for reference is required.

Although spinal shape and mobility are important parameters for a patient-specific
diagnosis and therapy planning, the reported values vary considerably because of
multiple factors, among which age and sex are the two most significant. However, the
current findings remain inconclusive. For cervical mobility, some studies found a
tendency for reduction with aging [1, 14-17], whereas others failed to detect a
significant age effect [18, 19]. An increasing tendency with aging was reported for
thoracic kyphosis [20, 21]; however, the age-dependent effect has not yet been
quantified or clarified in detail. The influence of sex on thoracic kyphosis has been
described as contradictory in the literature [22-26]. Multiple studies demonstrated that
thoracic mobility was greater at a younger age than at an older age [27-29];
nevertheless, the effect of sex is unclear [25]. Age and sex also caused temporal and
spatial variation in lumbar lordosis and mobility in the asymptomatic population [21,

30-32]. Previously, a systematic review and meta-analysis was conducted to
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understand the differences in the lumbar mobility because of aging [33]. However, the
analysis was based on limited available datasets and the sex-dependent difference
was unclear. Therefore, an evidence-based understanding of these differences

because of age and sex is necessary.

In the clinical setting, X-ray is the gold standard for the assessment of spinal shape
with direct exposure of anatomical structures [21, 32]. However, a frequent use of this
technology brings ethical problems in both spinal pain patients for closed-meshed
monitoring of a treatment success and in asymptomatic individuals for collecting
normative reference data. Functional X-rays have long been used to determine
functional deficits to provide reliable spinal mobility results [34, 35]. Nevertheless, the
ethical radiation problem remains, and the spinal mobility in the axial plane cannot be
measured. Several simple physical examinations have been developed to evaluate
spinal mobility during medical consultation or in the laboratory, like the Schober test
and the Finger-Floor-Distance [36]. The disadvantage is that there is no significant
difference between subjects with or without back pain in these tests [36, 37]. Moreover,
the Finger-Floor-Distance is unable to differentiate between spinal and pelvic
movements and, therefore, cannot discriminate whether a change in mobility is caused
by spinal or pelvic motion. Clinicians also evaluate the spinal shape or mobility by
visual inspection, which is not quantified and with low reliability. Because of the
limitations of the aforementioned methods, multiple non-radiological devices have
been developed in recent years, including goniometer, inclinometer, electromagnetic,
ultrasonic, and optoelectronic systems [4, 15, 38-41]. To avoid the need for radiation
exposure, non-radiological devices can be utilized for multiple spinal shape and
mobility determinations in both symptomatic and asymptomatic subjects. Here, the
guestion arises, whether these multiple non-radiological measurement instruments can

lead to comparable results for spinal shape and mobility as determined radiologically.

Because systematic reviews and meta-analyses can provide a complete and
exhaustive summary of the current evidence on the relevant topics, three systematic
reviews, two of which in combination with a meta-analysis, were performed to
determine the effect of age and sex on cervical (study 1), thoracic (study 2) and lumbar
(study 3) spinal shape and mobility. The potential difference between radiological and
non-radiological results was further investigated. The results were documented and

summarized in three scientific publications [42-44].



2. Methods

Three systematic reviews, two of which in combination with a meta-analysis,
concerning cervical (study 1), thoracic (study 2) and lumbar (study 3) spinal shape and
mobility were performed in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement [45], which improves the

reporting of systematic reviews and meta-analyses.
2.1. Search strategy

For all three systematic reviews and both meta-analyses, only studies with
asymptomatic adult subjects (age > 18ys) and measuring active spinal mobility (motion

controlled by subjects) were included.
2.1.1. Cervical spine (study 1)

The terms in Figure 1 were combined with logical operators (AND, OR and NOT) and
searched in three electronic databases (PubMed, EmBase and Web of Science) from
their inception to April 2018.

—_—

PubMed EmBase Web of Science
AND
AND Kinematics e
Neck Age Healthy
r— Movement \\
© () \ \
'S W \ \
= Cervical \\ . \ \ ;
@ ervica -\ Motion \ Gender Asymptomatic
U W\ \ \
\ \
\ Mobility
Cervical spine Sex Normal
Range of motion

Figure 1. Search strategy on cervical mobility.

2.1.2. Thoracic spine (study 2)

The search strategy included the terms in Figure 2 with logical operators (AND, OR
and NOT) and was searched in PubMed with the time limitation from their inception to
April 2018.
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PubMed }
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Figure 2. Search strategy on thoracic mobility.

2.1.3. Lumbar spine (study 3)

Similar to the cervical spine, three electronic databases were used with the terms
shown in Figure 3 with logical operators (AND, OR and NOT) from their inception to
March 2018.

PubMed EmBase Web of Science
AND Kinematics AND AND
Age Healthy
Lumbar
N
E Movement \ \. \
E \ ) W\
= \ Motion \ Gender \ Asymptomatic
wad \ \ \ \
\ \ \
\ Mobility
Lumbar spine
Sex Normal
Range of morion
) S

Figure 3. Search strategy on lumbar mobility.
Additionally, a manual search of references was performed to further include possible
studies that were absent from the database search.

2.2. Methodological assessment

The quality of the included studies was assessed using the quality assessment tool for
guantitative studies, which was developed by the Effective Public Health Practice 2003,
Canada [46]. This tool evaluates the quality of the following items: study design,
confounders, blinding of participants and examiners, data collection methods,

withdrawals and drop-outs of participants, measurement integrity and statistical

10



2. Methods

analysis suitability. The quality of each item, except statistical analysis, is classified
into three levels: strong, moderate and low. The suitability of statistical analysis is
evaluated as Yes or No.

2.3. Data extraction and management

Data for means and standard deviations (SDs) of the spinal shape and mobility, and
sample size for each age and sex group were extracted from reported values or figures
in selected studies. “Half-cycle” spinal mobility represents the range of flexion (RoF),
extension (RoE), left or right lateral bending (RoLB) and left or right axial rotation
(ROAR) separately. “Full-cycle” spinal mobility represents the range of flexion plus
extension (RoFE), two-side RoLB or two-side RoAR. When there existed sufficient
studies (at least three) with similar age descriptions (e.g., 20s, 30s, 40s, 50s and 60s)
and separate sexes, a meta-analysis was conducted, otherwise, only descriptive data

synthesis was performed.
2.4. Data synthesis and meta-analysis

For meta-analysis, mean values and SDs as well as the sample size in each age and
sex group were pooled using the Review Manager Software (RevMan5.3, Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collaboration). A random-effect model
was adopted because of the heterogeneity among the studies. Statistical heterogeneity
among studies was evaluated based on the inconsistency (I?) index, which estimates
the percentage of total variation across studies that is ascribed to heterogeneity; <25%
indicates low, 25% to 75% medium and >75% high heterogeneity [47]. Mean pooled
differences £ 95% confidence intervals in the spinal shape and mobility between
different age and sex groups were presented, with statistical significance defined as
p<0.05.

11



3. Results

3.1. Cervical spine (study 1)

Thirty-four studies were included in the systematic review. All were cross-sectional
cohort studies with a moderate study design quality. The differences of the age
descriptions were substantial. Eleven studies with non-radiological results and same-
age descriptions (20s, 30s, 40s, 50s and 60s) were included for meta-analysis; among
these, results were pooled from four studies [15, 41, 48, 49] for “full-cycle” cervical
mobility determined non-radiologically in different age and sex groups (Table 1).
Different pooled results between two age groups or sexes led to different degrees of
heterogeneity (I?) ranging from 0 to 96%.

Table 1. Mean + 95% confidence interval of cervical mobility (°) in each age and sex group.

