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Abstract

This study investigated associations between measures of adiposity from age 36 and spine

shape at 60–64 years. Thoracolumbar spine shape was characterised using statistical

shape modelling on lateral dual-energy x-ray absorptiometry images of the spine from 1529

participants of the MRC National Survey of Health and Development, acquired at age 60–

64. Associations of spine shape modes with: 1) contemporaneous measures of total and

central adiposity (body mass index (BMI), waist circumference (WC)) and body composition

(android:gynoid fat mass ratio and lean and fat mass indices, calculated as whole body

(excluding the head) lean or fat mass (kg) divided by height2 (m)2); 2) changes in total and

central adiposity between age 36 and 60–64 and 3) age at onset of overweight, were tested

using linear regression models. Four modes described 79% of the total variance in spine

shape. In men, greater lean mass index was associated with a larger lordosis whereas

greater fat mass index was associated with straighter spines. Greater current BMI was

associated with a more uneven curvature in men and with larger anterior-posterior (a-p) ver-

tebral diameters in both sexes. Greater WC and fat mass index were also associated with a-

p diameter in both sexes. There was no clear evidence that gains in BMI and WC during ear-

lier stages of adulthood were associated with spine shape but younger onset of overweight

was associated with a more uneven spine and greater a-p diameter. In conclusion, sagittal

spine shapes had different associations with total and central adiposity; earlier onset of over-

weight and prior measures of WC were particularly important.
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Introduction

Spinal column and vertebral shape vary greatly between individuals [1–3] and change through-

out life. Spinal curvatures help stabilise the body’s centre of mass and develop from childhood

to young adulthood, with increases in lumbar lordosis and thoracic kyphosis [4, 5]. However,

not only is the timing of development still unclear [6], but we also know little about changes in

adulthood, the mechanisms of these changes and what affects them. It is likely that adult spinal

shape is influenced by a combination of genetic, environmental and biomechanical factors,

but it is difficult to distinguish between these, and further research is warranted to try to

unravel them.

Bone is a metabolically active tissue and responds to its loading environment. Accordingly,

exposure to heavy body weight or large increases in weight, especially over a lifetime, may

result in adaptations to vertebral, and, hence spinal, shape. Studies have shown positive associ-

ations between body mass index (BMI) and lumbar lordosis in young adults aged 18–25 and in

post-menopausal women [7–9]. However, not all current evidence is consistent as other stud-

ies have found limited or no evidence of an association [10, 11]. A limitation of these previous

studies is that BMI was only measured once. Consequently, it is impossible to establish

whether prolonged exposure to a high BMI or gains in adiposity during different phases of

adulthood could be related to compensatory changes in posture. Clinically, a high BMI has

been implicated in low back pain prevalence (LBP) [12], due to both mechanical and metabolic

effects. For example, Urquhart and colleagues [13] demonstrated a metabolic effect of high fat

mass on increasing intensity of low back pain.

In another study, women were shown to compensate for the destabilising anterior shift in

the centre of mass relative to the hips during pregnancy by extending their lower back (thus

increasing their lordosis) [14]. Similarly, increased central adiposity (represented by waist cir-

cumference (WC)) has been suggested to play a role in differences in spino-pelvic parameters

between obese and non-obese individuals [11, 15]. A recent study of 300 Nigerian adults (18–

65 years old) found that BMI and waist-hip-ratio (WHR) were related to greater lumbar lordo-

sis, sacral inclination and lumbosacral angle [9]. A radiographic study of 200 Mexican adults

found no significant differences in spino-pelvic parameters (including lumbar lordosis and

pelvic incidence) between different categories of BMI or with presence of elevated central adi-

posity [11]. Research into the relationship between sagittal spinal shape and WC is limited and

rarely include distinctions between central adiposity and overall overweight. However, addi-

tional investigations of WC and other components of body composition may help clarify any

relationships between BMI and spine shape; by discriminating between contributions from

loading, differences in fat distribution and potential metabolic factors.

Another limitation of previous studies is that they have used external measurements of lum-

bar lordosis [8–10] or defined lordosis by a single angle between vertebral endplates [7, 11].

Statistical shape modelling (SSM), which uses principal components analysis, is a more com-

prehensive, precise and useful tool for quantitatively describing spinal morphology from medi-

cal images [16, 17]. SSM allows the entire shape of the spine to be modelled rather than

comparing a combination of angles, which are often correlated and which may miss important

information relating to the entire curvature.

Using data from a large, nationally representative birth cohort, we aimed to investigate the

associations of spine shapes, characterised using SSM, at age 60–64 with: 1) contemporaneous

measures of BMI, waist circumference and body composition (i.e. lean mass index, fat mass

index and android:gynoid fat mass ratio); 2) prior BMI and waist circumference and their

changes during different periods of adulthood and; 3) length of exposure to overweight.
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Methods

Study participants

The Medical Research Council (MRC) National Survey of Health and Development (NSHD)

is based on a socially stratified sample of 5362 single legitimate births in March 1946 in Scot-

land, England and Wales [18, 19]. Between 2006 and 2010 (at 60–64 years), eligible partici-

pants known to be alive and living in England, Wales and Scotland were invited for an

assessment at one of six clinical research facilities (CRF) or to be visited at home by a research

nurse. Of the 2856 invited, 2229 were assessed of whom 1690 attended a CRF. All participants

who attended a CRF were invited to undergo a DXA scan of the lumbar spine. Participants

were imaged in a supine position in all centres except one, where they were scanned in lateral

decubitus due to a fixed C-arm in the scanner. Images were acquired on Hologic QDR 4500

Discovery DXA scanners (Hologic Inc, Bedford, MA) by trained technicians using a standard-

ised protocol and were quality assurance tested [20].

The study was conducted according to the principles expressed in the Declaration of Hel-

sinki. All participants provided written informed consent, and the study received ethical

approval from the Central Manchester Research Ethics Committee (07/H1008/245) and the

Scottish A Research Ethics Committee (08/MRE00/12).

Statistical shape modelling

Of the 1690 participants who attended a CRF, 1601 had a lumbar spine DXA scan. Of the 1601

images acquired, 72 were excluded for the following reasons: unable to clearly determine all

vertebral outlines (41 removed), scanning artefacts (23 removed), incomplete images (5

removed), presence of metalwork (2 removed) and excessive axial rotation (1 removed).

