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Age-related changes of thoracolumbar spine

ABSTRACT

The aim of this study was to determine age-relatehges and sex-specific differences in sagittal
alignment, range of motion (ROM), and intervertétesc height of the thoracolumbar spine in
healthy subjectd.ateral neutral and flexion—extension radiographthe thoracolumbar spine 627
asymptomatic subjects (307 males and 320 femalesage age, 49.6 + 16.5 years) were evaluated.
We included at least 50 males and 50 females ih dacade of life between the 20s and the 70s.
Intervertebral disc height from T10/T11 to L5/Sd¢dl lordotic alignment, and ROM from T10-T11
to L5-S1 were measured. T10-L2 kyphosis and T12efibsis as well as flexion, extension, and
total ROM were measured10-L2 kyphosis did not markedly change with agsubjects of either

sex_but a sudden increase was noted in the 70ddenid 2—Slordosis increased with age in both

sexes, except the 70s. Flexion, extension, antl R/ at T10-L2 and T12-S1 decreased with age
in most subjects. The levels from L3-L4 to L5-Slreveonspicuous as mobile segments.
Intervertebral disc height gradually increased ffbbd/T11 to L4/L5; the shortest was at T10/T11 and
the longest at L3/L4 or L4/L5 in all subjects. Aggated decreases in intervertebral disc heighewer
most prominent at L4/L5 in middle-aged and eldénlgividuals of both sexe®Normative values of

sagittal alignment, ROM, and intervertebral disgght at each segmental level were established in

both sexes and all age groups in healthy subjects.

Key words. thoracolumbar and lumbar spine; alignment; rangenuition; healthy subjects;

age-related and gender differences
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INTRODUCTION

Adequate range of motion (ROM) of the lumbar spiserequired to perform various
activities of daily living smoothly [1,2]. Degendirge changes such as spondylosis can decrease
lumbar ROM and limit the ability to perform thesaiaities. Surgical treatments for lumbar disorders
are designed to reestablish normal alignment, edecrologic symptoms, and reduce low back pain
(LBP). Posterior lumbar interbody fusion is consate the gold standard procedure for treating
single-level degenerative disc disease. More régdateral lumbar interbody fusion (LLIF) is being
increasingly used as an alternative interventigd][3However, surgical procedures involving spinal
fusion result in limited lumbar ROM [5,6]. To ma@m ROM, motion-preserving techniques such as
artificial disc replacement (ACR) can be used aaltarnative to conventional fusion [7,8].

Recently, several researchers have emphasizednih@tance of sagittal spinal alignment
and have attempted to establish normal alignmeshtdgnamic motion parameters of the lumbar spine
using plain radiographs in healthy subjects [9-E3{hough intervertebral disc height and local
segmental lumbar ROM are estimated to decreaseagelrelated degeneration, there are few studies
that have measured sagittal segmental parametadarge age- and sex-balanced cohort [14,15].
Such extensive data would enable individualizedttnent based on the patient's age and sex.
However, to the best of our knowledge, no reporéyeh summarized anatomical age-related
intervertebral disc height and segmental ROM changethe thoracolumbar spine or examined
sex-specific differences.

Therefore, we conducted a large sex- and age-badagwhort study of normal thoracolumbar
spine alignment in 627 asymptomatic volunteers gusplain radiography. The aim of this
cross-sectional study was to determine age-relabeshges and sex-specific differences in sagittal
alignment, ROM, intervertebral disc height, veralyody shape, and intervertebral disc shape of the

thoracolumbar spine.
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MATERIALSAND METHODS
Study Population

Healthy Japanese volunteers were recruited aféesttiidy purpose was officially announced,

and approval was obtained from the institutionglaw board of Chubu Rosai Hospital (IRB approval

no., 2009-2). Written informed consent was obtaifiech all subjects. The exclusion criteria included

sensory or motor symptoms such as numbness, classsinveakness, and gait disturbance; severe
LBP; history of spinal trauma or congenital spidaformity; history of brain or spinal surgery; and
neurological diseases such as cerebral ischenmeasksand neuropathy. Pregnant females, individuals
receiving worker’'s compensation or presenting vayimptoms after a motor vehicle accident, and
those in whom sagittal radiograph parameters wéfeult to examine because of lumbosacral
transitional anomalies or spinal malformations wexreluded. Finally, 627 asymptomatic subjects
(307 males and 320 females; mean age, 49.6 = Mak)ywith appropriate imaging results were
enrolled; at least 50 subjects from each sex wetleided in the following age groups: 20-29, 30-39,
40-49, 50-59, 60-69, and 70-79 years (Table 1).

