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Abstract

Background

Adult sagittal posture is established during childhood and adolescence. Sagittal postural
patterns are associated with back pain in adolescents and adults. However, it is unknown if
postural patterns are already observable during childhood. This would confirm childhood as

an important period for posture differentiation and thus for chronic pain etiology.

Although anthropometry from birth onwards is expected to be a key influence on sagittal
posture design, this has never been assessed during childhood. Additionally, in each specific
habitual standing posture, gravitational forces determine the mechanical setting provided to
skeletal structures. Bone quality and resistance to physical stress is highly determined by
habitual mechanical stimulation. However, the relationship between bone properties and

sagittal posture has never been studied in children.

Objectives

In the present work our objectives were:

1. To assess the correlations of anthropometrics and body composition parameters with

angles of sagittal standing posture measured at 7 years of age (Paper I)

2. To identify and describe postural patterns among 7-year-old girls and boys, and to explore

their associations with anthropometric characteristics (Paper I1)

3. To estimate the associations of body size from birth onwards with sagittal postural patterns

at 7 years of age (Paper I11)



4. To investigate the association between bone physical properties and sagittal postural
patterns among 7-year-old children, accounting for the roles of fat and fat-free mass in this

association (Paper 1V)

Methods

This work was conducted within Generation XXI, a population-based birth cohort of 8647
live born infants and their mothers initially assembled from all five public maternity units
covering the six municipalities of the metropolitan area of Porto, Portugal, in 2005-2006. At
birth, 91.4% of invited mothers agreed to participate. Four and seven years after birth, 69%
and 68%, respectively, of all children recruited at birth were reevaluated by face-to-face
interviews and physical examinations. During the 7 year-old follow-up, a subsample of 2998
children consecutively assessed between December 2012 and August 2013, and without a
diagnosis of severe neurological impairment, was invited to an additional wave of assessment
in which bone physical properties and sagittal standing posture were evaluated. Of those,

80.5% agreed to participate and attended the scheduled assessment.

Birth weight and recumbent length at birth were retrieved from medical records and
measurements of weight and height were obtained at 4-, 7-years follow-up and in the

additional wave of assessment.

In the additional wave of assessment at age 7, total body less head fat/fat-free mass and bone
properties were estimated from whole body dual energy X-ray absorptiometry scans and
posture was assessed through right-side photographs during habitual standing with retro-

reflective markers placed on body landmarks.

Results

Paper |



In 1021 girls and 1096 boys, girls showed increased values of lumbar angle, head and neck
flexion, and craniocervical angle with the largest mean (standard deviation) difference in
lumbar angle [281.7° (7.4) vs. 276.8° (7.1), p<0.001]. In both genders, weight and body mass
index were weakly associated with lumbar angle: 0.24<r<0.31 in girls and 0.16<r<0.26 in
boys, all p<0.001. Fat and fat-free mass and bone mineral density were weakly associated
with lumbar angle in both genders. Body mass index at 7 years old was directly associated
with lumbar angle (girls: =0.80; 95% CI: 0.53 to 1.07; boys: p=0.64; 95% CI: 0.37 to 0.91)
and inversely associated with sway angle (girls: p=-0.29; 95% CI: -0.46 to -0.11; boys: p=-
0.38; 95% CI: -0.56 to -0.19), independently of ponderal index at birth and body mass index

at 4 years-old and also age.

Paper 11

Posture was evaluated in 1147 girls and 1266 boys. Three postural patterns were identified:
“Sway” (26.9%), “Flat” (20.9%) and “Neutral to Hyperlordotic” (52.1%) in girls; “Sway to
Neutral” (58.8%), “Flat” (36.3%) and “Hyperlordotic” (4.9%) in boys. In girls, higher body
mass index was associated with a Sway pattern (vs. Flat, OR=1.21; 95% CI: 1.12-1.29),
while in boys, body mass index was higher in the Hyperlordotic pattern (vs. Flat, OR=1.30;

95% CI: 1.17-1.44).

Paper 111

In a subsample of 1029 girls and 1101 boys, postural patterns identified were “Sway”, “Flat”
and “Neutral to Hyperlordotic” in girls, and “Sway to Neutral”, “Flat” and “Hyperlordotic” in
boys; with flat and hyperlordotic postures representing a straightened and a rounded spine,
respectively. In both girls and boys, higher weight was associated with lower odds of a Flat
pattern compared to a Sway/”’Sway to Neutral” pattern, with stronger associations at older
ages: e.g. odds ratios (ORs) were 0.68 (95% CI: 0.53-0.88) per standard deviation (SD)

increase in birth weight and 0.36 (95% CI: 0.19-0.68) per SD increase in weight at age 7 in



girls, with similar findings in boys. Boys with higher ponderal index at birth were more

frequently assigned to the Hyperlordotic pattern compared to the “Sway to Neutral” pattern
(OR=1.44 per SD; p=0.043).

Paper IV

A subsample of 1138 girls and 1260 were included. The identified patterns were labelled as
“Sway”, “Flat” and “Neutral to Hyperlordotic” (in girls) and “Sway to Neutral”, “Flat” and
“Hyperlordotic” (in boys). In both genders, children in the Flat pattern showed the lowest
body mass index and children with a rounded posture presented the highest: mean differences
varying from -0.86kg/m? to 0.60kg/m? in girls and -0.70kg/m? to 0.62kg/m? in boys (vs.
Sway/”Sway to Neutral”). Fat and fat-free mass were inversely associated with a Flat pattern
and positively associated with a rounded posture: OR of 0.23 per SD fat and 0.70 per SD fat-
free mass for the Flat and 1.85 (fat) and 1.43 (fat-free) for the Hyperlordotic in boys; with
similar findings in girls. The same direction of relationships was observed between bone
physical properties and postural patterns. A positive association between bone (especially
bone mineral density) and a rounded posture was robust to adjustment for age, height, and
body composition (girls: OR=1.79, p=0.006 fat-adjusted, OR=2.00, p=0.014 fat-free mass

adjusted; boys: OR=2.02, p=0.002 fat-adjusted, OR=2.42, p<0.001 fat-free mass adjusted).