Plane  Parameter Sex 20s 30s 40s 50s 60s

Non-radiological Measurements

E Males 129.42 +27.70 118.73 +32.23 116.38 + 10.26 120.48 + 10.96 106.82 +6.43
> RoFE

n Females 133.24 + 10.37 127.43 +26.89 119.80 +17.18 115.44 +13.37 114.11 +4.54
§ . Males 91.27+4.72 82.08+16.39 78.65+4.40 7250 +5.43 66.61 +4.45
S Two-side

Q RolLB

) Females 91.47 +4.06 89.67 £5.57 85.20 £+ 4.39 69.64 £ 5.57 67.06 £ 6.09
e . Males 155.16 + 14.13 148.70 + 18.75 141.40+7.88 141.74 +9.00 134.97 +8.36
> Two-side

< RoAR

Females 161.08 +9.33 154.51 +£12.67 145.66 + 11.90 137.11 £ 16.93 128.94 + 18.42

RoFE — Range of Flexion plus Extension; RoLB — Range of Lateral Bending; RoAR — Range of Axial Rotation.

3.1.1. Effect of age and sex on cervical lordosis
No results are available in study 1 [43].
3.1.2. Effect of age and sex on cervical mobility

When determined non-radiologically, males displayed a significant decrease in the
cervical RoFE from the 20s to 30s and from the 50s to 60s (p<0.05); females displayed
a significant decrease from the 30s to 40s and from the 40s to 50s (p<0.05). For the
two-side RoLB, males displayed a significant decrease from the 50s to 60s (p<0.05);
however, females displayed a significant decrease from the 30s to 40s and from the
40s to 50s (p<0.05). For the two-side ROAR, both males and females displayed a

significant decrease with a one-decade age increase (p<0.05), except in males from

12



3. Results

the 30s to 40s and from the 40s to 50s. For the effect of sex, females displayed a
greater RoFE and two-side RoAR than males in the 30s and 40s (p<0.05); in the 60s,

females displayed a greater ROFE than males (p<0.05).

3.1.3. Comparison of measurement technigues

Radiological devices were normally used to measure cervical mobility from C2—7 in the
sagittal plane while non-radiological devices were normally used for cervical mobility
from the head to thorax in all three anatomical planes. Cervical mobility determined
non-radiologically was greater than determined radiologically in each age and sex
group (Figure 4).

Radiological (C2-7) Non-radiological (Head-Thorax)

)
=3

m20s w30s w40s =50s ~60s  70s

=]
3

®
=3

)
=3

Q

qu HH [

Cervical Range of Flexion (°)

Diff = 22.6°
’1

'3 L
'
s |
i '
sbal | -
olb sl
+b4f ;
s 4

Yukawa et al. Yukawa et al. Liu et al. Machino et al Machino et al Youdas et al Hole et al Hole et al. Trott et al Ma{ms( cm etal Swmkels e( al. Alahmav el al.
(2012) (2012) (2015) (2016) (2016) (1992) (1995) (1995) (1996)

N,.
e B 8
frEswTeTs—

Figure 4. Difference of cervical range of flexion between radiological and non-radiological results in each
age and sex group (mean * standard deviation). & Males; ? Females.

3.2. Thoracic spine (study 2)

Forty-five studies were included in the systematic review. Three were prospective while
42 were cross-sectional. Twenty-five studies reported the validity or reliability of the
results, whereas 20 did not. Because the studies displayed a large heterogeneity, only

descriptive data syntheses were conducted.

3.2.1. Effect of age and sex on thoracic kyphosis

There was an increasing tendency for thoracic kyphosis with aging when determined
both radiologically and non-radiologically (Figure 5). The increase of thoracic kyphosis
with aging occurred in the lower level rather than in the upper level [21].

13
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3.2.2. Effect of age and sex on thoracic mobility

Figure 5. The effect of age on thoracic kyphosis (mean +* standard deviation). &' Males; ¢ Females.

One non-radiological study [29] reported a decreasing tendency for thoracic mobility

with a one-decade age increase in all three planes during sitting in females (Figure 6).

The decrease of thoracic mobility with aging mainly occurred in the lower level rather

than in the upper level [27, 50].

Thoracic Range of Motion (°)

Sagittal Coronal Axial
w20s =30s w40s =50s =60s ~70s
sitting ? T1-L1

Flexion Extension Right Left Right Left

I |
j.'.' ii. 1 | |

OGormen and Jull O'Goman and Jull O'Goman and Jull QO'Goman and Jull QO'Gomman and Jull O'Goman and Jull

(1987) (1987) (1987) (1987) (1987)

Figure 6. The effect of age on thoracic mobility (mean * standard deviation). & Males; ? Females.

3.3.3. Comparison of measurement techniques

During standing, the thoracic kyphosis over T1-12 ranged from 29 to 45° (mean=34°,

Figure 7) when determined non-radiologically [51-56] and approximately 40° when

determined radiologically [22, 57].

Thoracic Kyphosis (°)

80 Radiological Non-radiological
70 A
mean = 40° mean = 34°

60 -

50 g @

40

30 A

20 A

10 4

0
Madinei et al. Hasegawa et al. Alderighi et al. Schroder etal. Park et al. Edmondston et al. Edmondston et al. Edmondston etal.  Mannion et al.
(2018) (2016) (2016) (2015) (2015) (2012)a (2012)b (2011) (2004)
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3. Results

Figure 7. Difference of thoracic kyphosis between radiological and non-radiological results
measured during standing over T1-12 (mean + standard deviation). & Males; ? Females.

3.3. Lumbar spine (study 3)

Sixty-five studies were included in the systematic review. Six showed a strong study

design quality, 58 a moderate quality and one a weak quality. The differences of the

age descriptions were substantial. Twelve studies [20, 21, 30, 32, 58-65] with same

age descriptions (20s, 30s, 40s, 50s and 60s) were included for meta-analysis to

investigate the effect of age and sex on lumbar lordosis determined radiologically, and

mobility determined non-radiologically (Table 2). The studies selected for meta-

analysis were cross-sectional cohort studies with a moderate study design quality.

Different pooled results between two age groups or sexes led to different degrees of

heterogeneity (1?) ranging from 0 to 96%.

Table 2. Mean + 95% confidence interval of lumbar lordosis and mobility (°) in each age and sex group.

Plane Parameter Sex 20s 30s 40s 50s 60s
Radiological Measurements
s Lumbar Males  45.37+6.70 43.33+7.87 50.65+6.93 47.24+573  53.14%8.20
g lordosis  Females 49.28+6.77  50.93+543 5476410 5378335 54941593
Non-radiological Measurements
Males  62.61£9.91 60.66+9.75 58.91+11.92 57.11£942 5563 +10.21
s RoF Females 57.10+4.39 60.54+6.77 55.64+4.80 56.17+£9.02  51.99 +6.44
(% ~oE Males  28.81+8.60 2640+7.36 2272+6.38 20.78+6.00  17.56 £ 6.06
Females 32.29+4.84 2932+7.89 2627+6.01 2277+6.67 18.72+4.49
Right Males  33.90+3.45 3153+535 28.19£292 27.66+3.37  22.59+8.50
‘_8" RolB Females 32.25+544 31.13+548 2852:4.86 27.49+348  24.29+4.59
3 Left Males  33.77+3.69 31.72+4.68 27.53+475 26.89+553 22.48+8.28
RolB Females 30.67+542 3140+525 27.32:7.10 26.62+3.16  23.70 + 3.64
Right Males  20.83+15.78 16.32+14.11 18.65+11.47 18.76+14.60 19.57 £9.70
= ROAR  Females 24.38+11.27 2255+13.82 2042+14.11 2024 +11.76 18.00 + 10.18
£ Left Males 21.36+13.62 17.89+11.76 17.83+12.15 19.12+1539 17.22 £ 12.45
ROAR  Females 24.67+11.86 2450+12.94 2243+13.33 21.09+12.54 19.77 +10.47

RoF — Range of Flexion; RoE — Range of Extension; RoLB — Range of Lateral Bending; RoAR — Range of Axial Rotation.