Therefore, a total of 1529 spine images were used in building the statistical shape modelling

(SSM). SSM of these images has been described in detail elsewhere [21]. Briefly, an 89-point

template was constructed using custom SSM software (Shape, University of Aberdeen) which

described spine shape from the tenth thoracic (T10) to fifth lumbar (L5) vertebrae, marking

the vertebral body outlines. Point outlines in each image were scaled, rotated and translated

(Procrustes transformation) to normalise the scale, thus removing size differences. Finally,

principal components analysis identified orthogonal modes of variation in spine shape in

which each mode describes variations that occur in combination. Each mode explains a per-

centage of variation ranked in reverse order (largest first) from Mode 1. Each mode has a

mean of zero and a standard deviation of 1 and each image is assigned a score in units of stan-

dard deviation.

Statistical and clinical significance of spine shape modes (SMs) was determined by analys-

ing a scree plot showing the percentage of variance explained by each mode individually [21].

Anthropometric measurements

Height, weight and waist circumference (WC; taken at the midpoint between the costal margin

and iliac crest) were measured by nurses using standardised protocols at ages 36, 43, 53 and

60–64 years. BMI was calculated at each age as weight (kg)/height2 (m)2.

Participants were also categorised into 5 groups representing the age they were first

recorded as overweight (i.e. BMI� 25 kg/m2). These groups were: overweight at age: 36; 43;

53; 60–64 and never overweight.

Body composition was measured from supine whole body DXA scans at age 60–64. These

included measures of total fat and lean mass, abdominal fat mass and hip fat mass, all con-

verted to kilograms. Whole body (excluding head) lean mass index (LMI) was calculated as

Lumbar spine shape in early old age related to weight gain in early adulthood
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lean mass (kg)/height2 (m)2 and fat mass index (FMI), calculated as fat mass (kg)/height2 (m)2.

Android:gynoid fat mass ratio (AGFMR) was derived by dividing abdominal fat mass (kg) by

hip fat mass (kg) [22].

In order to facilitate comparisons of effect sizes across ages and measures we standardised

all BMI, WC and body composition measures to a mean of 0 and standard deviation (SD) of 1.

We did this stratified by sex in order to take account of sex differences in the distributions of

our anthropometric measures and hence facilitate comparisons of associations by sex.

Statistical analysis

Analyses were carried out using linear regression models. All analyses were conducted using

STATA v14.1. As sex-differences in spine shape have been reported in a previous analysis [21],

all analyses were conducted separately by sex. To formally assess differences in associations

between men and women, sex by body size interaction terms were tested in multiple regression

models including both men and women.

First, we examined cross-sectional associations of each spine mode (SM 1–4) with each

anthropometric measure (i.e. BMI, WC, LMI, FMI, and AGFMR (aim 1)). In these analyses

LMI and FMI were mutually adjusted for each other to distinguish the associations with these

separate components of body size. There is a correlation between these measures resulting

from adaptive physiological responses whereby people with higher fat mass also accrue greater

levels of lean mass [23]. The other anthropometric measures were not mutually adjusted for

each other in order to avoid multicollinearity (see S1 Table for correlations between measures

at age 60–64). We then investigated whether BMI and WC measured at younger ages in adult-

hood (i.e. ages 36, 43 and 53) were associated with each SM (aim 2). In all of these models devi-

ations from linearity were assessed by including quadratic terms and, where this was evident,

tests for linear trend across sex-specific fifths were undertaken.

In order to examine whether there were differential effects of gains in BMI and waist cir-

cumference during different age intervals in adulthood (aim 2), the conditional changes in

BMI and WC between ages 36 to 43, 43 to 53, and 53 to 60–64 were calculated. This was per-

formed by regressing each BMI or WC measure on the earlier measure(s) for each sex and cal-

culating the residuals. Residuals were standardised (0 mean and 1 SD) to ensure comparability

between different age intervals. Linear regression models that included the standardised resid-

uals for all three intervals of change and each SM were run using the sample with complete

data on these variables, and differences in coefficients were formally tested using Wald tests.

In a final set of models, we examined whether length of exposure to overweight was associ-

ated with each SM, with never overweight as the reference category (aim 3), first in unadjusted

models. We then adjusted for current BMI in order to test how much of the association was

due to the cross-sectional association with current BMI. Tests for deviation from linearity

across the overweight categories were performed using likelihood ratio tests (LRT). For each

linear regression model, residuals were inspected to ensure that model assumptions were met.

Results

The characteristics of the study sample are shown in Table 1. Mean BMI and WC increased

with age and there were sex differences at all ages. At age 60–64, men had a higher LMI and a

higher AGFMR whereas women had a higher mean FMI (Table 1). The first four modes each

explained more than 5% of the total variance and together accounted for 79% of the variation

within the sample. A detailed description of the first four modes is provided elsewhere [21] but

they are visually depicted in Fig 1.
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Spine mode 1

SM1 described differences in the total amount of curvature within the spine (L5 to T10), with

positive (higher) scores representing a more lordotic curvature and negative (lower) scores

representing a flatter or less lordotic lumbar curve with slight thoracic kyphosis. In men

(P<0.05 for sex interactions), a greater LMI was associated with a greater lordosis (higher SM1

scores) whereas greater FMI and AGFMR were associated with a straighter spine (lower SM1

scores) (Table 2). No associations were observed between BMI or WC at any age and SM1

(Table 2, S2 Table). However, greater gains in BMI and WC between ages 36 and 43 were

weakly associated with lower SM1 scores in men, (Table 3). There were no associations

between age first overweight and SM1 scores in either sex (Table 4).

Spine mode 2

Having defined the overall curvature by SM1, SM2 described differences in the distribution of

curvature along the length of the spine. Positive (higher) scores represented an evenly

Table 1. Characteristics of participants from the MRC National Survey of Health and Development with data on spine shape at age 60–64, stratified by sex.

Variables Males Females P-value�

N N

Sex, N (%) 740 (48.4) 789 (51.6)

Age at nurse visit (y); mean (SD) 740 63.2 (1.17) 789 63.3 (1.09) .145

Spine shape modes; mean (SD) 740 789

SM1 -0.08 (0.97) 0.07 (1.02) .004

SM2 0.01 (1.02) -0.01 (0.99) .59

SM3 -0.50 (0.97) 0.47 (0.77) < .001

SM4 0.05 (0.97) -0.04 (1.03) .07

BMI (kg/m2); mean (SD)
36y 662 24.4 (2.86) 725 22.9 (3.05) < .001

43y 693 25.3 (3.05) 746 24.4 (3.67) < .001

53y 688 27.1 (3.63) 762 26.5 (4.42) .0124

60-64y 739 27.7 (3.90) 789 27.2 (4.62) .0125

Waist circumference (cm); mean (SD)
36y 664 88.2 (8.33) 726 75.1 (9.59) < .001

43y 689 90.4 (8.79) 750 75.9 (8.77) < .001

53y 689 96.6 (9.68) 765 83.5 (10.9) < .001

60-64y 738 100.2 (10.4) 787 90.7 (11.5) < .001

DXAmeasurements at 60-64y;mean (SD)
Fat mass index (kg/m2) 700 7.73 (2.27) 744 10.8 (3.20) < .001