Conclusions

We identified a meaningful summary model for the distribution of sagittal standing posture
for school-aged girls and boys. Patterns were consistent with childhood as a sensitive period
for posture differentiation. However, postural dichotomy “neutral vs. non-neutral” clearly
does not apply to children and substantial gender heterogeneity in the features and frequency
of different patterns existed among school-aged children. This highlights the potential for

gender-specific biomechanical frameworks of the spino-pelvis during habitual upright



position even in prepubertal ages. Additionally, the mechanical load imposed by body size
seems to have a cumulative sculpting role throughout the first decade of life, especially after
walking abilities are acquired and our results support that both bone and posture mature in a
shared and interrelated mechanical environment modulated by pattern-specific
anthropometrics and body composition. This work provides the basis for future research in
evaluating if adult health regarding sagittal standing posture can be potentiated through
interventions on anthropometrics, and consequently body composition parameters, since early

ages.






Resumo

Introducéo

A postura sagital dos adultos € estabelecida durante a infancia e adolescéncia. Existe
evidéncia que determinados padrdes posturais sagitais estdo associados com dor na coluna em
adolescentes e adultos, porém permanece ainda por esclarecer se esses padrdes posturais sao
observaveis desde a infancia. Perante esta possibilidade a infancia poderd ser um periodo

importante para diferenciagdo da postura, e portanto, para a etiologia da dor cronica.

Apesar de ser expectavel que a antropometria desde o nascimento tenha influéncia no
desenho da postura sagital, esta relacdo nunca foi avaliada durante a infancia.
Adicionalmente, em cada postura sagital habitual especifica, as forcas gravitacionais
determinam o ambiente mecanico fornecido as estruturas esqueléticas. Ou seja, a qualidade
Ossea e a resisténcia ao stress fisico sdo altamente determinadas pelo estimulo mecénico
habitual. No entanto, esta relacdo entre a postura sagital e propriedades 6sseas também nunca

foi avaliada em criancas.

Objetivos

Os objectivos deste trabalho foram:

1. Avaliar as correlagdes da antropometria e parametros de composi¢do corporal com

angulos da postura sagital medidos em pé aos 7 anos de idade (Artigo 1)

2. ldentificar e descrever padrfes posturais em raparigas e rapazes com 7 anos de idade, e

explorar as suas associa¢des com caracteristicas antropométricas (Artigo I1)

3. Estimar a associacao da corpuléncia corporal desde o nascimento com os padrfes posturais

aos 7 anos de idade (Artigo II)



4. Investigar a associacdo entre os padrdes posturais sagitais e as propriedade fisicas do 0sso
em criangas com 7 anos de idade, distinguindo a contribuicdo especifica da massa gorda e da

massa livre de gordura para esta associagédo (Artigo V)

Meétodos

Este trabalho foi realizado numa coorte de nascimento de base populacional, a Geragdo XXI,
com 8647 recém-nascidos e as suas maes provenientes de todas as cinco maternidades
publicas que cobriam os seis municipios da area metropolitana do Porto, Portugal, em 2005-
2006. Ao nascimento, 91,4% das maes convidadas aceitaram participar. Quatro e sete anos
apos o nascimento, 69% e 68% das criangas recrutadas ao nascimento, respetivamente, foram
reavaliadas através de entrevistas presenciais e exames fisicos. Durante a avaliacdo que
decorreu aos 7 anos de idade, a subamostra de 2998 criangas consecutivamente avaliadas
entre Dezembro de 2012 e Agosto de 2013, e sem um diagnostico de comprometimento
neuroldgico severo, foi convidada para uma avaliacdo adicional da saide musculoesquelética
que inclui a avaliagdo das propriedades fisicas do 0sso e da postura sagital em pé. Deste

participantes, 80,5% aceitaram participar e compareceram a avaliacdo agendada.

O peso e 0 comprimento ao nascimento foram obtidos através de registos médicos e 0 peso e
a altura foram obtidos nas avaliacbes aos 4 e 7 anos de idade, bem como na avaliacdo

adicional acima referida.

Na avaliacdo adicional aos 7 anos de idade, a massa gorda/massa livre de gordura e as
propriedades fisicas Osseas foram obtidas através de absorciometria de raios-X de dupla
energia de corpo inteiro. A postura foi avaliada através de fotografias do perfil direito durante
a posicdo de pé habitual das criancas com marcadores refletores colocados em pontos

anatomicos especificos.
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Resultados
Artigo |

Os resultados deste trabalho demonstraram que, em 1021 raparigas e 1096 rapazes, as
raparigas mostram valores maiores de angulo lombar, de flexdo da cabega e pescoco, e
angulo cranio-cervical com a maior diferenca média (DP) no angulo lombar [281,7° (7,4) em
raparigas vs. 276,8° (7,1) em rapazes, p<0,001]. Em ambos 0s sexos, tanto 0 peso como o
indice de massa corporal mostraram estar associados, de forma ténue, com o angulo lombar
(0,24<r<0,31 nas raparigas e 0,16<r<0,26 nos rapazes, todos p<0,001). Adicionalmente,
observou-se que a massa gorda, a massa livre de gordura e a densidade mineral Ossea
estiveram ligeiramente associadas com o angulo lombar em ambos os sexos. O indice de
massa corporal aos 7 anos de idade esteve directamente associado com o angulo lombar
(raparigas: £=0,80; IC 95%: 0,53 a 1,07; rapazes: (=0,64; IC 95%: 0,37 a 0,91) e
inversamente associado com o angulo de oscilacdo (raparigas: f=-0,29; IC 95%: -0,46 a -
0,11; rapazes: p=-0,38; IC 95%: -0,56 a -0,19), independentemente do indice ponderal ao

nascimento, do indice de massa corporal aos 4 anos de idade e da idade.

Artigo Il

A postura sagital foi avaliada em 1147 raparigas e 1266 rapazes. Em cada um dos sexos,
foram identificados trés padrfes posturais que foram nomeados: “Sway” (26,9%), “Flat”
(20,9%) e “Neutral to Hyperlordotic” (52,1%) nas raparigas; e “Sway to Neutral” (58,8%),
“Flat” (36,3%) e “Hyperlordotic” (4,9%) nos rapazes. Nas raparigas, maior indice de massa
corporal esteve associado com o padrdo Sway (comparativamente ao Flat, OR=1,21; IC 95%:
1,12-1,29), enquanto nos rapazes o indice de massa corporal foi maior no padréo

Hyperlordotic (comparativamente ao Flat, OR=1,30; IC 95%: 1,17-1,44).