3.3.1. Effect of age and sex on lumbar lordosis

When determined radiologically, males in their 30s displayed a smaller lumbar lordosis

than in their 40s and 50s (p<0.05). Females in their 20s and 30s displayed a smaller

lumbar lordosis than in their 40s and 50s (p<0.05). In their 40s, both males and females
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displayed a greater lumbar lordosis than in their 50s (p<0.05). For the effect of sex,
females in their 20s, 30s, 40s and 50s displayed a greater lumbar lordosis than males

in the same age range (p<0.05).

3.3.2. Effect of age and sex on lumbar mobility

When determined non-radiologically, males displayed a significant decrease in the
lumbar RoF from the 50s to 60s (p<0.05); in contrast, females displayed a significant
decrease from the 30s to 40s (p<0.05). Both males and females displayed a significant
decrease in the lumbar RoE with a one-decade age increase (p<0.05), except in
females from the 20s to 30s. Males displayed a significant decrease in both the left
and right lumbar RoLB (p<0.05), except from the 40s to 50s; females displayed a
significant decrease (p<0.05), except from the 20s to 30s. No significant decrease in
the ROAR was detected with a one-decade age increase, except in males for the right
ROAR from the 20s to 30s (p<0.05). For the effect of sex, males displayed a greater
lumbar RoF than females in the 20s (p<0.05). In the 40s, females displayed a greater
left ROAR than males; in the 50s, females displayed a greater right ROAR than males
(p<0.05).

3.3.3. Comparison of measurement techniques

Radiological devices measured the lumbar curvature while non-radiological devices
measured the dorsal skin curvature. Lumbar lordosis determined radiologically was
mostly greater than lordosis determined non-radiologically when incorporating age and
sex (Figure 8).

Radiological Non-radiological
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Figure 8. Difference of lumbar lordosis between radiological and non-radiological results (mean *
standard deviation). & Males; ? Females.
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4.1. Cervical spine (study 1)

Study 1 performed a systematic review and meta-analysis on cervical mobility in
asymptomatic adults, with a specific focus on the effect of age and sex, as well as

different measurement techniques.

Radiological devices normally measured cervical mobility in the sagittal plane from C2—
7, whereas non-radiological devices could measure cervical mobility in all three
anatomical planes, but normally from the head to thorax. Therefore, the cervical
mobility determined radiologically were much less than the mobility determined non-
radiologically. These differences prompt researchers and clinicians to develop a
standard protocol (e.g., similar device and measuring level) to determine cervical
mobility and make the results comparable. Therefore, it is essential to note that when
applying the non-radiological results in the clinic, different reference values should be

adopted than for radiological examination.

In the meta-analysis, the results of cervical mobility measured non-radiologically from
the head to thorax with separate sexes were pooled. Consequently, the cervical RoFE
and two-side RoLB decreased non-monotonically and the two-side ROAR decreased
monotonically with aging. The decrease in cervical mobility might arise from spinal
degeneration with aging [35, 66-68]. However, the patterns of decrease differed
between the sexes. This difference might result from a variety of factors, including
different occupational patterns (e.g., females on average work fewer hours than males)
[69], daily activities (e.g., males spend more time than females in moderate and
vigorous physical activity) [70] and anatomical structures (e.g., males have greater a
cervical lordosis than females) [71]. The current results can serve to distinguish
between pathological and aging degeneration for the evaluation of impairment and for

the assessment of treatment success as well as for developing spinal implants.

There was no significant sex-dependent difference in cervical mobility in the 20s age
group, because the youngest age group can normally perform the greatest mobility.
Females displayed a greater cervical ROFE and two-side RoAR than males in the age
range of the 30s and 40s. Although not significant, females in their 50s displayed less
mobility than males. This might be because females undergo the menopause process

during this age range, which could influence the cervical mobility [72, 73]. Once in their
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60s, females again displayed greater cervical mobility than males. However, the actual
mechanism causing these differences still needs to be investigated.

4.2. Thoracic spine (study 2)

Study 2 performed a systematic review to investigate the effect of age and sex on
thoracic kyphosis and mobility in asymptomatic adults, as well as the influence of
different measuring devices. However, because of the large heterogeneity among the
studies, a meta-analysis was impossible and only a descriptive synthesis was

conducted.

Radiological devices normally measured thoracic kyphosis from T4-12 for exposure of
the spinal markers. Without an exposure problem, non-radiological devices measured
thoracic kyphosis from C7 or T1 to T12. Because a kyphosis angle greater than 40°
(determined radiologically from T4-12 during standing) is defined as hyper-kyphosis
[26], it is essential to measure the thoracic kyphosis under a similar protocol (e.g.,
consistent technology, segments and posture). We compared the radiological and non-
radiological results when measuring thoracic kyphosis from T1-12 during standing,
and found a difference of approximately 6°. The soft-tissue artefacts might cause this
difference. However, there is a lack of sufficient data to determine whether or not this
level of difference is significant.

With one-decade age increments, Yukawa et al. [32] found no significant change in
thoracic kyphosis measured by X-ray. By contrast, another radiological study [21] and
two non-radiological studies [26, 29] demonstrated that there was an increasing
tendency for thoracic kyphosis with aging. Because of insufficient data, it was
impossible to perform a meta-analysis to quantify the age effect. However, these
results emphasize that hyper-kyphosis of the thoracic spine is partly derived from a
natural adaptive aging process. lyer et al. [21] measured the thoracic kyphosis in the
upper (T2-5) and lower (T5-12) levels separately and found that an age-dependent
change in thoracic kyphosis mainly occurred in the lower level rather than in the upper
level. These facts indicated that the lower thoracic spine has to withstand higher
mechanical challenges than the upper level, which may be associated with the

relatively higher fracture rate in the lower thoracic level during injury and trauma [74].

The influence of sex on thoracic kyphosis was inconclusive among the studies.

Yukawa et al. [32] demonstrated that males in their 30s, 50s and 60s displayed a
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greater thoracic kyphosis than age-matched females. However, Fon et al. [26]
demonstrated that females in their 50s, 60s and 70s exhibited a greater kyphosis than
age-matched males. This heterogeneity might partly explain why studies with
heterogeneous cohort sizes and different mean ages produced contradictory results.

Therefore, the details of age and sex effects on thoracic kyphosis still merit discussion.

In each anatomical direction, thoracic mobility displayed a decreasing tendency with
aging when determined non-radiologically [29]. However, it was impossible to quantify
the age effect because of insufficient data. The effect of sex on thoracic mobility was
also inconclusive [25], which might be due to the different thoracic profiles between
males and females. Therefore, further long-term longitudinal study with large cohorts
needs to be conducted to draw more consistent conclusions, because an age- and
sex-specific evaluation and treatment for thoracic pathologies may be important for
long-term patient satisfaction.

4.3. Lumbar spine (study 3)

Study 3 performed a systematic review and meta-analysis to investigate the effect of
age and sex on lumbar lordosis and mobility in asymptomatic adults, as well as to

compare the results determined by different measurement techniques.