Lateral neutral and flexion—extension thoracolumbadiographs were obtained with the
subject inthe recumbent position. The vertebral body heiglgagh vertebral level (from T10 to L5)
and intervertebral disc height at each disc lefrein{ T10/T11 to L5/S1) were measured. At each
segmental level (from T10-T11 to L5-S1), local trd alignment and local ROM were calculated.
In addition, thoracolumbar kyphotic alignment (TL@-kyphosis), lumbar lordotic alignment
(T12-S1 lordosis), flexion, extension, and totalNR@ere measured (Figure 1). All the images were
transferred to a computer in Digital Imaging andnf@aunications in Medicine format. Each
parameter was measured by experienced radiatibmdéagists under the supervision of a certified

spine surgeon using Osiris 4 imaging software {ddledia Ltd, Essex, UK3s described previously
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[16-18].

To assess vertebral body and intervertebral diapeshthe anterior and posterior heights of
the vertebral bodies and intervertebral discs waeasured at each level in the lateral view, and
anterior—posterior height ratios were calculateae &nterior—posterior ratio in vertebral body heigh
was defined as thetio of the vertebral body height at the postevadl to that at the anterior wall
and was calculated from T10 to L5. Vertebral bodwape was determined using the following
formula: [(vertebral body height at the posterialv/ (vertebral body height at the anterior wadl)
100%]. Values of <100% indicated lordotic verteldvatly shape, whereas those of >100% indicated
kyphotic shape. The anterior—posterior ratio ienmertebral disc height was defined as the ratibhef
intervertebral disc height at the posterior edgéhtd at the anterior edge and was calculated from
T10/T11 to L5/S1. Intervertebral disc shape wascutated using the following formula:
[(intervertebral disc height at the posterior edgéhptervertebral disc height at the anterior gdge
100%]. Values <100% indicated lordotic intervertdldisc shape, whereas those >100% indicated

kyphotic shape.

Statistical Analysis

Data were analyzed using SPSS software version (BBM) Corp., Armonk, NY, USA).
All values were expressed as mean * standard dmviathe Mann—Whitney U-test was used for
nonparametric analysis of differences between maled females. p <0.05 was considered

statistically significant.

RESULTS
Patient characteristics, including height, weigimt] body mass index, are shown in Table 1.

Body height tended to decrease with increasing agjale 1).
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Vertebral body height at the center gradually iasezl from T10 to L4; the shortest height
was at T10 and the longest at L3 or L4 in all agmigs and both sexes. The vertebral body heights
were lower in females than in males in all age gsourhe heighat the centeslightly decreased
with increasing age at most vertebral levels (Seimgintal Table 1).

The intervertebral disc height at the center grigliracreased from T10/T11 to L4/L5; the
shortest was at T10/T11 and the longest at L3/L443L5 in all age groups and both sexes. The
disc heights were lower in females than in malege-felated decreases in disc height were most

prominent at L4/L5 in middle-aged and elderly induals in both sexeshe intervertebral disc

height at L4/L5 was 11.4 + 2.0mm in males and ) B7mm in females aged 20-29 years, but

narrowed to 9.8 + 3.3mm in males and 9.3 + 2.3mrfemales aged 70—79 yeaRemarkably, in

the thoracolumbar region from T11/T12 to L1/LBtervertebral disc height increased gradually
with increasing age in both sexémexpectedly, the intervertebral disc height aeotbvels did not
change with age in either sex (Table 2).

Local lordotic alignment at each segmental leveddgally increased from L2-L3 to

L5-S1: the largest was at L5-S1 in all age grouplsath sexes (19.9 + 5.3° in males and 19.2 +

6.9° in females aged 40-49 years). Lumbar lordostairred most frequently in the lower lumbar

region from L4 to S1. Local alignment showed kypbas the thoracolumbar region from T11-T12
to L1-L2; other regions showed lordosis. Local adid alignment in the lumbar region was higher
in females than in males, except at L5-S1. Progmessf local kyphosis because of age-related
degenerative change was confirmed in the thoradmdwmmegion from T11-T12 to T12-L1 in
middle-aged and elderly femaleslthough local lordotic alignmenincreased slightly with
increasing age in both sexes, a sudden decre&seairiordotic alignment in the lumbar region was
observed in subjects aged 70-79 yéaable 3).

Local ROM at each segmental level gradually ine@dasom T10-T11l to L4-L5; the
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smallest was at T10-T11 (2.9 £ 2.3° in males add+32.1° in females aged 40-49 years) and the

largest at L4-L5 (12.7 + 4.6° in males and 14.4.9°4n females aged 40-49 years) most
subjects. Local ROM was larger in females than ialem The L3-L4 to L5-S1 levels were
conspicuous as mobile segments, with larger lo€@MRhan other levels. Local ROM decreased
with increasing age at all segmental levels antdath sexes. In particular, the decrease in local
ROM with increasing age was most prominent fromll8Bto L5-S1 in both sexes (Table 4).