Artigo 111

11



Numa subamostra de 1029 raparigas e 1101 rapazes, foram identificados os seguintes padrbes
posturais: “Sway”, “Flat” e “Neutral to Hyperlordotic” nas raparigas, e “Sway to Neutral”,
“Flat” and “Hyperlordotic” nos rapazes; com as posturas flat e hyperlordotic representando
uma coluna retificada e arredondada, respetivamente. Tanto em raparigas como em rapazes,
um peso mais elevado associou-se a uma menor odds de um padréo Flat comparado com o
padrédo Sway/”Sway to Neutral”, com associa¢Ges mais fortes nas idades mais avangadas: por
exemplo, ORs foram de 0,68 (IC 95%: 0,53-0,88) por aumento no desvio padrédo (DP) do
peso ao nascimento e 0,36 (IC 95%: 0,19-0,68) por aumento no DP do peso aos 7 anos de
idade nas raparigas; com resultados semelhantes em rapazes. Rapazes com maior indice
ponderal ao nascimento foram mais frequentemente alocados ao padrdo Hyperlordotic

comparando com o padrao “Sway to Neutral” (OR=1,44 por DP; p=0,043).

Artigo IV

Foi utilizada uma subamostra de 1138 raparigas e 1260 rapazes. Os padrdes identificados
foram catalogados de “Sway”, “Flat” e “Neutral to Hyperlordotic” (nas raparigas) e “Sway to
Neutral”, “Flat” e “Hyperlordotic” (nos rapazes). Em ambos 0s sexos, as crian¢as no padrdo
Flat tinham menor indice de massa corporal, enquanto que criangas com uma postura
arredondada apresentaram o maior: com diferencas médias que variavam entre -0,86kg/m? e
0,60kg/m? nas raparigas e entre -0,70kg/m? e 0,62kg/m? nos rapazes (comparativamente ao
Sway/”Sway to Neutral”). Uma maior quantidade de massa gorda e massa livre de gordura
revelaram-se inversamente associadas com o padrdo Flat e positivamente associadas com a
postura arredondada: OR de 0,23 por DP de gordura e 0,70 por DP de massa livre de gordura
para o padrdo Flat e 1,85 (DP gordura) e 1,43 (DP massa livre de gordura) para o padrdo
Hyperlordotic nos rapazes; com resultados similares em raparigas. Observaram-se resultados
semelhantes entre as propriedades fisicas do 0sso e padrdes posturais. Foi encontrada uma

associacdo positiva entre 0sso (especialmente densidade mineral Ossea) a postura
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arredondada, que se manteve independentemente da idade, altura e composic¢do corporal
(raparigas: OR=1,79, p=0,006 ajustado para gordura, OR=2,00, p=0,014 ajustado para massa
livre de gordura; rapazes: OR=2,02, p=0,002 ajustado para gordura, OR=2,42, p<0,001

ajustado para massa livre de gordura).

Conclusoes

Neste trabalho identificAmos um modelo sumario importante da distribuicdo da postura
sagital em pé em raparigas e rapazes em idade escolar. Os padrGes foram consistentes com a
ideia de que a infancia é um periodo sensivel para a diferenciacdo da postura. No entanto, a
dicotomia postural “neutro/ndo-neutro” claramente ndo se aplica a criangas ¢ existe uma
heterogeneidade substancial ao nivel do género tanto nas caracteristicas como na frequéncia
dos diferentes padrdes em criangas em idade escolar. Tal facto destaca o potencial para
enquadramentos biomecéanicos da espino-pelvis especificos por género durante a posicdo de
pé habitual, mesmo em idades pré-pubertarias. Adicionalmente, a carga mecanica imposta
pela corpuléncia parece ter um papel cumulativo escultural ao longo da primeira década de
vida, especialmente apds a aquisicdo das capacidades de marcha e estes resultados suportam
que tanto 0 0SSO como a postura maturam num ambiente mecanico partilhado e inter-
relacionado modulado pela antropometria e pela composic¢do corporal especifica para cada
padrdo postural. Este trabalho pode ser considerado como uma base para que futuras
investigacdes avaliem se a saude do individuo adulto com respeito a postura sagital em pé
pode ser potenciada através de intervencdes na antropometria, e consequentemente em

parametros da composicao corporal, desde idades precoces.
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The evolutionary adoption by humans of an upright position resulted in broadening and
verticalisation of the pelvis together with the appearance of characteristic spinal curves and
profoundly modified the structure of the muscles supporting the spine (1). The acquisition of
a vertical posture, i.e., the ability Man acquired to extend the trunk, hips, thigh and legs
simultaneously — and the resulting bipedal locomotion represented the main transformation in
the history of the Hominidae (2). Human beings are the only vertebrates to maintain an
upright, totally vertical, bipedal position. The organization of the spine in successive
curvatures in the sagittal plane is crucial for maintaining this erect, totally vertical, bipedal
position (3). Primates have a horizontal pelvis with no lordosis and they use their upper limbs
as a counterbalance (4). All primates are able to displace themselves in a bipedal manner. The
great apes can achieve an upright position, but only with a semi-erect trunk. Their whole
spine looks like a big “C”, a long kyphosis that is incompatible with a constant stable erect
posture and walking. Homo sapiens is the only one capable of performing it for long
distances and long time in a stable manner (4). This is because human is the only vertebrate
to have a lordotic lumbar curvature. In addition to diverse other morphological
transformations, the spino-pelvic complex played a relevant role in the acquisition of
bipedalism. Spinal sagittal curves appear progressively with growth and are well established
when the standing position and walking are possible. It is only at the end of skeletal growth

that the morphology of the spino-pelvic setting is fixed (4).

The human pelvis has an equally tremendous importance in the development of verticality
(4). Its intrinsic anatomical relationship with the spine created mechanisms to modulate
posture. The pelvis attempts to couple lumbar lordosis with hip extension in the erect position
with minimal expenditure of energy. However, some pelvises can accomplish this task better
than others. Transition to an upright posture has resulted in the pelvis becoming a key

structure within the human motor apparatus (4). Pelvis forms the bond between the trunk and
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the posterior limbs. Since the femoral heads are highly mobile, they play an important role in
the spatial orientation of the pelvis. They constitute the point at which the thoraco-lumbar
load on the pelvis is transferred to the lower limbs. The sacral plateau, which forms the base

to support the spine, is the point of transfer of load from the trunk to the pelvis (4).