Lumbar lordosis measured by radiological devices was normally greater than
determined by non-radiological devices. This could be due to the different shapes
between the dorsal skin surface (non-radiological) and the spinal curvature of the bony
vertebrae (radiological). This difference is caused by the soft tissue as well by the
difference between the curvature of the spinous process and vertebral bodies.
Although investigators relied on radiological techniques for accurate measurements
and direct anatomical exposure, non-radiological techniques were frequently used to
determine lumbar lordosis because of the ease of performing repetitive trials.
Furthermore, a high correlation was displayed between lumbar lordosis measured via
back shape and determined radiologically in subjects with a body mass index <27.0
kg/m2 [75, 76]. Therefore, both radiological and non-radiological techniques have their
own advantages and the non-radiological results can reflect changes in radiological

results.

In the meta-analysis, lumbar lordosis measured by X-ray at similar lumbar segments

were pooled. The change of lumbar lordosis was non-monotonic with aging. From the
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30s to 40s, both males and females displayed an increased lumbar lordosis. From the
40s to 50s, lumbar lordosis decreased in both sexes. An increase or decrease in
lumbar lordosis may be dependent on the characteristic sagittal profiles and orientation
of the pelvis, lumbosacral joint and sacrum [77, 78]. Therefore, the evolution of lumbar
lordosis with aging could vary among different sagittal profiles for the sagittal balance
and stability requirements. Regarding the effect of sex, females displayed a greater
lumbar lordosis than males at each age range, which is because of a greater sacral
slope than males [79]. Therefore, the evaluation of lumbar lordosis should be based
on age and sex instead of a single value, because the age-specific spinal alignment
targets for operation can reduce the incidence of postoperative complications, like

proximal junction kyphosis [80].

With aging, the lumbar RoF tended to decrease when determined non-radiologically.
However, the decreasing pattern was non-monotonic and differed between the sexes,
with males displaying the greatest reduction from the 50s to 60s, while in females, this
was from 30s to 40s. Regarding the lumbar RoE, a continuous reduction with aging
was observed in both sexes. The RoLB also displayed a continuous decreasing pattern
in both sexes and the age-dependent pattern was symmetric between the left and right
sides. The reduction of lumbar mobility with aging is in agreement with the fact that the
stiffness of the spinal segments increases in intervertebral discs [81]. The change of
the ROAR with aging was not significant in both sexes, sometimes older subjects even
displayed a greater ROAR (50s vs 60s in females during left ROAR). Here, it should be
noted that only results from two studies were pooled [61, 65]; therefore, further studies

are required to substantiate the effect of age on the lumbar ROAR.

For the effect of sex on lumbar mobility, males normally displayed a greater RoF than
females, particularly in the 20s. Males and females displayed no significant difference
in the ROE and the left and right RoLB. For the RoOAR, females normally displayed a
greater mobility than males, which was significant in the 40s during left ROAR and in
the 50s during right ROAR. It is supposed that the possible basis for this apparent
difference could be due to the differences in the sagittal profiles between males and

females.
4.4. Limitations and further perspectives

For all three studies, the risk of an incomplete literature search and publication bias

cannot be ruled out. Secondly, there was considerable variation in the devices used
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for non-radiological measurements, including their reliability and validity, such that the
difference for a single device because of a limited number of studies could not be
guantified, and the measuring techniques could only be assigned into two different
categories (radiological and non-radiological). Furthermore, a major source of
uncertainty was in the spinal levels that were determined in the different studies. For
study 2, a meta-analysis could not be performed because of insufficient homogeneous
data, which made the results less reliable. For studies 1 and 3, although meta-analyses
were conducted, large heterogeneity existed among the analyzed studies. However,
because of the limited number of studies, it was not possible to investigate the potential
source of heterogeneity. We are also aware that most of the included studies were of

a cross-sectional design with a moderate study design quality.

Despite these limitations, results from the current project indicated that a significant
change of spinal shape and mobility, which frequently occurs in patients suffering from
spinal pain, could also occur as a physiological age-related change in asymptomatic
subjects. Therefore, it is not possible to compare the spinal shape and mobility
between elder patients with spinal pain and young, healthy subjects, rather age- and
sex-specific reference values are required. Future study should focus on establishing
a consistent protocol (e.g., similar device, measuring levels, and posture) to measure
spinal shape and mobility and thus make the results comparable. The most reliable
results concerning the effect of age on spinal shape and mobility should be from a
longitudinal study with a large homogenous cohort and a long-term follow-up. Future
research should also focus on maintaining or enhancing spinal shape and mobility with
aging through appropriate exercise or therapy, which is associated with an improved
quality of life. Furthermore, the effect of age and sex on spinal shape and mobility in
subjects with spinal pain should also be investigated, to ensure an extensive

comparison between symptomatic and asymptomatic groups.

21



5. Bibliography

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Swinkels R, Swinkels-Meewisse |. Normal Values for Cervical Range of Motion. Spine. 2014;39(5):362-7.
Stenneberg MS, Rood M, de Bie R, Schmitt MA, Cattrysse E, Scholten-Peeters GG. To What Degree Does
Active Cervical Range of Motion Differ Between Patients With Neck Pain, Patients With Whiplash, and Those
Without Neck Pain? A Systematic Review and Meta-Analysis. Archives of Physical Medicine and
Rehabilitation. 2017;98(7):1407-34.

Hajibozorgi M, Arjmand N. Sagittal range of motion of the thoracic spine using inertial tracking device and
effect of measurement errors on model predictions. J Biomech. 2016;49(6):913-8.

Edmondston SJ, Waller R, Vallin P, Holthe A, Noebauer A, King E. Thoracic spine extension mobility in young
adults: influence of subject position and spinal curvature. J Orthop Sports Phys Ther. 2011;41(4):266-73.
Fouquet N, Bodin J, Descatha A, Petit A, Ramond A, Ha C, Roquelaure Y. Prevalence of thoracic spine pain
in a surveillance network. Occup Med (Lond). 2015;65(2):122-5.

Hoy D, Brooks P, Blyth F, Buchbinder R. The Epidemiology of low back pain. Best Pract Res Clin Rheumatol.
2010;24(6):769-81.

Roffey DM, Wai EK, Bishop P, Kwon BK, Dagenais S. - Causal assessment of awkward occupational postures
and low back pain: results of a systematic review. 2010;- 10(- 1).

Ferreira ML, de Luca K. Spinal pain and its impact on older people. Best Pract Res Clin Rheumatol.
2017;31(2):192-202.

Wenig CM, Schmidt CO, Kohimann T, Schweikert B. Costs of back pain in Germany. Eur J Pain.
2009;13(3):280-6.

Dong WL, Li YC, Liu SW, Jiang YY, Mao F, Qi L, Zeng XY, Zhou MG. [The disease burden for low back pain
in China, 1990 and 2013]. Zhonghua Yu Fang Yi Xue Za Zhi. 2017;51(2):132-6.

Vialle R, Levassor N, Rillardon L, Templier A, Skalli W, Guigui P. Radiographic analysis of the sagittal
alignment and balance of the spine in asymptomatic subjects. J Bone Joint Surg Am. 2005;87(2):260-7.
Schwab F, Ungar B, Blondel B, Buchowski J, Coe J, Deinlein D, DeWald C, Mehdian H, Shaffrey C, Tribus C,
Lafage V. Scoliosis Research Society-Schwab adult spinal deformity classification: a validation study. Spine
(Phila Pa 1976). 2012;37(12):1077-82.

Schuna JM, Jr., Johnson WD, Tudor-Locke C. Adult self-reported and objectively monitored physical activity
and sedentary behavior: NHANES 2005-2006. Int J Behav Nutr Phys Act. 2013;10:126.

Lind B, Sihlbom H, Nordwall A, Malchau H. Normal range of motion of the cervical spine. Arch Phys Med
Rehabil. 1989;70(9):692-5.

Lansade C, Laporte S, Thoreux P, Rousseau MA, Skalli W, Lavaste F. Three-Dimensional Analysis of the
Cervical Spine Kinematics Effect of Age and Gender in Healthy Subjects. Spine. 2009;34(26):2900-6.