Flexion ROM, extension ROM, and total ROM at T10-detreased with increasing age in
most subjects (Table 5Among middle-aged and elderly individuals, ROM vager in females
than in males, although the difference was notifggmt (Figure 2).Kyphosis at T10-L2 was
significantly smaller in females than in males, eptcin subjects aged 70-79 years. Thoracolumbar
kyphosis did not markedly change with age in eittnates or females, but a sudden increase was
noted in females aged 70-79 years (Figure 2).

Flexion ROM, extension ROM, and total ROM at T12-¢&treased with increasing age in
both sexes (Table 5Age-related decrease in ROM was more prominenkt@nsion than in flexion
in both sexes. Extension ROM did not significardiffer between males and females. Total ROM
was significantly larger in females than in malesubjects aged 30-59 years (FigureL8ydosis
at T12-S1 increased with age in both sexes, exoeqibjects aged 70-79 years. Lumbar lordosis
was significantly larger in females than in malesubjects aged 30-69 years. A sudden decrease in
lumbar lordosis was noted in females aged 70-78sy&&gure 3).

The anterior—posterior ratio in vertebral body heigt each vertebral level did not
substantially change with age in either sex (Supplgal Table 2). The most kyphotic vertebra in all
age groups was L1 in males and T12 in females. Féwebral body was kyphotic in the

thoracolumbar region from T11 to L2; the L5 vertgelwas lordotic. The anterior—posterior ratio in
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vertebral body height from T11 to L3 or L4 was siigantly lower in females than in males (Figure
4).

The anterior—posterior ratio in intervertebral diseight in the lumbar region slightly
decreased in middle-aged and elderly individualsb@th sexes (Supplemental Table 3). The
anterior—posterior ratio was higher in females tlmmmales at all levels in most subjects and
gradually decreased from T10/T11 to L5/S1 in femalkhe intervertebral disc at L5/S1 was most

lordotic in all age groups and both sexes (Figyre 5

DISCUSSION

To the best of our knowledge, this large crossiseal study is the first to determine
age-related changes and sex-specific differenceagittal alignment, ROM, intervertebral disc hejght
vertebral body shape, and intervertebral disc stdpde thoracolumbar spine. The aging process
involves disc and vertebral degeneration, whichepially affects the lumbar sagittal profile,
alignment, and ROM. These effects can be radiogcajiyp confirmed. Plain radiography using
anteroposterior, lateral, and lateral flexion—esgten views remains fundamental in the diagnosis of
lumbar spinal disorders. These views allow judgnadrittimbar ROM, alignment, intervertebral disc
height, and instability.

This study showed that thoracolumbar kyphosis didconsiderably change with increasing
age in either sex, but a sudden increase was aubenvfemales aged 70-79 years. Lordosis at
T12-S1 increased with age in both sexes, excemubjects aged 70-79 years. Flexion ROM,
extension ROM, and total ROM at T10-L2 and T12-®trelased with increasing age in most
subjects. Local ROM decreased with increasing agd asegmental levels and in both sexes.

Our main finding was thate anterior—posterior ratio in vertebral body heigt each level

did not markedly change with age in either sextharmore, thevertebral body was kyphotic in the
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thoracolumbar region from T11 to L2, whereas theve&ebra was lordotic. The anterior—posterior
ratio in intervertebral disc height in the lumbagion marginally decreased in middle-aged and
elderly individuals in both sexes. This ratio gralijy decreased from T10/T11 to L5/S1 in females.
The L5/S1 intervertebral disc was the most lordalisc in all age groups and both sexes. We
speculate that age-related progression of lordodise lumbar spine is caused by increasing loslosi
of the intervertebral disc.

Asai et al. determined the normal values of lunmdagittal alignment to clarify the effect of
age-related changes using large, community-basedrtsoand found that lumbar lordosis decreased
in females aged 70-79 years [11]. Two large cosidies of elderly Japanese volunteers aged over
50 years indicated differences in age-related $gmgittal alignment between males and females and
showed that the onset of pelvic retroversion waanagarlier age in females [19,20]. This change in
pelvic alignment may be associated with a histdrchaldbirth and/or pregnancy. Lower lumbar
lordosis also tended to worsen earlier in femdias in males. However, lumbar and pelvic alignment
changes did not develop in males until the ageQofears [19].

Spinal sagittal alignment plays an essential rolepain and disability and influences
health-related quality of life in patients with ddspinal deformity [5,21]. Glassman et al. conédd
that the restoration of ‘a more normal sagittabbak’ is the critical goal of any reconstructivéngp
surgery [22]. However, the definition of what dmguishes normal from pathologic spinal alignment
remains unclear. In spinal deformity surgery, lumbadosis is the only parameter that can be
manipulated and therefore is crucial.