Pelvic tilt denotes the spatial orientation of the pelvis, which varies according to position,
with a greater or lesser degree of tilt forwards or backwards in relation to a transverse axis
passing through the two femoral heads (4). In a subject standing normally, the pelvis is
slightly inclined forward. The greater the angle of pelvic tilt, the further the center of gravity
is projected behind the femoral heads. As pelvic tilt increases, the sacral plateau becomes
increasingly horizontal, while the body of the sacrum becomes vertical. In this position, the
acetabulum almost completely covers the femoral head towards the back, thus limiting

extension.

The degree of the sacral slope determines the position of the lumbar spine, since the sacral
plateau forms the base of the spine (5). The pelvis and lumbar spine adapt in accordance with
the degree of pelvic tilt and lumbar lordosis (6). Global spinal balance involves
harmonization with overlying lumbar lordosis and thoracic kyphosis (7). Ideally, this
dynamic chain results in perfect sagittal balance in which body weight is positioned along a

line slightly behind the axis of rotation of the two femoral heads (8, 9).

Today, with the anatomy of vertebrae divided into sacral, lumbar, thoracic and cervical, the
main curvatures logically follow this division. The curvatures with an anterior concavity in
the sagittal plane are called kyphosis whilst curves with a posterior concavity are named
lordosis. According to the anatomical segmentation, spine curves are sacral kyphosis, lumbar

lordosis, thoracic kyphosis and cervical lordosis (3).
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Sagittal standing posture are quantified by distances and angles mainly of thoracic kyphosis,
lumbar lordosis and overall sagittal balance (10). In an attempt to optimize postoperative
sagittal alignment, several authors have proposed mathematical formulae to aid surgical
planning. Some formulae simply provide a target postoperative lumbar-lordosis/thoracic-
kyphosis relationship, whereas others estimate the degree of osteotomy resection needed to
restore sagittal alignment. Nowadays is known that both pelvic and spinal sagittal alignment
needs to be considered for surgical correction of spinal coronal misalignment, as scoliosis

(10).

It is important to consider that the ideal spinal alignment allows an individual to assume a
standing posture with minimal muscular energy expenditure. Physiologic curvatures of the
spine in the sagittal plane, the straight spine in the coronal plane, balanced tension of the
spinal ligaments, and activation of intrinsic anterior and posterior musculature should permit
extended pain-free erect position (11). This concept is reflected in the “Cone of Economy”
(10, 11). Within the center of the cone, the individual may remain in an ergonomically
favorable erect position. However, larger deviations in the anterior, posterior or lateral planes
will require greater energy use to maintain a standing position. Finally, progression outside of
the “stable cone” results in a loss of postural control and the need for external supports.
Spinal malalignment to the extremes of the “Cone of Economy” leads to extreme muscular
demand, fatigue, and significant pain as well as disability. Once a spinal deformity has
reached the level of marked loss in function and quality of life, surgical intervention is often

recommended and requested.
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1.1. Clinical relevance of sagittal standing posture
Despite the lack of research on the clinical relevance of sagittal standing posture during
growth stages of life (i.e., childhood and adolescence), the sagittal standing posture of adults
is definitely established during growth (4, 12). Therefore, the clinical importance of sagittal
standing posture in children is mainly sustained on the evidence of relationships between

posture and health-related measures of quality of life in adulthood.

A well-balanced spine in the sagittal plane is essential for a good musculoskeletal health
status, with an anterior displacement of sagittal balance being associated with poorer health-
related quality of life scores (13-18). The need for a neutral pelvic (13, 14) and regional
spinal (13-15, 19, 20) sagittal alignment in order to preserve health-related quality of life has

also been demonstrated.

The relationships between over 100 spino-pelvic postural parameters with measures of
health-related quality of life have been investigated in adult patients suffering from spinal
deformity (13). Two parameters representing sagittal balance were the most significantly
correlated with scores of health-related quality of life: a positive sagittal imbalance was
directly associated with higher levels of disabling pain, decreased social function, worse
overall quality of life, worse activity and physical function, and also with “standing
disability” (13). An anteriorly displaced sagittal balance is described as the most reliable

predictor of clinical symptoms even after controlling for the age effect (16).

Regarding standing alignment, pelvic tilt (i.e., pelvic retroversion) was identified as the most
important individual parameter of sagittal alignment with a negative effect on health-related
quality of life measures as pelvic retroversion increase, regarding activity, physical function
and “walking disability” (13). Effective ambulation seems to be compromised due to the

activation of spino-pelvic sagittal compensatory mechanisms represented by a higher pelvic
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tilt, which should negatively affect lower limb alignment through limited hip extension and

consequently worsened walking performance (13).

In relation to spinal alignment parameters, lumbar lordosis has been frequently shown to be
associated with health-related quality of life measures (13-15, 19, 20), where decreased
lordosis in the lumbar region is related with increased pain (13, 20), decreased physical
function (13-15), “standing and walking disability” (13), worse general health (19) and
poorer overall scores of health-related quality of life (13, 15). The relation between loss of
lumbar lordosis and health-related quality of life seems to be partially independent of positive

sagittal imbalance (15).

Patients with disc herniation mostly showed a sway or flat posture in clinical practice, and
patients with spinal stenosis frequently exhibited a hypercurved spine (21). Additionally,
subjects with flattened spines are expected to develop disc pathology and those with a

hypercurved spine to develop posterior facets arthritis, Baastrup disease or vertebral listhesis

).

Adult low back pain patients have smaller pelvic incidence, sacral slope and flattened sagittal
spinal curves (22), in accordance with other studies identifying a more vertical sacrum and
smaller lumbar lordosis as sagittal characteristics of low back pain patients (23, 24). Low
back pain patients were also more likely than asymptomatic controls to depict a flattened

posture, and less likely to show a neutral posture (22).