Lean mass index (kg/m2) 700 17.5 (1.97) 744 14.1 (1.76) < .001

Android: gynoid fat mass ratio 732 0.65 (0.15) 781 0.44 (0.12) < .001

Age first overweight(y); n (%) 642 691 < .001

Never overweight 122 (19.0) 191 (27.6)

Overweight 36y 259 (40.3) 141 (20.4)

Overweight 43y 109 (15.0) 120 (17.4)

Overweight 53y 105 (16.4) 169 (24.5)

Overweight 60-64y 47 (7.3) 70 (10.1)

BMI: Body Mass Index; SM: spine mode; DXA: Dual Energy X-Ray Absorptiometry

�comparison of sexes using student t-test or chi-square tests as appropriate

https://doi.org/10.1371/journal.pone.0197570.t001
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Fig 1. The first four modes (SM1-SM4) produced by statistical shape modelling of the spine. This describes how the shape changes when each mode is varied by two

standard deviations in the negative (-2SD, red dashed line) and positive (+2SD, solid blue line) directions. Percentage of variance explained by each mode is shown in

brackets.

https://doi.org/10.1371/journal.pone.0197570.g001
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distributed curvature whereas negative (lower) scores represented a more uneven distribution,

more S-shaped or snaking. In men, higher current BMI was associated with lower SM2 scores

but this was not reflected in LMI, FMI or AGFMR. No cross-sectional associations were

observed in women (Table 2). When BMI and WC earlier in adulthood were examined, there

was evidence of associations between higher BMI at younger ages and lower SM2 scores in both

sexes and between higher WC and lower SM2 scores in men, with stronger effects at ages 36

and 43 (S2 Table). There were no associations between gains in BMI or WC and SM2 in either

sex (Table 3). There was evidence that the associations between age at first overweight and SM2

in men was non-linear. Consistent with the finding of stronger associations between BMI at

younger ages and SM2, there was evidence that men with onset of overweight at 36 and 43 had

lower SM2 scores compared with those never overweight and this was only partially attenuated

after adjustment for current BMI (Table 4). There was no evidence of any sex interactions.

Table 2. Cross-sectional associations between BMI, WC and body composition and spine modes at age 60–64.

Men, n = 698 Women, n = 742

Per 1SD increase β (95%CI) P-value β (95%CI) P-value

SM1

BMI -0.004 (-0.08, 0.073) .9 -0.007 (-0.096, 0.082) .9

WC 0.0003 (-0.076, 0.077) .99 0.043 (-0.042, 0.128) .3

LMI ¶� 0.198 (0.11, 0.286) < .001 -0.019 (-0.12, 0.082) .7

FMI ¶� -0.18 (-0.27, -0.091) < .001 0.015 (-0.091, 0.121) .8

AGFMR� -0.144 (-0.218, -0.071) < .001 -0.014 (-0.09, 0.061) .7

SM2

BMI -0.084 (-0.162, -0.005) .04 -0.029 (-0.112, 0.055) .5

WC -0.069 (-0.147, 0.009) .08 0.013 (-0.067, 0.093) .7

LMI ¶ -0.041 (-0.132, 0.05) .4 -0.001 (-0.096, 0.094) .99

FMI ¶ -0.055 (-0.148, 0.037) .2 -0.023 (-0.123, 0.076) .6

AGFMR -0.053 (-0.129, 0.022) .2 0.028 (-0.043, 0.099) .4

SM3

BMI -0.126 (-0.202, -0.051) .001 -0.114 (-0.18, -0.049) .001

WC -0.125 (-0.2, -0.049) .001 -0.117 (-0.18, -0.055) < .001

LMI ¶ -0.264 (-0.35, -0.177) < .001 -0.223 (-0.296, -0.149) < .001

FMI ¶ 0.111 (0.023, 0.199)‡ .013 0.093 (0.016, 0.169) .02

AGFMR 0.018 (-0.056, 0.092) .6 -0.02 (-0.076, 0.037) .5

SM4

BMI 0.011 (-0.065, 0.087) .8 0.085 (-0.003, 0.173) .06

WC 0.02 (-0.056, 0.096) .6 0.12 (0.036, 0.204) .005

LMI ¶ 0.005 (-0.083, 0.094) .9 0.089 (-0.011, 0.19) .08

FMI ¶ 0.010 (-0.080, 0.100) .8 0.007 (-0.098, 0.112) .9

AGFMR -0.007 (-0.081, 0.066) .8 0.085 (0.01, 0.16) .03

(Analyses are restricted to those with data on BMI, WC, LMI, FMI, AGFMR and spine mode scores at age 60–64

(n = 1,440)

BMI: body mass index; WC: waist circumference; LMI: lean mass index; FMI: fat mass index; AGFMR; android

(abdominal): gynoid (hip) fat mass ratio

¶ adjusted for each other

� sex interactions, P�.05

‡ non-linear relationship (LRT for quadratic term, P = 0.002) and overall LRT for trend across sex-specific quintiles

for FMI (P = 0.0189)

https://doi.org/10.1371/journal.pone.0197570.t002
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Spine mode 3

SM3 described variations in antero-posterior vertebral diameter relative to vertebral height (a-

p aspect ratio). Negative (lower) scores represented larger relative diameters and positive

Table 3. Associations of gains in BMI and waist circumference during different age intervals with spine modes at age 60–64.