Hole DE, Cook JM, Bolton JE. Reliability and concurrent validity of two instruments for measuring cervical
range of motion: effects of age and gender. Man Ther. 1995;1(1):36-42.

Malmstrom EM, Karlberg M, Fransson PA, Melander A, Magnusson M. Primary and coupled cervical
movements: the effect of age, gender, and body mass index. A 3-dimensional movement analysis of a
population without symptoms of neck disorders. Spine (Phila Pa 1976). 2006;31(2):E44-50.

Tommasi DG, Foppiani AC, Galante D, Lovecchio N, Sforza C. Active Head and Cervical Range of Motion
Effect of Age in Healthy Females. Spine. 2009;34(18):1910-6.

Mayer T, Brady S, Bovasso E, Pope P, Gatchel RJ. NONINVASIVE MEASUREMENT OF CERVICAL TRI-
PLANAR MOTION IN NORMAL SUBJECTS. Spine. 1993;18(15):2191-5.

Asai Y, Tsutsui S, Oka H, Yoshimura N, Hashizume H, Yamada H, Akune T, Muraki S, Matsudaira K,
Kawaguchi H, Nakamura K, Tanaka S, Yoshida M. Sagittal spino-pelvic alignment in adults: The Wakayama
Spine Study. PLoS One. 2017;12(6):e0178697.

lyer S, Lenke LG, Nemani VM, Albert TJ, Sides BA, Metz LN, Cunningham ME, Kim HJ. Variations in Sagittal
Alignment Parameters Based on Age: A Prospective Study of Asymptomatic Volunteers Using Full-Body
Radiographs. Spine (Phila Pa 1976). 2016;41(23):1826-36.

Hasegawa K, Okamoto M, Hatsushikano S, Shimoda H, Ono M, Watanabe K. Normative values of spino-
pelvic sagittal alignment, balance, age, and health-related quality of life in a cohort of healthy adult subjects.
Eur Spine J. 2016;25(11):3675-86.

Fujimori T, lwasaki M, Nagamoto Y, Matsuo Y, Ishii T, Sugiura T, Kashii M, Murase T, Sugamoto K, Yoshikawa
H. Kinematics of the thoracic spine in trunk lateral bending: in vivo three-dimensional analysis. Spine J.
2014;14(9):1991-9.

Lorbergs AL, Murabito JM, Jarraya M, Guermazi A, Allaire BT, Yang L, Kiel DP, Cupples LA, Bouxsein ML,
Travison TG, Samelson EJ. Thoracic Kyphosis and Physical Function: The Framingham Study. J Am Geriatr
Soc. 2017;65(10):2257-64.

Willems JM, Jull GA, J KF. An in vivo study of the primary and coupled rotations of the thoracic spine. Clin
Biomech (Bristol, Avon). 1996;11(6):311-6.

Fon GT, Pitt MJ, Thies AC, Jr. Thoracic kyphosis: range in normal subjects. AJR Am J Roentgenol.
1980;134(5):979-83.

Ignasiak D, Rieger A, Ferguson SJ. Multi-segmental thoracic spine kinematics measured dynamically in the
young and elderly during flexion. Human Movement Science. 2017;54:230-9.

Lee N-G, Lee J-A, Kim J-B. A Comparison of Three-dimensional Spine Kinematics during Multidirectional
Trunk Movement between Elderly Subjects with Degenerative Spine Disease and Healthy Young Adults.
Journal of Physical Therapy Science. 2013;25(1):21-6.

22



5. Bibliography

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

O'Gorman H, Jull G. Thoracic kyphosis and mobility: the effect of age. Physiotherapy Practice. 1987;3(4):154-
62.

Dreischarf M, Albiol L, Rohlmann A, Pries E, Bashkuev M, Zander T, Duda G, Druschel C, Strube P, Putzier
M, Schmidt H. Age-related loss of lumbar spinal lordosis and mobility--a study of 323 asymptomatic volunteers.
PLoS One. 2014;9(12):€116186.

Youdas JW, Hollman JH, Krause DA. The effects of gender, age, and body mass index on standing lumbar
curvature in persons without current low back pain. Physiother Theory Pract. 2006;22(5):229-37.

Yukawa Y, Kato F, Suda K, Yamagata M, Ueta T, Yoshida M. Normative data for parameters of sagittal spinal
alignment in healthy subjects: an analysis of gender specific differences and changes with aging in 626
asymptomatic individuals. Eur Spine J. 2018;27(2):426-32.

Intolo P, Milosavljevic S, Baxter DG, Carman AB, Pal P, Munn J. The effect of age on lumbar range of motion:
a systematic review. Man Ther. 2009;14(6):596-604.

Liu B, Wu B, Van Hoof T, Okito JP, Liu Z, Zeng Z. Are the standard parameters of cervical spine alignment
and range of motion related to age, sex, and cervical disc degeneration? J Neurosurg Spine. 2015;23(3):274-
9.

Machino M, Yukawa Y, Imagama S, Ito K, Katayama Y, Matsumoto T, Inoue T, Ouchida J, Tomita K, Ishiguro
N, Kato F. Age-Related and Degenerative Changes in the Osseous Anatomy, Alignment, and Range of Motion
of the Cervical Spine: A Comparative Study of Radiographic Data From 1016 Patients With Cervical
Spondylotic Myelopathy and 1230 Asymptomatic Subjects. Spine. 2016;41(6):476-82.

Robinson HS, Mengshoel AM. Assessments of lumbar flexion range of motion: intertester reliability and
concurrent validity of 2 commonly used clinical tests. Spine (Phila Pa 1976). 2014;39(4):E270-5.

Tousignant M, Poulin L, Marchand S, Viau A, Place C. The Modified-Modified Schober Test for range of motion
assessment of lumbar flexion in patients with low back pain: a study of criterion validity, intra- and inter-rater
reliability and minimum metrically detectable change. Disabil Rehabil. 2005;27(10):553-9.

Trott PH, Pearcy MJ, Ruston SA, Fulton |, Brien C. Three-dimensional analysis of active cervical motion: The
effect of age and gender. Clinical Biomechanics. 1996;11(4):201-6.

Alahmari K. Normal cervical spine range of motion using digital inclinometer in male asymptomatic subjects
of Aseer, Saudi Arabia. Saudi Journal of Sports Medicine. 2017;17(1):40-4.

Youdas JW, Garrett TR, Suman VJ, Bogard CL, Hallman HO, Carey JR. Normal range of motion of the cervical
spine: an initial goniometric study. Phys Ther. 1992;72(11):770-80.

Wolfenberger VA, Bui Q, Batenchuk GB. A comparison of methods of evaluating cervical range of motion.
Journal of Manipulative and Physiological Therapeutics. 2002;25(3):154-60.

Pan F, Firouzabadi A, Reitmaier S, Zander T, Schmidt H. The shape and mobility of the thoracic spine in
asymptomatic adults - A systematic review of in vivo studies. J Biomech. 2018;78:21-35.

Pan F, Arshad R, Zander T, Reitmaier S, Schroll A, Schmidt H. The effect of age and sex on the cervical range
of motion - A systematic review and meta-analysis. J Biomech. 2018;75:13-27.

Arshad R, Pan F, Reitmaier S, Schmidt H. Effect of age and sex on lumbar lordosis and the range of motion.
A systematic review and meta-analysis. J Biomech. 2019;82:1-19.

Moher D, Liberati A, Tetzlaff J, Altman DG, and the PG. Preferred reporting items for systematic reviews and
meta-analyses: The prisma statement. Annals of Internal Medicine. 2009;151(4):264-9.