The standard values for sagittal alignment changéd patient age in the present study. In
particular, lumbar lordosis suddenly decreasediests aged 60—69 years to those aged 70-79 years.
However, when performing reconstructive lumbar soygit is still controversial to use the standard

alignment of all age groups or average alignmesetan age as a surgical goal. Moreover, lumbar
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lordosis occurred most frequently in the lower l@ambegion (L4-S1) in our study. Therefore, more
lordosis in the lower lumbar levels should be aebiein spinal reconstruction surgery.

We used recumbent radiographs to evaluate thomnatx@usagittal alignment because of their
ease in evaluating flexion and extension ROM. Lungpine ROM naturally decreases with age and
flexion ROM is less affected by age than exten&@M [1,15]. In our study, total ROM decreased
linearly with age and the highest reduction waseoled in extension ROM. In general, older females
demonstrated more thoracic kyphosis than males Hslhge-related spinal degeneration progresses,
spinal flexibility decreases and spinal compengateechanisms are lost [5,6]. In our study, L3-L4 to
L5-S1 were conspicuous as mobile segments, exigbitéirger ROM than other levels. In addition,
loss of local ROM with increasing age was most pnamt at these same levels in both sexes. In
fusion surgery for lumbar disc disorders, we shaag attention to the motion preservation levels.

In our study, intervertebral disc height at theteemradually increased from T10/T11 to
L4/L5; the shortest was at T10/T11 and the longé4t3/L4 or L4/L5 in all decades and both sexes.
Age-related degenerative disc height loss was mashinent at L4/L5 in middle-aged and elderly
individuals of both sexesAs the number of disc surgeries performed, such.lds and ACR,
increases in the future, these results will sesr@iseful baseline information for clinicians plarmi
surgical intervention. Elderly subjects may requsecial surgical consideration owing to their
differences from younger subjects.

This study has certain limitations. First, flexiextension radiographs were obtained in the
recumbent position because it was easier for ttiatran technologist to control film positioningan

obtain adequate radiographs. Second, measuremerggp@rformed only once because the number of

specific measurements and subjects were large. owehese measurements were performed by

well-experienced radiation technologists with knetde of spinal osseous anatomy. Furthermore,

previous studies have shown that intra- and insgEnler intraclass correlation coefficients for

10
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radiographic measurements are high with good remibdity [20]. Therefore, our data set was

sufficiently large for most evaluations [15]. Thirtthe limitation of radiographs is that it is agated

with radiation exposure. Plain radiography imagesenobtained for the purpose of research in all

subjects. The study was approved by our Institaliddeview Board and written informed consent

was obtained from each subject prior to examinadioth study participation. Fourth, all subjects were

Japanese; therefore, our results may not be apf#ita subjects belonging to other racial and ethni
groups.Despite these limitations, to the best of our kremgke, this cross-sectional study is the largest
of its kind. Moreover, all subjects were evaluatisthg the same imaging modality.

Age-related changes in sagittal alignment of therabolumbar spine are gaining more
importance than ever owing to the increasing nurbeeconstructive surgeries conducted for lumbar
disc disorders. A long-term follow-up study is neédo understand natural changes in thoracolumbar
spine alignment and ROM over time. However, inpiactical to observe age-related changes over a
subject’s entire life span. Therefore, a largeescabss-sectional observational study can be caeduc
as a substitute for longitudinal analysis. In dudyg, we enrolled 627 asymptomatic volunteers, &nd
least 50 subjects belonging to each sex were iedlud each age group. This is one of the largest
cohort studies on thoracolumbar alignment and R@h a sex ratio of almost 1:1. The large sample
size and balanced sex and age distribution of tilndy population contribute to the reliability ofrou

results.

CONCLUSION

This study established normative values of thoramblar sagittal alignment, ROM, and
intervertebral disc height at each segmental |baslked on sex and age in a large cohort of healthy
subjects. These data can provide standard valuesumaerstanding the natural course of

thoracolumbar spine aging and assist surgical jphgnn clinical practice.

11
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FIGURE LEGENDS

Figure 1

Measurement of each parameter on neutral and fiegixtension views.
a: Vertebral body height at the center

b: Vertebral body height at the anterior wall

c: Vertebral body height at the posterior wall

d: Intervertebral disc height at the center

e: Intervertebral disc height at the anterior edge

f: Intervertebral disc height at the posterior edge

A: Lumbar lordotic alignment during flexion

a: Local segmental alignment at each level duriegidin
B: Lumbar lordotic alignment during extension

B: Local segmental alignment at each level duringmsion

Figure 2

Flexion, extension, total range of motion, and lgtohalignment at T10-L2.

Figure 3
Flexion, extension, total range of motion, and i alignment at T12—-S1.

Values are expressed as means + standard devigiierD.05; **p < 0.01

Figure 4
Anterior—posterior ratio in the vertebral body Hdigt each vertebral level.

[(c/Db) x 100] in Figure 1.
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Values are expressed as means + standard devigiierD.05; **p < 0.01; ***p < 0.0001

Figure 5

Anterior—posterior ratio in the intervertebral drssight at each disc level.