Men Women

Interval of BMI/ WC change (age (y)) β (95%CI) P-value† β (95%CI) P-value†

BMI n = 606 n = 682

SM1

36–43� -0.083 (-0.166, -0.001) .05 0.037 (-0.047, 0.121) .4

43–53 -0.038 (-0.119, 0.042) .3 -0.028 (-0.106, 0.05) .5

53–60–64 0.047 (-0.036, 0.131)a .3 -0.003 (-0.084, 0.078) .9

SM2

36–43 -0.043 (-0.126, 0.039) .3 -0.03 (-0.112, 0.053) .5

43–53 0.042 (-0.038, 0.122) .3 0.051 (-0.026, 0.127) .2

53–60–64 0.041 (-0.042, 0.123) .3 -0.021 (-0.1, 0.058) .6

SM3

36–43 -0.009 (-0.09, 0.073) .8 0.023 (-0.042, 0.087) .5

43–53� 0.092 (0.013, 0.171) .02 -0.003 (-0.062, 0.056) .9

53–60–64 0.008 (-0.074, 0.09) .8 0.021 (-0.041, 0.082) .5

SM4

36–43 -0.018 (-0.1, 0.065) .7 -0.006 (-0.092, 0.079) .9

43–53 -0.037 (-0.117, 0.043) .4 -0.03 (-0.109, 0.049) .5

53–60–64 -0.024 (-0.107, 0.059) .6 -0.017 (-0.099, 0.065) .7

WC n = 607 n = 689

SM1

36–43� -0.073 (-0.15, 0.005) .07 0.066 (-0.014, 0.147) .1

43–53 -0.054 (-0.133, 0.025) .2 -0.004 (-0.078, 0.071) .9

53–60–64 0.052 (-0.028, 0.132)b .2 0.051 (-0.027, 0.13) .2

SM2

36–43 -0.042 (-0.12, 0.036) .3 0.03 (-0.049, 0.109) .5

43–53 0.016 (-0.064, 0.096) .7 0.006 (-0.067, 0.079) .9

53–60–64 0.060 (-0.021, 0.141) .1 -0.003 (-0.08, 0.074) .9

SM3

36–43� 0.039 (-0.038, 0.115) .3 -0.087 (-0.148, -0.026) .005

43–53 0.015 (-0.064, 0.093) .7 -0.023 (-0.079, 0.034) .4

53–60–64 -0.013 (-0.092, 0.066) .7 -0.023 (-0.083, 0.036) .4

SM4

36–43 0.056 (-0.022, 0.134) .2 0.058 (-0.023, 0.14) .2

43–53 -0.011 (-0.091, 0.069) .8 0.021 (-0.055, 0.096) .6

53–60–64 -0.014 (-0.095, 0.066) .7 0.013 (-0.067, 0.092) .7

BMI, body mass index; WC, waist circumference

†Wald’s P-value

� sex interactions, p�.05
aAssociation between BMI gain from 53 to 60-64y and SM1 was larger than the association from 36 – 43y, (Wald test P-value of the difference between the two

coefficients = 0.03)
bAssociation between waist circumference gain from 53 to 60-64y and SM1 was larger than the association from 36 – 43y, (Wald test P-value of the difference between

the two coefficients = 0.03)

https://doi.org/10.1371/journal.pone.0197570.t003

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 8 / 15

https://doi.org/10.1371/journal.pone.0197570.t003
https://doi.org/10.1371/journal.pone.0197570


(higher) scores smaller relative diameters. In both men and women, higher current BMI, WC

and LMI were all associated with larger a-p aspect ratios (lower SM3 scores) whereas higher

FMI was associated with higher SM3 scores (Table 2). Higher BMI and WC at younger ages

were more strongly associated with lower SM3 scores (S2 Table). Although there was some evi-

dence of associations of BMI gain between ages 43 and 53 with SM3 in men (P<0.05 sex inter-

action) and of WC gain between ages 36 and 43 with SM3 in women (P<0.05 sex interaction),

this was weak (Table 3). The relationship between age at overweight and SM3 scores was not

linear. Onset of overweight at 36 in men and at 36 and 43 in women was associated with lower

SM3 scores, with some attenuation of the differences after adjusting for current BMI, particu-

larly among men (Table 4).

Table 4. Associations of age at first overweight with spine modes at age 60–64.

SM1 SM2 SM3 SM4

β (95%CI) β (95%CI) β (95%CI) β (95%CI)

Unadjusted†
Men (n = 642)

Overweight 36y 0.027 (-0.182, 0.235) -0.315 (-0.529, -0.101) -0.277 (-0.484, -0.071) 0.011 (-0.199, 0.220)

Overweight 43y 0.030 (-0.220, 0.280) -0.287 (-0.544, -0.03) -0.029 (-0.277, 0.219) -0.078 (-0.329, 0.174)

Overweight 53y -0.088 (-0.341, 0.164) 0.067 (-0.193, 0.326) -0.114 (-0.365, 0.137) -0.208 (-0.462, 0.046)

Overweight 60-64y 0.234 (-0.092, 0.559) -0.02 (-0.354, 0.315) 0.048 (-0.275, 0.372) 0.126 (-0.202, 0.453)

P-value trend (except
��)

.7 .002�� .024�� .4

Women (n = 691)

Overweight 36y -0.038 (-0.26, 0.185) -0.057 (-0.273, 0.159) -0.262 (-0.428, -0.096) 0.161 (-0.063, 0.385)

Overweight 43y -0.124 (-0.357, 0.109) -0.153 (-0.38, 0.074) -0.226 (-0.401, -0.051) 0.123 (-0.112, 0.359)

Overweight 53y 0.020 (-0.192, 0.231) 0.011 (-0.194, 0.217) -0.064 (-0.222, 0.094) 0.014 (-0.199, 0.228)

Overweight 60-64y -0.01 (-0.289, 0.27) -0.008 (-0.28, 0.264) 0.059 (-0.151, 0.268) 0.008 (-0.274, 0.291)

P-value trend (except
��)

.96 .98 .003�� .9

P-for sex interaction .5 .3 .6 .4

Adjusted for current BMI†
Men (n = 642)

Overweight 36y 0.116 (-0.178, 0.409) -0.299 (-0.600, 0.003) -0.184 (-0.475, 0.107) -0.051 (-0.346, 0.244)

Overweight 43 y 0.089 (-0.196, 0.374) -0.276 (-0.569, 0.016) 0.033 (-0.250, 0.315) -0.118 (-0.405, 0.168)

Overweight 53y -0.042 (-0.317, 0.233) 0.075 (-0.207, 0.357) -0.065 (-0.338, 0.208) -0.240 (-0.517, 0.036)

Overweight 60-64y 0.270 (-0.067, 0.608) -0.013 (-0.360, 0.333) 0.087 (-0.247, 0.422) 0.100 (-0.239, 0.439)

P-value trend (except
��)

.7 .024�� .3 .4

Women (n = 691)

Overweight 36y -0.080 (-0.406, 0.247) 0.036 (-0.282, 0.353) -0.229 (-0.473, 0.016) 0.139 (-0.190, 0.469)

Overweight 43 y -0.154 (-0.443, 0.135) -0.087 (-0.368, 0.194) -0.202 (-0.419, 0.014) 0.107 (-0.184, 0.399)

Overweight 53y -0.003 (-0.249, 0.243) 0.06 (-0.179, 0.299) -0.046 (-0.231, 0.138) 0.003 (-0.246, 0.252)

Overweight 60-64y -0.027 (-0.324, 0.270) 0.03 (-0.258, 0.319) 0.073 (-0.150, 0.295) -0.001 (-0.301, 0.299)

P-value trend (except
��)

.9 .7 .08�� .6

P-for sex interaction .5 .3 .6 .5

†reference group: never overweight (BMI <25kg/m2)