In adolescents of mean age 14.0 years and standard deviation 0.2 years (range: 13.0-15.1
years), where sagittal postures probably reflect a constitutional “true” sagittal morphotype
instead of resulting from secondary alignment adaptations, all non-neutral postural types
(sway, flat and hyperlordotic) were positively associated with different measures of back pain

presence, independently of gender, weight and height (25). Furthermore, in young adolescent
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boys (mean age 12.6 years and standard deviation 0.54 years), those showing a sway back
posture more frequently report low back pain and neck pain than those with neutral postures

(26).
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1.2. Sagittal standing posture organization in children
A balanced posture is obtained when the spine and sacro-pelvis are aligned in order to
minimize energy expenditure and preserve a horizontal gaze (7, 12, 27-29). Adjacent
anatomical regions of the spine and sacro-pelvis are interdependent, and their relationships
result in a stable and balanced posture (7, 12, 27-29). The net result of the relationships
between anatomical regions is best represented by parameters of sagittal global balance (29).
Therefore, global balance is maintained in a narrower range than regional alignment

parameters in the pediatric population (30).

The schemes of correlations between spino-pelvic alignment parameters in children before
walking ages (12) and in children and adolescents from 3 to 18 years old (27) were similar to
those previously observed in adults (7). However, weaker correlations were observed in
children and that could be partially explained by the presence of “immature” control
mechanisms of the sagittal balance in growing individuals. As depicted in Figure 1, pelvic
incidence is of prime importance in children to define the orientation of the pelvis (pelvic tilt
and sacral slope), as indicated by the strong correlation coefficients. Sacrum orientation
(sacral slope) is correlated with the shape (lordosis) and orientation (tilt) of the lumbar spine
(27). The most clinically relevant pediatric correlations involve pelvic incidence and lumbar
lordosis, as opposed to the moderate correlations between the lumbar and thoracic regions

(27).
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Figure 1. Diagram illustrating the linear chain of linked anatomical areas from the pelvis to the thoracic region.
Moderate (0.3 < r < 0.5) and strong (r > 0.5) correlations are shown in dotted and full arrows, respectively. The
mathematical relationship between pelvic tilt and sacral slope is also shown. The relationships between pelvic
incidence and lumbar lordosis and between pelvic incidence and lumbar tilt, as well as weak correlations (0.1 <

r < 0.3) are not included in the figure. Reproduced from Mac-Thiong JM et al (27).

Transition to an upright posture has resulted in the pelvis becoming a key structure within the
human motor apparatus (4). The sacral plateau, which forms the base to support the spine, is
the point of transfer of load from the trunk to the pelvis. Consequently, pelvic parameters

affect the entire underlying sagittal profile of the spine (4, 12).

As previously described in adults (7), the correlation scheme of sagittal postural parameters
in children also supports the concept by which parameters of adjacent anatomical regions are
interdependent, and their relationships result in a stable and compensated posture,

presumably to minimize energy expenditure. This concept does not imply a causal
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relationship, but suggests that a modification in the shape or orientation parameter in a given

anatomical region will affect the adjacent anatomical regions (27).
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1.3. A life course approach to sagittal standing posture
The life course approach has had wide application to the study of the distribution and
determinants of diseases in human populations (31). Life course epidemiology aims at
providing and testing theoretical models of human disease that postulate pathways linking
exposures across the life course to later-life health outcomes. According to this approach,
health outcomes in adult life may be seen as long-term effects of exposures acting during
gestation, childhood, adolescence, young adulthood and later adult life (32). Relevant
exposures throughout the life course may be biological, behavioral and psychosocial, as well
as countless number of interactions between them. This model tries to surpass some of the
reductionist aspects of previous models of disease etiology of conventional adult cohort
studies in clarifying early causes of disease. Life course epidemiology has been particularly
helpful in the development of the theoretical basis for the complex pathways of the etiology

of chronic diseases, such as sagittal standing posture misalignment.

Sagittal standing posture in older ages is seen as the result of multiple influences acting
throughout the whole life course. One major aspect is thought to determine the ultimate
sagittal standing posture in adults: the development of pelvic and spinal alignment and

balance during growth stages of life (4, 12).

Because childhood is a period of constant changes in sagittal standing posture, it is likely to
present greater potential for modification or adaptation than other life periods. Such a period
may be a critical or sensitive period, i.e., a time frame during which beneficial or harmful
exposures have lasting and irreversible effects on postural health that determine later sagittal
standing posture (32). Regarding sagittal standing posture it seems more likely that childhood
is a sensitive period: a time frame when an exposure has a stronger effect than it would have
in other stages of life. This role is probably more consistent with what is known about the

effects of modifiable factors such anthropometrics and body composition on sagittal standing
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posture. Although it is believed they play a particularly important role before definitive
sagittal standing acquisition, there is evidence that they may also be associated with sagittal
standing posture later in life (33-38).

In this context, using data from a population-based birth cohort is one of the most powerful
ways to test life course models (32). Birth cohort studies allow us to state the temporal
ordering of exposure variables and their inter-relationships, both directly and through
intermediate variables, with the outcome measure. They allow us to operationalize early life
course exposures and conceptualize their inter-relationships across the life course, and also to
test possible pathways with potential intermediaries or confounding factors. Because different
periods across the life course influence phases of biological development, stability or decline,
longitudinal studies since birth are essential to test life course models. However, such studies
may be restricted with less common diseases. Frequently such studies will have either no
data, especially for biological mechanisms, or missing data in subset of participants.
However, contrary to historical cohorts and record linkage studies they are not limited to one
or two exposures acting in a very specific time window and frequently with limited or no data

on other periods of the life course (32).
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1.4. Growth-related changes in sagittal standing posture
The growing child needs constant adaptations in the morphology and orientation of the spino-
pelvis to maintain an adequate sagittal balance and appropriate configuration in terms of

skeletal loads, muscle fatigue, and energy expenditure (12, 27, 29, 39, 40).

Pelvic incidence increases with growth and stabilizes after skeletal maturity is reached (4, 12,
41, 42). Therefore, pelvic incidence is considered a marker of the process of gaining the
upright position that persists throughout life. Consequently, the extent of pelvic incidence

increase during growth determines the pelvic morphology shown in adulthood (4, 12).