[(f/ e) x 100] in Figure 1.

Values are expressed as means + standard devigiierD.05; **p < 0.01; ***p < 0.0001
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Figure 3
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Table 1.

Demographics of healthy subjects at present study

Age (years) Males Females
Numbe 50 52
Age (year) 26.0+ 2.3 25.0+2.7
20-29 Body height (cir 171.3+6.3 158.8+5.5
Body weight (kg 65.1+9.9 51.3+5.6
BMI (kg/m?) 222+29 204+18
Numbe 51 50
Age (year) 35.0+ 3.C 35.0+ 3.C
30-39 Body heicht (cm’ 1704+ 6.0 159.1+6.5
Body weight (kg 67.2 £ 10.9 525+ 7.3
BMI (kg/m?) 23.1+32 20.7+26
Numbe 50 57
Age (year) 445+ 3.1 448+ 3.0
4049 Body heght (cm) 1729+5.1 1564+ 5.7
Body weight (kg 717+ 135 54.2 + 8.8
BMI (kg/m?) 23.9+44 222+ 37
Numbe 56 51
Age (year) 542+ 27 53.7+25
50-59 Body height (crr 168.3+5.8 156.4+4.9
Body weight (lg) 68.5+ 9.6 54.8+9.5
BMI (kg/m?) 24.1+3.1 224+39
Numbe 50 60
Age (year) 645+ 2.9 647+31
60-69 Body height (crr 166.1 + 6.1 1545+55
Body weight (kg 63.8+7.5 523+ 7.7
BMI (kg/m?) 231+23 21.9+32
Numbe 50 50
Age (year) 73326 732+26
70-79 Body height (crr 1654+ 5.8 151.9+4.7
Body weight (kg 64.0+ 6.8 515+7.2
BMI (kg/m?) 235+ 25 223+28
Numbe 307 320
Age (year) 497+164 49.6+16.7
Total Body height (crr 169.1+6.4 156.1+£ 6.0
Body weight (kg 66.7+10.2 528+7.9
BMI (kg/m?) 23.3+32 21.7+32

Values given are mean + standard deviation (SDgasbtherwise specified.

BMI indicates body mass index.




Table 2.
Intervertebral disc height at the center at eash lgivel (mm)

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10/T11 6.6 1.0 7.0x1.3 6.7x1.3 6.7 1.5 ¥B3 6914 6.9x+1.3
T11/T12 72+1.1 72+12 75+1.3 7.6+1.3 8.0.8 7.7+1.2 75+1.3
T12/L1 76+1.0 8.1+1.1 82+15 84+1.2 8.8.3 88+14 8.3+1.3
Males L1/L2 9.0+14 92+1.2 95+1.8 94+1.6 16.2.8 99+21 96+1.7
L2/L3 105+1.6 11.0+15 11.2+1.8 11.2+1.7 109+2.1 102& 10.8+1.9
L3/L4 11.1+£1.7 11.6+1.7 11.8+1.9 11.3+£1.6 1.31+22 10.7+2.4 11.3+£1.9
L4/L5 11.4+2.0 11.8+1.5 11.5+25 10.7+23 0.a+3.1 9.8+3.3 11.0+2.6
L5/S1 9.8+25 9.6+2.2 10.2+£2.6 9.8+3.0 $52 9.2+3.1 9.8+2.8
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10/T11 59+1.0 6.2+1.2 6.1+1.3 6.0+ 1.0 £.4.3 6.1+1.3 6.1+1.2
T11/T12 6.3+1.0 7.0+1.1 6.9+15 6.7+1.1 ¥.03 6.9+1.7 6.8+1.3
T12/L1 6.6+1.1 7.3+£1.0 7.1+£13 75+1.3 ¥.9.2 79+13 74+13
Females L1/L2 78+14 8.3%+1.3 8616 89+1.3 9.3%¥ 89+1.7 8616
L2/L3 93x14 9.7+x1.8 9.7x15 9.7x1.7 921 9.7x2.2 9.7+1.8
L3/L4 10.1+1.6 105+£1.9 100+1.9 10.1+£2.0 0.a+2.2 10.1+£2.2 10.1+£2.0
L4/L5 10.3+1.7 105+£1.9 100+1.9 9.4 +£2.2 3927 9.3+2.3 99+22
L5/S1 9.0+1.8 89+20 9.3+27 8.4+23 98.3 9.0+24 9.0+2.6

Values given are mean + standard deviation (SDgasbtherwise specified.



Table 3.