��P-value for test of heterogeneity across groups when there was evidence of a deviation from a linear trend

https://doi.org/10.1371/journal.pone.0197570.t004

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 9 / 15

https://doi.org/10.1371/journal.pone.0197570.t004
https://doi.org/10.1371/journal.pone.0197570


Spine mode 4

SM4 captured subtle variations in the evenness of disc and vertebral thicknesses. Positive

(higher) scores represented thicker and relatively uniform disc heights with slightly larger pos-

terior vertebral heights, especially in the lower lumbar region. In comparison, negative (lower)

scores indicated disc narrowing, especially posteriorly with a compensatory anterior vertebral

narrowing, again slightly clearer in the lower lumbar region. Higher current WC and AGFMR

were weakly associated with higher SM4 scores in women but no associations were observed

with BMI, LMI or FMI (Table 2). Among women, higher BMI and WC at all younger ages

were associated with higher SM4 scores (S2 Table). No associations were observed between

BMI or WC gain or age first overweight and SM4 in either sex (Tables 3 and 4). There was no

evidence of any sex interactions.

Discussion

We have explored the relationships between spinal shape in early old-age (60–64 years old),

characterised by SSM, and changes in BMI and WC (as markers of total and central adiposity,

respectively) throughout adult life in the MRC National Survey of Health and Development.

The majority of variation in spinal shape was captured in four modes, which described mor-

phological variations similar to those in previous SSM studies of the spine [1, 2]. Total and cen-

tral adiposity in early adulthood appeared to have the strongest relationships with current

spine shape. Shape variation associated with greater BMI and WC was found mainly in the

evenness of the lumbar curvature and in the anterior-posterior vertebral diameter relative to

the vertebral height rather than in the gross curvature of the spine.

Although current BMI and WC were associated with uneven (or snaking) spinal curvatures

(SM2) and larger vertebral a-p aspect ratios (SM3) associations were stronger with measures in

earlier adulthood. Thus, having a greater BMI, a larger waist circumference and becoming

overweight earlier in adulthood appeared to be more strongly related to an increasing uneven-

ness of the lumbar lordosis and the size of the vertebrae. There were no associations between

LMI, FMI or AGFMR and SM2 which we had hoped may clarify whether this association

could be explained by a metabolic effect of adipose tissue or greater loading from increased

weight. The snakier curvatures (SM2) seen in men with larger WC could be a consequence of

the weight of the abdomen bringing the lower spine forward and causing the lumbar lordosis

to be concentrated in the lower lumbar spine. However, we are unable to discriminate between

anterior and posterior contributions of WC. It is acknowledged that as WC is strongly posi-

tively correlated with BMI it also acts as a marker of overall body size. In situations where WC

is acting in this way we would expect it to mirror results for BMI. Here it does this only par-

tially and is, therefore, suggestive of something specific to loading due to weight around the

abdomen. Previous studies have suggested a more lordotic posture in pregnant women and

overweight adults but comparison with these studies is difficult; they all used external mea-

sures of lordosis that are incapable of capturing the evenness of curvature whereas here we

measure the vertebral body positions and obtain more sophisticated measures of overall curva-

ture and the distribution of curvature.

The consistent relationship between high BMI and large vertebral a-p aspect ratios (SM3)

appears to support our earlier predictions that an osteogenic response to weight may be

involved. Although measures of diameter are relative to height this still indicates a broadening

of the vertebrae which may be an attempt to maintain a constant stress (load divided by area)

in the face of increasing loads. It is interesting to note that lean mass and fat mass had contrast-

ing associations with vertebral body aspect ratios and women with larger increases in WC ear-

lier in adulthood (ages 36–43) had smaller vertebral a-p diameters relative to height. Whereas
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fat mass may have both endocrine and weight-bearing roles, lean mass is assumed to be more

important for forces applied to the skeleton. Individuals who have greater lean mass tend to be

more physically active, than those with greater fat mass, therefore exercise and muscle tension

may have subjected the vertebrae to more loading over time and elicited an osteogenic effect

on vertebral bone [24, 25]. Future analysis of osteoporosis (OP) prevalence in this group will

help to identify whether or not having a larger a-p aspect ratio is beneficial for reducing OP

risk.

The overall curviness of the spine (SM1) in this cohort was not related to either current

overall or central measures of adiposity and was not associated with how long individuals had

been overweight during adulthood. These data extend a small study (n = 36) of external spine

curvatures that found no difference in lumbar lordosis between obese and normal weight par-

ticipants but found obese participants to have a 16˚ greater thoracic kyphosis [26]. Our results

suggest that men who had greater lean mass were more likely to have a curvier lumbar spine

while those with more fat mass and central adiposity had a flatter lordosis. Postural changes

may explain the flatter lumbar curve in men with central adiposity. The clinical definition of a

sway-back posture, where the trunk leans backward relative to the pelvis, includes a reduced

lumbar lordosis and posterior pelvic tilt [3, 27, 28] and has been related to increased fat infil-

tration in the lumbar erector spinae and multifidus muscles [29]. It is possible that these men

with central adiposity adopt a sway-back posture in standing which has manifested in the

recumbent DXA scans by affecting the intrinsic spinal shape evident in all postures [1].

Spinal shapes presenting with thinner and more wedged lower lumbar disc spaces (SM4),

were associated with greater overall and central adiposity (BMI and WC) at younger ages,

especially in women. Although the amount of variation described by Mode 4 is small, the rela-

tionship with central adiposity, as indicated by WC and AGFMR, remained into early old age

(60–64 years) in women and the clinical significance of this variation is not known. Disc thin-

ning is associated with degeneration and with osteoarthritis. Although study of these disorders

is beyond the scope of these analyses, future studies will explore whether these variations in

spine shape are associated with pathological changes.

A strength of this study is that the data come from a large, prospective population-based

study. There are few opportunities to explore life course factors in musculoskeletal physiology

and pathology and this group presents a unique opportunity to explore the role of body weight

and, more importantly, the distribution of fat that is increasingly recognised as being a risk fac-

tor for many disorders. The long-term nature of this study enables repeated measures of adi-

posity (BMI and WC) and direct body composition and begins to separate the effects of

chronic from late-onset obesity.

There are a number of limitations to this study of the spine. The first of these is that one of

the six imaging centres had a fixed C-arm in the scanner. This did not allow lateral spine imag-

ing to be acquired in a supine position and therefore participants were lying on their side,

which had the potential to affect spine positioning. However, when we adjusted for imaging

centre in our analytical models we found no effect on the results [21].