Jackson N, Waters E. Criteria for the systematic review of health promotion and public health interventions.
Health Promot Int. 2005;20(4):367-74.

Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. Bmij.
2003;327(7414):557-60.

Schops P, Seichert N, Schenk M, Petri U, Senn E. Age- and gender-related mobility of the cervical spine:
Objective. Physikalische Medizin Rehabilitationsmedizin Kurortmedizin. 1997;7(3):80-7.

Castro WH, Sautmann A, Schilgen M, Sautmann M. Noninvasive three-dimensional analysis of cervical spine
motion in normal subjects in relation to age and sex. An experimental examination. Spine (Phila Pa 1976).
2000;25(4):443-9.

Morita D, Yukawa Y, Nakashima H, Ito K, Yoshida G, Machino M, Kanbara S, Iwase T, Kato F. Range of
motion of thoracic spine in sagittal plane. Eur Spine J. 2014;23(3):673-8.

Alderighi M, Ferrari R, Maghini |, Del Felice A, Masiero S. Intra and interrater reliability of spinal sagittal curves
and mobility using pocket goniometer IncliMed(R) in healthy subjects. J Back Musculoskelet Rehabil.
2016;29(4):873-80.

Schroeder J, Reer R, Braumann KM. Video raster stereography back shape reconstruction: a reliability study
for sagittal, frontal, and transversal plane parameters. Eur Spine J. 2015;24(2):262-9.

Park KH, Oh JS, An DH, Yoo WG, Kim JM, Kim TH, Kang MH. Difference in selective muscle activity of
thoracic erector spinae during prone trunk extension exercise in subjects with slouched thoracic posture. Pm
r. 2015;7(5):479-84.

Edmondston SJ, Ferguson A, Ippersiel P, Ronningen L, Sodeland S, Barclay L. Clinical and radiological
investigation of thoracic spine extension motion during bilateral arm elevation. J Orthop Sports Phys Ther.
2012;42(10):861-9.

Edmondston SJ, Christensen MM, Keller S, Steigen LB, Barclay L. Functional radiographic analysis of thoracic
spine extension motion in asymptomatic men. J Manipulative Physiol Ther. 2012;35(3):203-8.

Mannion AF, Knecht K, Balaban G, Dvorak J, Grob D. A new skin-surface device for measuring the curvature
and global and segmental ranges of motion of the spine: reliability of measurements and comparison with data
reviewed from the literature. Eur Spine J. 2004;13(2):122-36.

Madinei SS, Arjmand N. Sagittal Range of Motion of the Thoracic Spine Using Standing Digital Radiography;
A throughout Comparison with Non-Radiographic Data Reviewed from the Literature. Scientia Iranica. 2018.

23



5. Bibliography

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Gelb DE, Lenke LG, Bridwell KH, Blanke K, McEnery KW. An analysis of sagittal spinal alignment in 100
asymptomatic middle and older aged volunteers. Spine (Phila Pa 1976). 1995;20(12):1351-8.

Amonoo-Kuofi HS. Changes in the lumbosacral angle, sacral inclination and the curvature of the lumbar spine
during aging. Acta Anat (Basel). 1992;145(4):373-7.

Fernand R, Fox DE. Evaluation of lumbar lordosis. A prospective and retrospective study. Spine (Phila Pa
1976). 1985;10(9):799-803.

McGregor AH, McCarthy ID, Hughes SP. Motion characteristics of the lumbar spine in the normal population.
Spine (Phila Pa 1976). 1995;20(22):2421-8.

Russell P, Pearcy MJ, Unsworth A. Measurement of the range and coupled movements observed in the lumbar
spine. Br J Rheumatol. 1993;32(6):490-7.

Saidu IA, Maduagwu SM, Abbas AD, Adetunji OO, Jajere AM. Lumbar spinal mobility changes among adults
with advancing age. J Midlife Health. 2011;2(2):65-71.

Troke M, Moore AP, Maillardet FJ, Cheek E. A normative database of lumbar spine ranges of motion. Man
Ther. 2005;10(3):198-206.

Van Herp G, Rowe P, Salter P, Paul JP. Three-dimensional lumbar spinal kinematics: a study of range of
movement in 100 healthy subjects aged 20 to 60+ years. Rheumatology (Oxford). 2000;39(12):1337-40.
Yukawa Y, Kato F, Suda K, Yamagata M, Ueta T. Age-related changes in osseous anatomy, alignment, and
range of motion of the cervical spine. Part |: Radiographic data from over 1,200 asymptomatic subjects.
European Spine Journal. 2012;21(8):1492-8.

Okada E, Matsumoto M, Ichihara D, Chiba K, Toyama Y, Fujiwara H, Momoshima S, Nishiwaki Y, Hashimoto
T, Ogawa J, Watanabe M, Takahata T. Aging of the cervical spine in healthy volunteers: a 10-year longitudinal
magnetic resonance imaging study. Spine (Phila Pa 1976). 2009;34(7):706-12.

Simpson AK, Biswas D, Emerson JW, Lawrence BD, Grauer JN. Quantifying the effects of age, gender,
degeneration, and adjacent level degeneration on cervical spine range of motion using multivariate analyses.
Spine (Phila Pa 1976). 2008;33(2):183-6.

Locke SJ, Colt JS, Stewart PA, Armenti KR, Baris D, Blair A, Cerhan JR, Chow WH, Cozen W, Davis F, De
Roos AJ, Hartge P, Karagas MR, Johnson A, Purdue MP, Rothman N, Schwartz K, Schwenn M, Severson R,
Silverman DT, Friesen MC. Identifying gender differences in reported occupational information from three US
population-based case-control studies. Occup Environ Med. 2014;71(12):855-64.

Hagstromer M, Oja P, Sjostrom M. Physical activity and inactivity in an adult population assessed by
accelerometry. Med Sci Sports Exerc. 2007;39(9):1502-8.

Been E, Shefi S, Soudack M. Cervical lordosis: the effect of age and gender. Spine J. 2017;17(6):880-8.
Kyllonen ES, Heikkinen JE, Vaananen HK, Kurttila-Matero E, Wilen-Rosenqvist G, Lankinen KS, Vanharanta
JH. Influence of estrogen-progestin replacement therapy and exercise on lumbar spine mobility and low back
symptoms in a healthy early postmenopausal female population: a 2-year randomized controlled trial. Eur
Spine J. 1998;7(5):381-6.

Cunha-Henriques S, Costa-Paiva L, Pinto-Neto AM, Fonsechi-Carvesan G, Nanni L, Morais SS.
Postmenopausal women with osteoporosis and musculoskeletal status: a comparative cross-sectional study.
J Clin Med Res. 2011;3(4):168-76.

Horst K, Andruszkow H, Weber CD, Pishnamaz M, Herren C, Zhi Q, Knobe M, Lefering R, Hildebrand F, Pape
HC. Thoracic trauma now and then: A 10 year experience from 16,773 severely injured patients. PLoS One.
2017;12(10):e0186712.

Adams MA, Dolan P, Marx C, Hutton WC. An electronic inclinometer technique for measuring lumbar curvature.
Clinical Biomechanics. 1986;1(3):130-4.

Guermazi M, Ghroubi S, Kassis M, Jaziri O, Keskes H, Kessomtini W, Ben Hammouda I, Elleuch MH. Validité
et reproductibilité du Spinal Mouse® pour I'étude de la mobilité en flexion du rachis lombaire. Annales de
Réadaptation et de Médecine Physique. 2006;49(4):172-7.

Bernhardt M, Bridwell KH. Segmental analysis of the sagittal plane alignment of the normal thoracic and
lumbar spines and thoracolumbar junction. Spine (Phila Pa 1976). 1989;14(7):717-21.