Local lordotic alignment at each segmental leveb(ee)

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10-T11 1.0+27 0.7+23 02+24 0.1+£2.0 05+24 -0.1+24 0.4 +£2.4
T11-T12 | -1.4+3.2 -1.9+2.38 -1.3+£27 22127 -21+£32 -1.3+2.8 -1.2.9
T12-L1 -1.9+29 -20+£3.0| -24+3.1 -1.9+3.0 -25+3.1 -1.5+3.2 -2.68
Males L1-L2 -1.8+2.6 -2.1+£3.0 -1.5+34 -0.7+£2.9 -0.8+4.2 -1.8+4.3 -1.35
L2-L3 22+29 1.6+35 25+35 29+35 3.6+3.5 19+4.1 24 +3.5
L3-L4 4.7+3.3 6.0+ 3.6 6.7 +3.7 7.4+3.6 75+3.9 6.8+4.3 6.5+3.8
L4-L5 9.4+34 99+44 104+44 11.0+4.3 11.5+5.0 99+43 10.44 4
L5-S1 18.9+6.5 17.7+3.9| 199+53 19.2+5.7 20.1+6.8 209+55 195&
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10-T11| -0.1+2.1 -0.1+22 -0.1+£2.6 0422 -0.582.| -05+24 -0.2+24
T11-T12 | -1.1+24 -1.6+£3.1 -1.8+2.7 -2.3+3.5 234 -25+3.3 -20+£3.1
T12-L1 -1.9+26 -1.6£3.3 -1.3+£3.3 -15+34 -27+56 -25+3.8 -1.9+3.8
Females L1-L2 -1.2+3.3 -1.0+29 -0.1+3.3 1.0+35 9@.4.1 -09+4.4 -0.2 £ 3.7
L2-L3 22+4.0 25+34 46145 50+£4.6 5.0.5 3.6+4.6 39144
L3-L4 6.6 £ 3.7 7.7+£3.2 8.7+3.7 86+4.1 9.1.6 7.7+53 8.2+4.3
L4-L5 11.0+44 10.6 £4.3 12.8+4.0 119+42 1.21+4.6 10.0+6.8 11.3+4.8
L5-S1 17.3+£5.9 17.5+£5.2 19.2 £6.9 18771 9.2® 7.2 19.2 +8.7 18.5+6.9

Values given are mean + standard deviation (SDgasbtherwise specified.



Table 4.
Local range of motion at each segmental level (eQgr

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10-T11 3.1+28 3.0+22 29+23 24+1.8 3.3+x24 2219 28+2.3
T11-T12 4.7+3.0 45+24 39+25 41+22 3.8+ 2.9 1823 40+£2.6
T12-L1 5.3+3.3 54+26 42+3.0 4.7 +2.8 438 44+28 48+29
Males L1-L2 7.9+33 76129 6.6 +3.5 6.3+3.2 7.3.9 6.0+ 3.0 6.9+34
L2-L3 10.8+3.5 9.2+3.6 8.0+3.3 79+34 835 7.2+35 8.6+3.6
L3-L4 11.3+4.3 10.8+3.2 9.9+33 9.7+4.0 9.6 +£3.9 72+3.8 98140
L4-L5 13.4+4.4 13.8+5.7 12.7 + 4.6 11.9+4F7 1.41+4.0 95+4.1 12.1+4.7
L5-S1 144+6.4 12.1+7.8 12.0+74 10959 7956 8.3x4.7 11.3+£6.6
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10-T11 29+1.9 3.0+24 3.1+x21 28+19 3019 25+22 29121
T11-T12 4.7+2.8 3.9+29 46+27 3.8+238 4.1 +2.6 2429 42+28
T12-L1 55+£3.0 48+3.0 46+3.1 6.4+3.0 4.4+27 4.7 +£3.8 51+3.2
Females L1-L2 8.1+33 85%+3.9 75+35 7.4 %32 6.8.% 7.0x45 75%3.7
L2-L3 10.8+4.0 10.0+£ 3.6 10.2 £ 3.4 9.1+44 5834 7.6+3.2 9.4+3.8
L3-L4 12.2 £ 3.7 11.5+3.8 10.9£4.0 9.7 £5.2 984.5 9.4+3.2 10.4+£4.3
L4-L5 16.1+4.6 15.0+£4.9 144+ 4.9 13.2+50 0.31£5.7 10.1+5.8 13.2+5.6
L5-S1 13.5+£6.2 13.1+5.5 12.4 £ 6.3 10.2+66 1.1%7.0 9.8+5.0 12.3+£6.9

Values given are mean + standard deviation (SDgasbtherwise specified.



Table 5.