Secondly, DXA imaging is two dimensional in nature and was chosen as the best available

method at the time of scanning as it provides both images and measures of bone density with a

low radiation dose. Indeed, it is still a preferred method for large studies of this kind. There is,

however, potential for rotation errors. We minimised this risk by excluding images with

extreme rotation, through visual inspection of images. Images where posterior vertebral ele-

ments were seen to overlap on the vertebral body were excluded.

Thirdly, in standing, geometrical measures of lumbar lordosis have been related to pelvic

incidence (which is independent of pelvic tilt) and sacral slope [30, 31]; a larger lordosis being

related to a greater pelvic incidence and sacral slope. However, this is not something we can
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measure from the field of view in the lateral spine DXA scans available to us. It is unclear

whether this relationship would remain in the supine postures which were adopted here or

whether it would it affect the overall shape as measured by SSM. When pelvic tilt was measured

externally, Delisle and colleagues [32] found no effect on the lumbar angles when participants

tilted their pelvis backwards, which is what would be expected to happen when lying supine

[33].

In summary, total and central adiposity were associated with aspects of thoracolumbar spi-

nal shape in men and women aged 60–64. Being overweight and having greater central adipos-

ity earlier in life were particularly important and point to an effect of increased mechanical

loading on the spine over time. A potential metabolic effect of greater adiposity over time is

also possible and requires further investigation.

Supporting information

S1 Table. Correlations between body composition measures at age 60–64.

(PDF)

S2 Table. Associations of BMI and waist circumference across adulthood with spine

modes.

(PDF)

Acknowledgments

We thank the NSHD study members for their participation in the study and continual support.

Thank you to Dr Michael Machin for assisting with obtaining the images and the University of

Aberdeen Data Management Team for programming support for ‘Shape’ software. The

authors are grateful to the NSHD scientific and data collection teams at the following centres:

MRC Unit for Lifelong Health and Ageing; Wellcome Trust (WT) Clinical Research Facility

(CRF) Manchester; WTCRF and Medical Physics at the Western General Hospital in Edin-

burgh; WTCRF and Department of Nuclear Medicine at University Hospital Birmingham;

WTCRF and the Department of Nuclear Medicine at University College London Hospital;

CRF and the Department of Medical Physics at the University Hospital of Wales; CRF and

Twin Research Unit at St Thomas’ Hospital London.

We wish to acknowledge the crucial role of Professor Judith E Adams (deceased 30 Septem-

ber 2017) in undertaking this project.

Author Contributions

Conceptualization: Diana Kuh, Richard M. Aspden.

Data curation: Judith E. Adams, Diana Kuh.

Formal analysis: Anastasia V. Pavlova, Stella G. Muthuri, Rachel Cooper, Fiona R. Saunders,

Jennifer S. Gregory, Rebecca J. Barr.

Funding acquisition: Jennifer S. Gregory, Rebecca J. Barr, Diana Kuh, Rebecca J. Hardy, Rich-

ard M. Aspden.

Investigation: Anastasia V. Pavlova, Stella G. Muthuri, Rachel Cooper, Fiona R. Saunders, Jen-

nifer S. Gregory, Rebecca J. Barr, Kathryn R. Martin.

Methodology: Rachel Cooper, Jennifer S. Gregory, Rebecca J. Hardy, Richard M. Aspden.

Project administration: Diana Kuh, Rebecca J. Hardy, Richard M. Aspden.

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197570.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197570.s002
https://doi.org/10.1371/journal.pone.0197570


Resources: Judith E. Adams, Diana Kuh, Richard M. Aspden.

Software: Jennifer S. Gregory.

Supervision: Rachel Cooper, Rebecca J. Hardy, Richard M. Aspden.

Validation: Kathryn R. Martin.

Visualization: Anastasia V. Pavlova, Stella G. Muthuri, Judith E. Adams.

Writing – original draft: Anastasia V. Pavlova.

Writing – review & editing: Anastasia V. Pavlova, Stella G. Muthuri, Rachel Cooper, Fiona R.

Saunders, Jennifer S. Gregory, Rebecca J. Barr, Kathryn R. Martin, Judith E. Adams, Diana

Kuh, Rebecca J. Hardy, Richard M. Aspden.

References
1. Meakin JR, Gregory JS, Aspden RM, Smith FW, Gilbert FJ. The intrinsic shape of the human lumbar

spine in the supine, standing and sitting postures: characterisation using an active shape model. J Anat.

2009; 215:206–11. https://doi.org/10.1111/j.1469-7580.2009.01102.x PMID: 19493187

2. Pavlova AV, Meakin JR, Cooper K, Barr RJ, Aspden RM. The lumbar spine has an intrinsic shape spe-

cific to each individual that remains a characteristic throughout flexion and extension. Eur Spine J.

2014; 23 Suppl 1(1):S26–32. Epub 2014/01/15. https://doi.org/10.1007/s00586-013-3162-1 PMID:

24413745; PubMed Central PMCID: PMCPMC3946102.

3. 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 1986). 2005;

30(3):346–53.

4. Cil A, Yazici M, Uzumcugil A, Kandemir U, Alanay A, Alanay Y, et al. The evolution of sagittal segmental

alignment of the spine during childhood. Spine (Phila Pa 1976). 2005; 30(1):93–100. Epub 2005/01/01.

PMID: 15626988.

5. Masharawi Y, Kjaer P, Manniche C, Bendix T. Lumbar sagittal shape variation vis-a-vis sex during

growth: a 3-year follow-up magnetic resonance imaging study in children from the general population.

Spine (Phila Pa 1976). 2012; 37(6):501–7. Epub 2011/06/02. https://doi.org/10.1097/BRS.

0b013e3182241b04 PMID: 21629161.

6. Been E, Kalichman L. Lumbar Lordosis. Spine J. 2014; 14(1):87–97. https://doi.org/10.1016/j.spinee.

2013.07.464 PMID: 24095099

7. Guo JM, Zhang GQ, Alimujiang. [Effect of BMI and WHR on lumbar lordosis and sacrum slant angle in

middle and elderly women]. Zhongguo Gu Shang. 2008; 21(1):30–1. Epub 2008/12/24. PMID:

19102267.

8. Taweetanalarp S, Purepong N. Comparison of lumbar spinal angle between normal body mass index

and overweight young adults. J Phys Ther Sci. 2015; 27(7):2343–6. WOS:000358485400068. https://

doi.org/10.1589/jpts.27.2343 PMID: 26311979

9. Akosile CO, Adegoke BOA, Okoye EC, Onovo NF, Johnson OE, Ibikunle PO. Relationship between

low back pain, lumbar lordotic angle and anthropometric measures in Nigerian post-menopausal

women- a cross-sectional study. J Physical Ther. 2013; 8(1):18–23.