Roussouly P, Gollogly S, Berthonnaud E, Dimnet J. Classification of the normal variation in the sagittal
alignment of the human lumbar spine and pelvis in the standing position. Spine (Phila Pa 1976).
2005;30(3):346-53.

Koumantakis GA, Nikoloudaki M, Thacheth S, Zagli K, Bitrou K, Nigritinos A, Botton L. Reliability and Validity
Measurement of Sagittal Lumbosacral Quiet Standing Posture with a Smartphone Application in a Mixed
Population of 183 College Students and Personnel. Adv Orthop. 2016;2016:3817270.

Lafage R, Schwab F, Glassman S, Bess S, Harris B, Sheer J, Hart R, Line B, Henry J, Burton D, Kim H,
Klineberg E, Ames C, Lafage V. Age-Adjusted Alignment Goals Have the Potential to Reduce PJK. Spine
(Phila Pa 1976). 2017;42(17):1275-82.

Galbusera F, van Rijsbergen M, Ito K, Huyghe JM, Brayda-Bruno M, Wilke HJ. Ageing and degenerative
changes of the intervertebral disc and their impact on spinal flexibility. Eur Spine J. 2014;23 Suppl 3:5S324-32.

24



Eidesstattliche Versicherung

»ich, Fumin Pan, versichere an Eides statt durch meine eigenhandige Unterschrift, dass ich
die vorgelegte Dissertation mit dem Thema: ,The effect of age and sex on spinal shape and
mobility in asymptomatic adults — systematic reviews and meta-analyses” selbststandig und
ohne nicht offengelegte Hilfe Dritter verfasst und keine anderen als die angegebenen Quellen
und Hilfsmittel genutzt habe.

Alle Stellen, die wortlich oder dem Sinne nach auf Publikationen oder Vortrdgen anderer
Autoren beruhen, sind als solche in korrekter Zitierung kenntlich gemacht. Die Abschnitte zu
Methodik (insbesondere praktische Arbeiten, Laborbestimmungen, statistische Aufarbeitung)
und Resultaten (insbesondere Abbildungen, Graphiken und Tabellen werden von mir
verantwortet.

Meine Anteile an etwaigen Publikationen zu dieser Dissertation entsprechen denen, die in der
untenstehenden gemeinsamen Erklarung mit dem/der Betreuer/in, angegeben sind. Fur
samtliche im Rahmen der Dissertation entstandenen Publikationen wurden die Richtlinien des
ICMJE (International Committee of Medical Journal Editors; www.icmje.oq) zur Autorenschaft
eingehalten. Ich erklare ferner, dass mir die Satzung der Charité — Universitatsmedizin Berlin
zur Sicherung Guter Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung dieser
Satzung verpflichte.

Die Bedeutung dieser eidesstattlichen Versicherung und die strafrechtlichen Folgen einer
unwahren eidesstattlichen Versicherung (8156,161 des Strafgesetzbuches) sind mir bekannt
und bewusst.”

Datum Unterschrift

25


http://www.icmje.og/

Declaration of any eventual publications

1. Pan F, Arshad R, Zander T, Reitmaier S, Schroll A, Schmidt H. The effect of age and sex
on the cervical range of motion - A systematic review and meta-analysis. Journal of
biomechanics 2018; 75:13-27.

Contribution in detail: Together with the corresponding author, Fumin Pan developed the
idea for the study. He was responsible for the development of the study design. He also
formed the searching strategy for the literature search. Together with the co-authors, he
conducted the selection process to include relevant studies. He did the data extraction with
Microsoft Excel. He conducted the statistical analysis with the Review Manager software.
He designed the study’s figures and tables, drafted and wrote the manuscript. Fumin Pan
conducted the proofreading and discussed and edited the publication during the review
process, supported by the co-authors.

2. Pan F, Firouzabadi A, Reitmaier S, Zander T, Schmidt H. The shape and mobility of the
thoracic spine in asymptomatic adults - A systematic review of in vivo studies. Journal of
biomechanics 2018; 78:21-35.

Contribution in detail: Based on the results from the first study, Fumin Pan had the idea
for the current study, and was primarily responsible for the planning and preparation of the
study methodology. He developed the searching strategy and conducted the literature
search. He conducted the selection process to include relevant studies with the support of
the co-authors. He did the data extraction with the help of the second author. He designed
the study’s figures and tables, and drafted the manuscript. During the review process,
Fumin Pan conducted the proofreading, discussed and edited the publication with the
support of the co-authors.

3. Arshad R, Pan F, Reitmaier S, Schmidt H. Effect of age and sex on lumbar lordosis and the
range of motion. A systematic review and meta-analysis. Journal of biomechanics 2019;
82:1-19.

Contribution in detail: Fumin Pan supported the first author regarding the design and
planning of the study. He also helped to conduct the literature search. He helped the first
author in selection of relevant studies. He helped to design the study’s figures and tables.
He cooperated in drafting and revising the manuscript with the co-authors. He assisted the
first author in the review and publication process of the manuscript.

Signature, date and stamp of the supervising University teacher:

Signature of the doctoral candidate:

26



Selected publications

Study 1:

Study 2:

Study 3:

Pan F, Arshad R, Zander T, Reitmaier S, Schroll A, Schmidt H. The effect of age and
sex on the cervical range of motion - A systematic review and meta-analysis. Journal
of biomechanics. 2018;75:13-27.

Impact Factor: 2.431, Eigenfactor® Score: 0.02800
https://doi.org/10.1016/j.jbiomech.2018.04.047

Pan F, Firouzabadi A, Reitmaier S, Zander T, Schmidt H. The shape and mobility of
the thoracic spine in asymptomatic adults - A systematic review of in vivo studies.
Journal of biomechanics. 2018;78:21-35.

Impact Factor: 2.431, Eigenfactor® Score: 0.02800
https://doi.org/10.1016/j.jbiomech.2018.07.041

Arshad R, Pan F, Reitmaier S, Schmidt H. Effect of age and sex on lumbar lordosis
and the range of motion. A systematic review and meta-analysis. Journal of
biomechanics. 2019;82:1-19.

Impact Factor: 2.431, Eigenfactor® Score: 0.02800
https://doi.org/10.1016/j.jbiomech.2018.11.022

Source of Impact Factors: ISI Web of Science (February 2019)

27


https://doi.org/10.1016/j.jbiomech.2018.04.047
https://doi.org/10.1016/j.jbiomech.2018.07.041
https://doi.org/10.1016/j.jbiomech.2018.11.022

Curriculum Vitae

My curriculum vitae does not appear in the electronic version of my paper for reasons of data

protection.

77



Complete list of publications

Publications (in English):

Pan F, Arshad R, Zander T, Reitmaier S, Schroll A, Schmidt H. The effect of age and sex on
the cervical range of motion - A systematic review and meta-analysis. Journal of
Biomechanics 2018; 75:13-27.

Pan F, Firouzabadi A, Reitmaier S, Zander T, Schmidt H. The shape and mobility of the thoracic
spine in asymptomatic adults - A systematic review of in vivo studies. Journal of
Biomechanics 2018; 78:21-35.

Arshad R, Pan F, Reitmaier S, Schmidt H. Effect of age and gender on lumbar lordosis and
the range of motion. A systematic review and meta-analysis. Journal of Biomechanics
2019; 82:1-19.

Pan F, Zander T, Reitmaier S, Bashkuev M, Schmidt H. How reproducible do we stand and
sit? Indications for a credible sagittal spinal assessment. Spine. (Under review)

Weerts J, Bashkuev M, Pan F, Schmidt H. Association between hamstring flexibility and
lumbopelvic posture and kinematics during ergometer rowing. Scandinavian Journal of
Medicine & Science in Sports. (Under review)

Pan F, Shen B, Chy SK, Yong Z, Liu X, Ba Z, Liu Z, Zhu J, Wu D. Transforaminal endoscopic
system technique for discogenic low back pain: A prospective Cohort study. International
Journal of Surgery 2016; 35:134-138.