During the initial weeks of life, and with the acquisition of ambulation, pelvic incidence
dramatically increases as the result of modifications in the development of the upright
position (41) (Figure 2). Firstly, coxofemoral extension occurs by action of the gluteal
muscles, allowing a verticalization of the pelvis which tilts backwards and brings the upper
sacral endplate into a more horizontal position for constituting the pedestal of the vertebral
column. Then, lumbar lordosis arises from the action of the erector spinae muscles as the
child begins to acquire the upright position. Because of the insertion of the spinal erector
muscle by a thick fascia onto the sacral spinous processes, lordosis leads to horizontalization
of the sacrum, i.e. to verticalization of its endplate (41). The pelvic incidence angle reflects
this horizontalization, explaining its augmentation after birth and during the first month of
life when the lumbosacral junction undergoes modifications, similarly to human evolution

during the different ancestral species (12, 41).
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Figure 2. Pelvic modifications during acquisition of the upright position. A — Femoral extension by the gluteal
muscles results in verticalization of the pelvis. B — Horizontalization of the sacrum in brought about by the

erector spinae muscles. Reproduced from Mangione P et al (41).

Pelvic incidence and the sagittal anatomy of the sacrum are clearly different between young
infants (before walking age: mean of eight months and ranging between four and 15 months)
and adults, with all the anatomical sacrum parameters studied being significantly smaller
among young infants than among adults (12). The sacrum of a young infant is less curved, the
first two vertebrae are more ablong and the incidence of a young infant before walking age is
significantly smaller. Young infants also showed smaller sacral slope and lumbar lordosis and

slightly higher pelvic tilt (12).

Analysis between age and sagittal alignment parameters in children and adolescents showed a
tendency for positive associations as growth takes place (12, 29, 40, 42, 43). Pelvic tilt tends
to increase with age, indicating that the sacral plate tends to be displaced further posterior
with respect to the hip axis. Pelvic tilt serves to optimally position the center of gravity over
the hips and lower limbs, by maintaining the sacral plate posterior to the hip axis. Because the
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upper body weight increases significantly during growth and because the sacral plate (and
vertebral column) represents the posterior part of the body, it appears that the pelvic tilt
increases to avoid an inadequate anterior displacement of the center of gravity during growth

(42).

Lumbar lordosis also increases with age (42). The presence of an adequate lumbar lordosis
avoids the forward displacement of the center of gravity that may alter the equilibrium of the
standing posture. The action of the erector spinae muscles and the vertebral growth may
therefore contribute to the increase of the lumbar lordosis to avoid inadequate forward
displacement of the center of gravity, which could be modified by upper body growth. The
thoracic kyphosis that also increases with age mainly serves to balance the increasing lumbar
lordosis. Conversely, thoracic kyphosis could also be dependent on the development of the

respiratory system or on the thoracic vertebral growth pattern (42).

There is a trend for older children to stand with a more negative sagittal balance (backward
tilt of the spine over the hips) as they get older (29, 40). This backward tilt of the spine may
be required to counterbalance the upper body weight, which is mainly anterior to the spine, in

order to maintain a stable posture (27).
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1.5. Associations of anthropometry and body composition with sagittal standing

posture
Anthropometry is associated with sagittal alignment parameters in adults, namely positive
correlations of body mass index with lumbar lordosis (33-35). The biological plausibility for
the effect of body mass index on adult sagittal spino-pelvic alignment was suggested to be
related with biomechanical constraints induced by higher body mass index during standing
posture and gait acquisition in early life, whose influence may deform the sacrum during
osseous growth and affect pelvic shape and orientation, and therefore, also lumbar lordosis
(33). The same mechanism was supported when analyzing the relation between body mass
trajectories (three to 14 years old) and posture types at age of 14 years, where it was
suggested that increased biomechanical load as the result of higher body mass index during
early stages of life could lead to permanent changes of spinal structures, that then would
favor the occurrence of non-neutral postures throughout life (44). Therefore, children’s
anthropometry is expected to contribute to the mechanical framework of posture modulation,
i.e. weight and height theoretically modulate gravitational actions and regulate the net
direction of forces imposed on the immature spino-pelvic structures (2). Plastic deformation
of bones, discs and other spinal structures can occur (33, 35, 44), as a result of reactive forces

by muscles to ensure a stable center of mass (29, 40, 41).

In addition, body size and composition contribute to the mechanical environment of spino-
pelvic structures with fat and fat-free mass operating as extra-skeletal modulators of bone
morphology. The skeleton has to support and deal with loading moments resulting from
weight bearing (2, 45) and adiposity and muscles can also directly affect posture by changing
the orientation of vertebral bodies towards increased lumbar lordosis (35, 45-48). Higher
forces are applied to bone structures because the skeleton has more weight to support and

needs higher muscle moments to regulate amplified oscillations of the upper body over the
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hips (2, 45). Adiposity also displaces balance forwardly which increases lumbar lordosis as
the most efficient compensation to restore a stable basis of support (35, 45, 46). On the other
hand, stronger back extensor muscles lead to an increase in lumbar lordosis (47, 48). Fat and
lean mass positively affect bone structure through mechanical and endocrine effects (49, 50)
with a more important contribution of lean than fat mass during childhood (50, 51).
Therefore, both adiposity and muscles can lead to changes in the morphology of vertebral
bodies, namely by changing their antero-posterior height ratios (52). These changes modify
vertebral tilt and define local alignment (2, 38, 42), and consequently modulate overall
posture due to adaptation of adjacent anatomical regions (29). As examples, longitudinal
vertebral growth in children may increase lumbar lordosis (42), and both higher thoracic
kyphosis (36-38) as well as higher lumbar lordosis (37) seem to have an osteoporotic origin

at more advanced ages.
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1.6. Posture defines biomechanical spino-pelvic environment
The shape and design of the spine affords efficient distribution and balancing of body mass.
Based on biomechanical analysis of sagittal spino-pelvic organization, it has been suggested

that compressive forces (resulting from the sum of gravity and muscle action) act differently

according to lumbar sagittal orientation (2), as shown in Figure 3.
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Figure 3. Mechanism of compensation of a progressive kyphosis. a — Normal situation with a slight pelvis

Y )

retroversion and sagittal vertical axis over the sacral endplate. b — With a progressive loss of lordosis, pelvis
retroversion permits maintaining sagittal vertical axis behind the femoral heads. ¢ — In case of severe kyphosis,
hip extension (HE) limits the pelvis retroversion. It is compensated by flexion of the knees. Sagittal vertical axis

passes forward to the femoral heads. Adapted from Roussouly P and Pinheiro-Franco JL (2).