10. Youdas JW, Hollman JH, Krause DA. The effects of gender, age, and body mass index on standing lum-

bar curvature in persons without current low back pain. Physiother Theory Pract. 2006; 22(5):229–37.

https://doi.org/10.1080/09593980600927864 PMID: 17118891

11. Romero-Vargas S, Zarate-Kalfopulos B, Otero-Camara E, Rosales-Olivarez L, Alpizar-Aguirre A, Mora-

les-Hernandez E, et al. The impact of body mass index and central obesity on the spino-pelvic parame-

ters: a correlation study. Eur Spine J. 2013; 22(4):878–82. Epub 2012/11/15. https://doi.org/10.1007/

s00586-012-2560-0 PMID: 23149493; PubMed Central PMCID: PMCPMC3631046.

12. Shiri R, Karppinen J, Leino-Arjas P, Solovieva S, Viikari-Juntura E. The association between obesity

and low back pain: a meta-analysis. Am J Epidemiol. 2010; 171(2):135–54. Epub 2009/12/17. https://

doi.org/10.1093/aje/kwp356 PMID: 20007994.

13. Urquhart DM, Berry P, Wluka AE, Strauss BJ, Wang Y, Proietto J, et al. 2011 Young Investigator Award

winner: Increased fat mass is associated with high levels of low back pain intensity and disability. Spine

(Phila Pa 1976). 2011; 36(16):1320–5. Epub 2011/01/29. https://doi.org/10.1097/BRS.

0b013e3181f9fb66 PMID: 21270692.

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 13 / 15

https://doi.org/10.1111/j.1469-7580.2009.01102.x
http://www.ncbi.nlm.nih.gov/pubmed/19493187
https://doi.org/10.1007/s00586-013-3162-1
http://www.ncbi.nlm.nih.gov/pubmed/24413745
http://www.ncbi.nlm.nih.gov/pubmed/15626988
https://doi.org/10.1097/BRS.0b013e3182241b04
https://doi.org/10.1097/BRS.0b013e3182241b04
http://www.ncbi.nlm.nih.gov/pubmed/21629161
https://doi.org/10.1016/j.spinee.2013.07.464
https://doi.org/10.1016/j.spinee.2013.07.464
http://www.ncbi.nlm.nih.gov/pubmed/24095099
http://www.ncbi.nlm.nih.gov/pubmed/19102267
https://doi.org/10.1589/jpts.27.2343
https://doi.org/10.1589/jpts.27.2343
http://www.ncbi.nlm.nih.gov/pubmed/26311979
https://doi.org/10.1080/09593980600927864
http://www.ncbi.nlm.nih.gov/pubmed/17118891
https://doi.org/10.1007/s00586-012-2560-0
https://doi.org/10.1007/s00586-012-2560-0
http://www.ncbi.nlm.nih.gov/pubmed/23149493
https://doi.org/10.1093/aje/kwp356
https://doi.org/10.1093/aje/kwp356
http://www.ncbi.nlm.nih.gov/pubmed/20007994
https://doi.org/10.1097/BRS.0b013e3181f9fb66
https://doi.org/10.1097/BRS.0b013e3181f9fb66
http://www.ncbi.nlm.nih.gov/pubmed/21270692
https://doi.org/10.1371/journal.pone.0197570


14. Whitcome KK, Shapiro LJ, Lieberman DE. Fetal load and the evolution of lumbar lordosis in bipedal

hominins. Nature. 2007; 450(7172):1075–8. https://doi.org/10.1038/nature06342 PMID: 18075592

15. Onyemaechi NOC, Anyanwu GE, Obikili EN, Onwuasoigwe O, Nwankwo OE. Impact of overweight

and obesity on the musculoskeletal system using lumbosacral angles. Patient Preference and

Adherence. 2016; 10:291–6. https://doi.org/10.2147/PPA.S90967 WOS:000371928800001. PMID:

27022251

16. Ali AH, Cowan AB, Gregory JS, Aspden RM, Meakin JR. The accuracy of active shape modelling and

end-plate measurements for characterising the shape of the lumbar spine in the sagittal plane. Comput

Methods Biomech Biomed Engin. 2012; 15(2):167–72. https://doi.org/10.1080/10255842.2010.518962

PMID: 22268530.

17. Meakin JR, Gregory JS, Smith FW, Gilbert FJ, Aspden RM. Characterizing the Shape of the Lumbar

Spine Using an Active Shape Model: Reliability and Precision of the Method. Spine. 2008; 33(7):807–

13. https://doi.org/10.1097/BRS.0b013e31816949e6 PMID: 18379410

18. Wadsworth M, Kuh D, Richards M, Hardy R. Cohort Profile: The 1946 National Birth Cohort (MRC

National Survey of Health and Development). Int J Epidemiol. 2006; 35(1):49–54. Epub 2005/10/06.

https://doi.org/10.1093/ije/dyi201 PMID: 16204333.

19. Kuh D, Pierce M, Adams J, Deanfield J, Ekelund U, Friberg P, et al. Cohort profile: updating the cohort

profile for the MRC National Survey of Health and Development: a new clinic-based data collection for

ageing research. Int J Epidemiol. 2011; 40(1):e1–9. Epub 2011/02/25. https://doi.org/10.1093/ije/

dyq231 PMID: 21345808; PubMed Central PMCID: PMCPMC3043283.

20. Kuh D, Wills AK, Shah I, Prentice A, Hardy R, Adams JE, et al. Growth from birth to adulthood and bone

phenotype in early old age: a British birth cohort study. J Bone Miner Res. 2014; 29(1):123–33. Epub

2013/06/14. https://doi.org/10.1002/jbmr.2008 PMID: 23761289; PubMed Central PMCID:

PMCPMC4292430.

21. Pavlova AV, Saunders FR, Muthuri SG, Gregory JS, Barr RJ, Martin KR, et al. Statistical shape model-

ling of hip and lumbar spine morphology and their relationship in the MRC National Survey of Health

and Development. J Anat. 2017; 231(2):248–59. Epub 2017/06/01. https://doi.org/10.1111/joa.12631

PMID: 28561274; PubMed Central PMCID: PMCPMC5522893.

22. Bann D, Wills A, Cooper R, Hardy R, Aihie Sayer A, Adams J, et al. Birth weight and growth from infancy

to late adolescence in relation to fat and lean mass in early old age: findings from the MRC National Sur-

vey of Health and Development. Int J Obes (Lond). 2014; 38(1):69–75. Epub 2013/06/20. https://doi.

org/10.1038/ijo.2013.115 PMID: 23779050; PubMed Central PMCID: PMCPMC3884138.