Flexion, extension, total ROM, and alignment inrtHumlumbar and lumbar region (degree)

Kyphotic alignment at T10-L2 level
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
Flexion 99+5.9 9.3+5.2 8.2+4.8 8.4+4.7 85.2 7.7+6.6 8754
Males Extension 11.0+5.7 105+3.7 9.2+5.7 89166 7.8x4.1 6.1+4.7 89+54
Total ROM 209+7.7 19.8+5.5 17.4 £ 8.2 17267 16.3+5.3 13.8+8.3 176+£7.5
Kyphosis 40+£3.0 49+3.6 49+3.3 5.1+ 3. 153.6 51+3.6 49+6.7
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
Flexion 9.8+4.9 9.1+4.1 8.4+5.0 9.0+6.2 94.1 8.6+49 9.2+53
Females Extension 11.0+4.38 10.7+4.4 10.6 £ 4.6 8.5&5. 7.8x5.0 7.8+5.0 9.3+5.0
Total ROM 20.7 £5.9 19.8+4.8 19.0 £ 6.3 175&7| 17.2+7.7 16.4+£5.6 18.5+£6.5
Kyphosis 3.7+£3.1 44+3.1 3.6+35 3.5+3.5 6 84.0 6.1+3.8 41+7.6
Lordotic alignment at T12-S1 level
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
Flexion 36.3+13.0 31.7 £13.6 32.7+119 311249 31.6 +13.7 27.1+11.3 32.0+13.,0
Males Extension 27.3+11.4 26.0£9.9 18.2 £ 10{8 1588 13.9+11.2 12.8£8.3 20.2+11.4
Total ROM 63.6 +14.3 57.7 £14.5 51.0+16.0 4610.6 455 +14.7 39.9+13.5 52.2+16.0
Lordosis 31.1+11.9 29.7 £11.8 33.4+£155 361246 35.4+135 34.4 +16.5 33.9+138
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
Flexion 35.2+13.7 38.5+10.9 384+11p 3618343 31.8+125 31.7+12.6 35.3+1311
Females Extension 29.4£10.3 24.7 £10.3 19.7+£9.6 17856 135+£9.2 12.7+£5.7 19.7+11.p
Total ROM 64.6 £ 13.6 63.3+£12.3 58.1+140 5413.2 45.3+16.3 44.4 +12.2 55.1 +15.8
Lordosis 33.8+13.1 35.5+ 11.7 42.3 +13)9 42B113 43.6 +12.7 37.9+13.9 39.4+£13[7




Values given are mean = standard deviation (SDgasbtherwise specified.
ROM indicates range of motion.



Supplemental Table 1.

Vertebral body height at the center at each veatdevel (mm)

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10 26.4+£1.9 26.3+2.0 26.6+1.8 26.2+2.0 6251.7 259+1.7 26.2+1.9

T11 28.1+2.0 28.2+1.8 28.0+2.0 27.6+1.P 3271.6 27.3+1.8 27.7+1.9

T12 30.0+2.1 30.6+1.8 30.1+2.2 295+18 1201.7 29.3+1.8 29.8+2.0

Males L1 31.8+2.0 321+1.7 321+1.9 31.5+1.9 316 30.8+2.2 31.5+2.0
L2 324+1.8 32.7+1.6 33.0x2.1 31.9+21 A8 32.1+25 322+2.1

L3 328+1.8 33.2+1.8 33.3+23 326+2.4 HAD1 322+23 32.7+2.2

L4 33.2+1.7 33.6+1.6 33525 32725 H D6 32327 329+24

L5 325123 33.3x21 32.3+£3.0 319+3.1 H D6 31.6+2.6 32127

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10 23.7+2.1 23.2+15 24.2+1.9 23.9+23 6282.3 22.7+1.9 23.6+2.1
T11 254 +2.2 249+1.6 25,5+ 2.1 25.1+1.6 0261.9 245+2.1 25.1+1.9
T12 27.8+2.2 27.2+1.8 27.6+£2.0 274 +1.b6 9262.5 26.3+2.9 27.2+2.2

Females L1 29.8+2.1 295+1.6 29.8+1.8 29.1+1.8 28581 27.7+£3.0 29.1+2.2
L2 30.7+£2.2 30.8+2.1 30.8+2.1 30.3+£2.0 20583 28.3+3.3 30.1+25

L3 31.6+2.2 31522 31.1+1.8 31.1+£2.0 3024 29.4+£2.8 309+23

L4 31.7+23 31621 319+£1.9 31.1+2.1 3D K6 29.3+2.8 31.0+£25
L5 30.8+25 30.7+£2.2 30.3+4.6 306 +2.3 2030 28.7+2.7 30.1+£3.1

Values given are mean + standard deviation (SDgasnbtherwise specified.



Supplemental Table 2.