Contact force on spinal structures is the sum of gravity with forces of posterior spinal

muscles to maintain an erect position. The more unbalanced the overall posture is, the more
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gravity forces increase, and the more muscle forces have to compensate for increasing contact

forces (2).

However, one important issue is the direction of forces applied to structures (compressive vs.
shear) as the result of muscle moments that will depend on vertebral orientation and

positioning (Figure 4).
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Figure 4. Distribution of contact force with respect to the local intervertebral tilt. CF — Contact force. S —

Sliding resultant force; P — Pressure resultant force. Reproduced from Roussouly P and Pinheiro-Franco JL (2).

When the intervertebral tilt increases, the sliding resultant force increases; in case of a
horizontal plate orientation, the pressure increases (2). Consequently, a flattened lumbar spine
induces compressive forces and they are progressively transferred to shear forces as lumbar

lordosis increases (53, 54).

Therefore, in each specific habitual standing posture, gravitational forces determine the
mechanical setting provided to skeletal structures. An anteriorly displaced center of mass, as
frequently observed due to increased thoracic kyphosis, results in an increased forward

bending moment of the upper body leading to higher compressive moments in thoraco-
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lumbar and lumbar regions (45). Stronger extensor trunk muscles are then needed to
compensate for increased thoracic kyphosis while keeping a stable upright posture, which
increases spinal compressive (2, 45, 54, 55) and shear (2, 54, 55) loading. Thus, sagittal
standing posture seems to be a key macrostructural factor in defining the amount of physical

stimuli imposed on spino-pelvic tissues.

A hyperlordotic posture requires higher muscle moments than all other postures; especially
during more demanding tasks (53). A sway posture minimizes muscle work and stresses in
the resting standing position (53). As lumbar lordosis increases up to a hyperlordotic posture
mechanical loads also increase. Flattened or neutral spines are better suited to minimize
muscle work and stress in weight-bearing activities (53) and the extremely pronounced
thoracic kyphosis in the sway type can be expected to contribute to higher mechanical stress
compared to a flattened posture (45, 54, 55). In the case of a moderate external load, a neutral
and well balanced spine is able to reduce the muscle activation in comparison with a
hyperlordotic spine, with negligible differences compared to a straighter spine (53). However,
such a sagittal configuration (i.e., neutral) is not correlated with a minimization of the loading
state in the intervertebral discs, especially regarding antero-posterior shear loads. In the
standing posture without any additional load, a less lordotic, more vertical spine was

sufficient to ensure minimal spinal loads (53).

Other postural parameters play a significant role in determining body mass distribution and
therefore the spine’s biomechanical environment: postural congruency and the use of a
compensation technique can act to mitigate any increases in compressive loading associated

with an elevated thoracic kyphosis angle (45).
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1.7. Measurement of sagittal standing posture

It is important to quantify sagittal standing posture in order to monitor treatment effectiveness

on body segments, for physiotherapy, brace or surgical treatment.

Radiograms are considered the gold standard method to measure sagittal standing posture
because they allow the clear visualization of bone landmarks, and have been shown to be a
reliable method (56). Radiograms are used to assess or monitor change over time in persons
presenting with musculoskeletal disorders. However, radiographs involve radiation hazards
and thus should not be used for repeated measures of body segment posture, especially in

growing children who do not have specific clinical indication.

Electromagnetic motion analysis techniques have been reported to be valid (56) and reliable
(57) in adults. However, this method requires expensive equipment and the setting up of
apparatus and data management is time-consuming and the data processing is complex. Such
equipment may also have a limited number of sensors, making the measurement of multiple

angles difficult.

Video rasterstereography involves the multidirectional illumination of the back surface
during stereo video imaging to produce a high-resolution three-dimensional computer
reconstruction of the back surface, which permits automatic calculation of measures of spinal
curvature (58). This method is reliable (59), but has not been shown to be valid compared to
radiography (60). Since subjects must have their entire torsos uncovered, it is an unacceptable

method of posture assessment for some subjects.

Some manual measurement techniques such as the goniometer (61) and flexicurve (62) have
also been shown to be valid, and some of them have good reliability in adults. However,
though such manual techniques may be useful for single angular measures, they may be time-

consuming if several angles need to be measured.
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Overall, radiography, motion analysis, rasterstereography or manual methods are not
appropriate for large-scale studies when measuring multiple angles, because of difficulties in

application, expenses, safety or practicality (63).

In contrast, static photographic analysis with reflective markers placed on specified
anatomical landmarks may be more suited to large-scale studies. This is because it is
relatively cheap, requiring only a camera, markers and adhesive tape; is highly portable; and
permits the measurement of several posture angles simultaneously (63). It is thus frequently

used in field and clinical studies.

Most of angles measured by the photographic method have moderate to good level of
correlation with X-rays: in a validation study correlation coefficients were reported to range
from 0.60 to 0.97 (64). However, these were in respect to head angle, the cervical angle, the
thoracic angle and the arm angle in different sitting positions and more studies are needed
evaluating all regions of the body before firm conclusions can be drawn. Furthermore,
photographic analysis was previously validated in adolescents (65-67) and adults (68, 69) and
is characterized by acceptable reproducibility (63, 64, 70). By extrapolation, photogrammetry
is recommended as the safest method for postural evaluation in large-scale studies of children

(35, 63, 64) but validation studies are lacking in children.

Marker placement by examiners, parameters (angles/distances) definition, body position,
perspective error and biological variability are the factors that can affect intra- or inter-rater

reliability of the photographic method (63):

Marker placement may translate in both random and systematic error. For example, an
examiner may have an erroneous but repeatable method of locating a body landmark,

resulting in systematic error, or may be more generally inattentive to detail, resulting in
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random error. Examiner training is clearly important to reduce random and systematic marker

placement errors.

Parameter definition may include relative difficulty in marker placement, differences in inter-
marker distances and vertical reference. For example, difficulties in accurate palpation of the
pelvic markers may explain the poorer reliability of lumbar angle and pelvic tilt. This is
accentuated when subjects have greater subcutaneous adipose tissue. Longer inter-marker
segments will be less sensitive to angular error for a given absolute marker placement error.
Vertical referenced angles may have less intra-rater reliability because of errors induced by
variations in overall body position (71). All these factors would be present in varying degrees
at each postural angle. For example, lumbar and sway angle have lower reliability despite
their long inter-marker distances, which might reflect the relative difficulty in greater
trochanter palpation (63). Similarly, head and neck flexion are relatively reliable despite their
vertical-dependence and short inter-marker distances, which may relate to their more

prominent landmarks (63).