23. Cooper R, Hardy R, Bann D, Aihie Sayer A, Ward KA, Adams JE, et al. Body mass index from age 15

years onwards and muscle mass, strength, and quality in early old age: findings from the MRC National

Survey of Health and Development. J Gerontol A Biol Sci Med Sci. 2014; 69(10):1253–9. https://doi.

org/10.1093/gerona/glu039 PMID: 24682351; PubMed Central PMCID: PMCPMC4158414.

24. Milgrom C, Finestone A, Simkin A, Ekenman I, Mendelson S, Millgram M, et al. In-vivo strain measure-

ments to evaluate the strengthening potential of exercises on the tibial bone. J Bone Joint Surg Br.

2000; 82(4):591–4. Epub 2000/06/16. PMID: 10855890.

25. von Stengel S, Kemmler W, Kalender WA, Engelke K, Lauber D. Differential effects of strength versus

power training on bone mineral density in postmenopausal women: a 2-year longitudinal study. Br J

Sports Med. 2007; 41(10):649–55; discussion 55. Epub 2007/06/07. https://doi.org/10.1136/bjsm.2006.

033480 PMID: 17550916; PubMed Central PMCID: PMCPMC2465172.

26. Gonzalez-Sanchez M, Luo J, Lee R, Cuesta-Vargas AI. Spine curvature analysis between participants

with obesity and normal weight participants: a biplanar electromagnetic device measurement. Biomed

Res Int. 2014; 2014:935151. Epub 2014/10/03. https://doi.org/10.1155/2014/935151 PMID: 25276833;

PubMed Central PMCID: PMCPMC4174973.

27. Smith A, O’Sullivan P, Straker L. Classification of sagittal thoraco-lumbo-pelvic alignment of the adoles-

cent spine in standing and its relationship to low back pain. Spine (Phila Pa 1976). 2008; 33(19):2101–

7. Epub 2008/09/02. https://doi.org/10.1097/BRS.0b013e31817ec3b0 PMID: 18758367.

28. O’Sullivan PB. ’Clinical instability’of the lumbar spine: its pathological basis, diagnosis and conservative

management. In: J. B, Jull G, editors. Grieve’s Modern Manual Therapy. 3 ed. Singapore: Churchill

Livingstone; 2004.

29. Pezolato A, de Vasconcelos EE, Defino HL, Nogueira-Barbosa MH. Fat infiltration in the lumbar multifi-

dus and erector spinae muscles in subjects with sway-back posture. Eur Spine J. 2012; 21(11):2158–

64. Epub 2012/04/03. https://doi.org/10.1007/s00586-012-2286-z PMID: 22465969; PubMed Central

PMCID: PMCPMC3481104.

30. Vaz G, Roussouly P, Berthonnaud E, Dimnet J. Sagittal morphology and equilibrium of pelvis and

spine. Eur Spine J. 2002; 11(1):80–7. https://doi.org/10.1007/s005860000224 PMID: 11931071

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 14 / 15

https://doi.org/10.1038/nature06342
http://www.ncbi.nlm.nih.gov/pubmed/18075592
https://doi.org/10.2147/PPA.S90967
http://www.ncbi.nlm.nih.gov/pubmed/27022251
https://doi.org/10.1080/10255842.2010.518962
http://www.ncbi.nlm.nih.gov/pubmed/22268530
https://doi.org/10.1097/BRS.0b013e31816949e6
http://www.ncbi.nlm.nih.gov/pubmed/18379410
https://doi.org/10.1093/ije/dyi201
http://www.ncbi.nlm.nih.gov/pubmed/16204333
https://doi.org/10.1093/ije/dyq231
https://doi.org/10.1093/ije/dyq231
http://www.ncbi.nlm.nih.gov/pubmed/21345808
https://doi.org/10.1002/jbmr.2008
http://www.ncbi.nlm.nih.gov/pubmed/23761289
https://doi.org/10.1111/joa.12631
http://www.ncbi.nlm.nih.gov/pubmed/28561274
https://doi.org/10.1038/ijo.2013.115
https://doi.org/10.1038/ijo.2013.115
http://www.ncbi.nlm.nih.gov/pubmed/23779050
https://doi.org/10.1093/gerona/glu039
https://doi.org/10.1093/gerona/glu039
http://www.ncbi.nlm.nih.gov/pubmed/24682351
http://www.ncbi.nlm.nih.gov/pubmed/10855890
https://doi.org/10.1136/bjsm.2006.033480
https://doi.org/10.1136/bjsm.2006.033480
http://www.ncbi.nlm.nih.gov/pubmed/17550916
https://doi.org/10.1155/2014/935151
http://www.ncbi.nlm.nih.gov/pubmed/25276833
https://doi.org/10.1097/BRS.0b013e31817ec3b0
http://www.ncbi.nlm.nih.gov/pubmed/18758367
https://doi.org/10.1007/s00586-012-2286-z
http://www.ncbi.nlm.nih.gov/pubmed/22465969
https://doi.org/10.1007/s005860000224
http://www.ncbi.nlm.nih.gov/pubmed/11931071
https://doi.org/10.1371/journal.pone.0197570


31. Boulay C, Tardieu C, Hecquet J, Benaim C, Mouilleseaux B, Marty C, et al. Sagittal alignment of spine

and pelvis regulated by pelvic incidence: standard values and prediction of lordosis. Eur Spine J. 2006;

15(4):415–22. https://doi.org/10.1007/s00586-005-0984-5 PMID: 16179995

32. Delisle A, Gagnon M, Sicard C. Effect of pelvic tilt on lumbar spine geometry. IEEE Trans Rehabil Eng.

1997; 5(4):360–6. Epub 1998/01/09. https://doi.org/10.1109/86.650290 PMID: 9422461.

33. Lazennec JY, Boyer P, Gorin M, Catonne Y, Rousseau MA. Acetabular anteversion with CT in supine,

simulated standing, and sitting positions in a THA patient population. Clin Orthop Relat Res. 2011; 469

(4):1103–9. Epub 2010/12/17. https://doi.org/10.1007/s11999-010-1732-7 PMID: 21161739; PubMed

Central PMCID: PMCPMC3048248.

Lumbar spine shape in early old age related to weight gain in early adulthood

PLOS ONE | https://doi.org/10.1371/journal.pone.0197570 June 14, 2018 15 / 15

https://doi.org/10.1007/s00586-005-0984-5
http://www.ncbi.nlm.nih.gov/pubmed/16179995
https://doi.org/10.1109/86.650290
http://www.ncbi.nlm.nih.gov/pubmed/9422461
https://doi.org/10.1007/s11999-010-1732-7
http://www.ncbi.nlm.nih.gov/pubmed/21161739
https://doi.org/10.1371/journal.pone.0197570