Pan F, Wang S, Yong Z, Liu X, Huang Y, Wu D. Risk factors for cage retropulsion after lumbar
interbody fusion surgery: Series of cases and literature review. International Journal of
Surgery 2016; 30:56-62.

Pan F, Wang S, Ma B, Wu D. C5 nerve root palsy after posterior cervical spine surgery. Journal
of Orthopaedic Surgery (Hong Kong) 2017; 25(1):2309499016684502.

Liu X, Pan F, Ba Z, Wang S, Wu D. The potential effect of type 2 diabetes mellitus on lumbar
disc degeneration: a retrospective single-center study. Journal of Orthopaedic Surgery
and Research 2018; 13(1):52.

Chen Z, Li X, Pan F, Wu D, Li H. A retrospective study: Does cigarette smoking induce cervical
disc degeneration? International Journal of Surgery 2018; 53: 269-273.

Liu X, Pan F, Yong Z, Ba Z, Wang S, Liu Z, Zhao W, Wu D. Does the longus colli have an
effect on cervical vertigo? A retrospective study of 116 patients. Medicine 2017; 96:e6365.

Ba Z, Pan F, Liu Z, et al. Percutaneous endoscopical transforaminal approach versus PLF to
treat the single-level adjacent segment disease after PLF/PLIF: 1-2 years follow-up.
International Journal of Surgery 2017; 42:22-26.

Ba Z, PanF, Liu X, Zhu J, Wu D. Do the complications increased in the anterolateral right-side
approach to treat the cervical degenerative disorders? A retrospective cohort study.
International Journal of Surgery 2017; 39:52-56.

Wang S, Han Y, Pan F, Ma B, Tan J. Single transverse-orientation cage via MIS-TLIF approach
for the treatment of degenerative lumbar disease: a technical note. International Journal
of Clinical and Experimental Medicine 2015; 8(8):14154-14160.

78



Complete list of publications

Bin S, Zhou N, Pan J, Pan F, Wu XF, Zhou ZH. Nano-carrier mediated co-delivery of methyl
prednisolone and minocycline for improved post-traumatic spinal cord injury conditions in
rats. Drug Development and Industrial Pharmacy 2017; 43(6):1033-1041.

Chaudhary SK, Yu B, Pan F, Li X, Wang S, Shaikh Il, Wu D. Manual preoperative tracheal
retraction exercise decreases the occurrence of postoperative oropharyngeal dysphagia
after anterior cervical discectomy and fusion. Journal of Orthopaedic Surgery (Hong Kong)
2017; 25(3):2309499017731446.

Wang S, Ma B, Huang Y, Pan F, Zhao W, Wu D. Four-level anterior cervical discectomy and
fusion for cervical spondylotic myelopathy. Journal of Orthopaedic Surgery (Hong Kong)
2016; 24(3):338-343.

Ba Z, Pan F, Huang Y, Zhao W, Wu D. One-stage anterior radical debridement and
reconstruction with titanium mesh combined with anti-tuberculosis for cervical spinal
tuberculosis: 5-13 years follow up. International Journal of Clinical and Experimental
Medicine 2016; 9(3):6368-6372.

Publications (in Chinese):

Pan F, Wang S, Ma B, Zhao W, Wu D. MRI characteristics of lumbar disc degeneration in
perimenopausal women. Journal of Spinal Surgery 2016; 14(5): 297-300. (ISSN:
16722957)

Pan F, Wang S, Ma B, Ba Z, Huang Y, Zhao W, Wu D. The relationship between smoking and
lumbar disc degeneration. Chinese Journal of Spine and Spinal Cord 2015; 25(8): 746749.
(ISSN: 1004-406X)

Pan F, Wang S, Ma B, Qi D, Ba Z, Huang Y, Zhao W, Wu D. The relationship between type II

diabetes mellitus and lumbar disc degeneration. Chinese Journal of Spine and Spinal Cord
2015; 25(12): 1079-1082. (ISSN: 1004-406X)

Pan F, Wang S, Ma B, Zhao W, Wu D. Clinical characteristics and treatment of cervical vertigo.
Orthopedic Journal of China 2016; 24(9): 785-788. (ISSN: 1005-8478)

Zhu J, Pan F, Ba Z, Liu Z, Yu B, Wu D. Transforaminal endoscopic spine system for treatment
of discogenic low back pain. Journal of Spinal Surgery 2016; 14(6): 330-334. (ISSN:
1672-2957)

Huang Y, Pan F, Zhao W, Ba Z, Ma M, Wu D. A three-dimensional finite element analysis of
effect of lumbar posterolateral fusion with pedicle screw on adjacent intervertebral discs.
Journal of Spinal Surgery 2016; 14(6): 362-366. (ISSN: 1672-2957)

Wang S, Pan F, Ma B, Zhao J, Pan Y, Zhao W, Wu D, Tan J. Clinical progress of cervical
spondylosis with vertigo. Orthopedic Journal of China 2016; 24(17): 1587-1589. (ISSN:
1005-8478)

79



Acknowledgements

After almost three years’ life in Berlin, | do have thousands of thankful words to say but do not
know where to start. | want to thank all people whom | know in Berlin. Only with all of you, |
could have such a wonderful time here.

The present project for my doctoral thesis was performed under the supervision of my
doctorfather Prof. Hendrik Schmidt at the Julius Wolff Institut, Charité — Universitdtsmedizin
Berlin. Without his dedicated support and sincere encouragement, | absolutely could not get
this precious opportunity to be promoted and to enjoy this special moment. He always had
many great ideas for research. Moreover, under his guidance, | comprehended the spirit of real
research, which will undoubtedly be beneficial for my future work. The most important thing |
learned from him is that there is always a solution for any kind of problem. | am sure that our
contact will not be broken by distance when | go back to China. | hope that we can continue
the cooperation and could meet regularly in the future.

| want to thank Dr. Thomas Zander, from whom | learned a lot. | still remembered that during
so many times, we discussed everything including research, cultures, politics and differences
among countries. He is really a model for me for his open mind and | hope there is no end for
our discussion. Dr. Sandra Reitmaier is the person | also want to thank. | learned from her that
science should always be accurate and never be vague, which has changed my research
attitudes and helps me to carry out better researches. | then want to thank Maxim Bashkuev,
who is really a fantastic person and willing to help others without any complaints. He has helped
me so many times for the development of Matlab script, discussion of research ideas and
revision of manuscripts. Of course, | want to thank Barbara Schiller, who is the secretary of the
spine biomechanics group and helps to organize everything. Only with her help, everything
went very smooth.

Dr. Friedmar Graichen, Hung-Wei Hsu, Ali Firouzabadi, Jeronimo Weerts, Rizwan Arshad,
Zhaoxiong Chen and Zhouyang Hu are all the best persons in the group and | want to thank.
Whenever | needed them, they were always there and willing to discuss and help. | also want
to express my special thanks to Arno Schroll, who helped me a lot in the statistics. Special
thanks also go to Robert Blakytny, who helped me for the language revision.

| also want to thank my friends in Belin, most of whom are studying their PhD here. It is destiny
that makes us to know each other. When back in China, we probably will work in different cities,
but our friendship will continue. Special thanks also go to the China Scholarship Council, who
provided me the scholarship, which enabled me to undertake this project.

At last, | want to thank my family for their understanding. From the early beginning when | came
to Germany, they supported me from every aspect. They gave me their love and
encouragement throughout, which helped me to overcome any kind of challenges.

80