Anterior—posterior ratio in the vertebral body Heigt each vertebral level (%)

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10 103.9+6.8 105.6+7.1 104.6+6.4 105.3+6.6 107.0+8.8 106.5+87 .8057.5
T11 109.8+7.5 110.6 £8.8| 109.9+9.4 1116 £7.6 114.0+9.1 112.2+92 .4¥8.7
T12 114.7 + 8.4 113.3+ 7.5 114675 115.4+7.0 116.7 £ 9.5 1155+87 .1158.3
Males L1 115.1+7.0 115.0+8.2| 115.0+6.4 115.0+7.4 117.2 + 8.8 119.1+9/5 .0168.5
L2 107.7+5.4 1076 £6.8) 107.9+54 108.0+5.9 111.0+£7.9 113.3+87 .2097.1
L3 103.6 £5.7 101.7 £5.6| 102.9+5.7 102.9+5.7 104.4 £ 6.6 104.8+6/8 .4G36.1
L4 98.7 £ 4.7 98.3+6.8| 98.4+6.3 98.2+6.8 99.0+6.4 101.4 £ 9J6 99.0@&
L5 89.5+5.8 88.8+58| 87.6x7.6 88.1+8.9 90.5+7.8 90.9+9.7 892&
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10 101.7 £ 6.7 1025+ 7.1 102.2+6.2 104.2+6.4106.1+7.9 103.6 £ 6.6 103.4+£7.0
T11 107.0+£ 6.0 106.2 £ 7.1 106.3+7.2 108.8 +6.2110.6 + 8.4 110.2 £ 8.7 108.2+7.5
T12 108.1+5.8 108.5+6.3 106.7 £ 7.8 109.3+7.1111.2£9.7 111.5+9.1 109.2 £8.y
Females L1 107.8+6.4 108.4 + 6.0 107.4+6.2 109.0 + 6.0110.0 £ 8.8 111.3+9.9 109.0+ 7.7
L2 103.4+5.7 104.8 +5.6 102.3+5.5 103.8 +6.6106.4 £ 9.4 105.6 £+ 9.8 104.4 +£8.6
L3 99.7+6.1 994 +5.1 98.6 +5.6 99.5+5.9 1066.8 101.1 +8.0 99.8+6.3
L4 94.4+5.9 96.9+6.8 94.6 +5.0 96.5+7.0 HP6 94.2£9.0 95.7+74
L5 87.4+5.8 87.6£6.7 87.3+8.0 86.1+6.2 8nal 88.7+7.9 88.0+74

Values given are means * standard deviation unlggswise specified.



Supplemental Table 3.
Anterior—posterior ratio in the intervertebral drsgight at each disc level (%)

Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10/T11 73.2+21.9 68.9 £ 21.9 76.0 £23]1 701846 71.6 £20.4 70.4 £ 27.1 71.7+222
T11/T12 73.7+20.1 71.3+24.1 70.8+215 66 1813 69.5 +24.9 66.6 + 21.6 69.6 +21.8
T12/L1 55.5+125 58.6 + 16.9 60.7 +17.b 56.86421 | 60.4 £21.3 55.7+17.4 58.0+17.0
Males L1/L2 61.4+145 60.9 + 15.7 59.0+16.0 59.2 015 53.5+13.3 49.3+14.1 57.3+153
L2/L3 63.9+16.5 65.8 + 15.7 62.5+125 58.9 +115 52.7 +12.8 51.2+14.7 59.2+15.6
L3/L4 64.2+16.1 63.0+14.1 60.5+10.5 56.0 114 51.7+11.6 50.2 +14.1 57.6+14.4
L4/L5 60.5+15.2 58.2+12.7 55.8+14.2 53.2 4815 49.9+11.7 50.4 + 15.5 54.6 + 14.]7
L5/S1 52.1+16.7 51.3+13.8 48.4 £16.6 45.7 15 45.8 +19.6 41.7 £16.0 475 +£16.[/
Age (years) 20-29 30-39 40-49 50-59 60-69 70-79 al Tot
T10/T11 87.8+21.2 86.7 + 25.3 86.7 + 28,2 812519 74.2+24.4 77.4+21.4 82.2+24)9
T11/T12 81.0+17.4 75.9 +22.1 79.4+£21,0 792046 74.7+21.4 74.2 +22.8 79.0+ 222
T12/L1 76.0+19.6 70.2 + 25.6 73.5+19.3 67.20461 | 68.8+19.5 72.1+25.1 71.3+215
Females L1/L2 73.9+145 67.8+£18.5 70.7 £19.1 63.5 4016/ 57.6 £15.3 64.1 £19.2 66.1+£17.9
L2/L3 73.3+15.3 66.9 £19.3 63.9+15.4 61.4 #416) 53.3 £ 13.7 55.2 +15.3 62.2+17.2
L3/L4 68.6 £ 15.5 63.9+16.5 63.1 £ 18.Y 547 +414, 50.6 £13.7 54.6 £ 15.0 59.1+16.8
L4/L5 63.4+£15.5 59.2+13.5 59.3+16.1 52.2£313 55.5+19.3 53.6 £+15.1 57.3+16.1
L5/S1 63.7 £ 20.2 57.6+£14.9 57.7+£20.0 511217 53.9+23.9 49.7 £14.2 55,6 +£19.4

Values given are means * standard deviation unigeswise specified.
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