Perspective error happens when rotation of the subject away from the sagittal plane relative to
the camera position causes over or underestimation of sagittal angles or distances. However,
the effect of perspective error only becomes important with larger rotational errors. Body
position: subjects are less able to repeat unusual postures, as slump sitting position,

comparing to standing or sitting position.

Biological repeatability refers to the ability of subjects to repeat the required positions. There
may be greater postural variability in children because of anthropometric and motor control

immaturity (70).

Marker and subject positioning are larger sources of error than specific differences in

measurement between raters (63). Additionally, intra-rater digitization reliability suggests
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errors during this process do not contribute significantly to diminished repeatability of the

overall posture measurement.

The photographic method is sufficiently reliable to be used in large-scale studies of posture.

In addition to standardized protocols, the following recommendations can be made to

maximize reliability (63):

1.

2.

Use examiners with palpation expertise;

Thoroughly train examiners in marker palpation and subject instruction, with regular
quality control,

Examine the data for rater differences and control for these in analysis;

Where possible use parameter with easily palpable landmarks and large inter-marker
distances;

Measure inter-segmental angles as well as vertical references angles;

Minimize perspective error by ensuring camera is perpendicular to subject;

Use larger sample sizes for studies involving children and adolescents to allow for

potentially greater positional variability.
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1.8. Sagittal standing postural patterns

Several authors (21, 25, 26, 72-75) have advocated that analyzing sagittal postural patterns,
instead of the conventional analysis focused on isolated sagittal alignment parameters, should
provide a more complete understanding of the complex overall sagittal standing alignment.
First, interaction among separate segments of sagittal alignment should exist and needs to be
considered in the analysis of standing posture (25, 26, 73-75). Second, the same angular
change in a similar segment of different subjects may have a different effect on overall
sagittal alignment due to the compensatory relationship between separate spino-pelvic
segments (73). Third, and finally, the great variability in neutral “normative” ranges of
regional spino-pelvic parameters limits the usefulness of isolated parameters when studying
sagittal standing posture (21, 72).

Roussouly et al (21), have analyzed the standing radiographs of a sample of 160
asymptomatic adults, having 27 years as mean age (range: 18-48 years). Based on the
theoretical framework of correlations between individual regional sagittal alignment
parameters and also on the geometrical analysis of thoracic and lumbar spinal curves, they
have proposed a classification of four types of overall sagittal standing posture in “healthy”

adults (Figure 5):

- Type 1: The sacral slope is smaller than or equal to 35° which is associated with a low
pelvic incidence. The apex of the lumbar lordosis is located in the center of L5 vertebral
body. The lower arc of lumbar lordosis is minimal, decreasing toward zero as the sacral slope
approaches the horizontal. The inflexion point is low and posterior, creating a short lumbar
lordosis dorsally inclined. The thoracic kyphosis is long with an extension to the

thoracolumbar area.
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Figure 5. Representation of the sagittal characteristics in each of the four sagittal postural patterns. Pl — Pelvic

incidence. Reproduced from Roussouly P and Pinheiro-Franco JL (2)

- Type 2: The sacral slope is smaller than or equal to 35° and pelvic incidence is low. The
apex of the lumbar lordosis is located at base of the L4 vertebral body. The lower arc of
lumbar lordosis is relatively flat. The inflection point is higher and more anterior, decreasing
the dorsal inclination of lumbar lordosis but increasing the number of vertebral bodies

included in this curve. The entire spine is relatively hypolordotic and hypokyphotic.

- Type 3: The sacral slope is between 36° and 44°, showing a high pelvic incidence. The apex
of lumbar lordosis is in the center of the L4 vertebral body. The lower arc of lumbar lordosis
becomes more prominent. The inflection point is at the thoracolumbar junction (T12-L1), and
lumbar lordosis inclination is near the vertical. An average of four vertebral bodies

constitutes the arc of lumbar lordosis. The spine is well balanced.

- Type 4: The sacral slope is greater than or equal to 45° which is associated with a high

pelvic incidence. The apex of the lumbar lordosis is located at the base of the L3 vertebral
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body or higher. The lower arc of lumbar lordosis is prominent, and its inclination is in line
with the vertical or ventrally tilted. The number of vertebrae in lordotic orientation is greater

than five, and a state of segmental hyperextension exists.

In 709 asymptomatic adults of mean age 36.8 years, prevalence estimates were: type 1
(4.5%), type 2 (23.3%), type 3 (47.7%), and type 4 (24.5%) (30). In 198 low back pain
patients with mean age 39.4 years, 5.1% presented a type 1 postural pattern, 37.4% presented
a type 2, 38.9% presented a type 3, and 18.7% presented a type 4 postural pattern (30).
Finally, in our previous work in 489 community-dwelling Portuguese adults (39.7% of the
participants classified as having 65 or more years of age) the prevalence estimates were 4.9%,

31.3%, 42.3% and 21.5% for the postural types 1, 2, 3 and 4; respectively.

In 766 adolescents (mean age of 14 years and standard deviation 0.2 years; range:13.0 to 15.1
years), sagittal posture was assessed through lateral photographs during habitual standing
position and by retro-reflective markers placed on predefined body landmarks (25). Sagittal
standing postural patterns were then defined from trunk, lumbar and sway angles by cluster
analysis. Four steps were performed to obtain posture clusters. In step 1, a random sample of
100 subjects was used to derive the number of clusters and their cluster centers, using
hierarchical (Ward’s) followed by nonhierarchical (K-means) cluster analysis of standardized
scores for the three postural measures. In step 2, a second random sample of a different 100
subjects was used to confirm the stability of the clusters. In step 3, clusters profiles on
gender, height and weight in the two separate samples were examined as criterion validity on
variables not used to determine the cluster solution. In step 4, a 4-cluster solution for the

entire sample was determined using K-means analysis, using the average of the clusters
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centers from the K-means cluster analysis from the two subsamples as the cluster center

seeds.

Four postural patterns were then identified in adolescents and they corresponded to those

previously defined in adults (25):

- Sway posture: Lower sway angle (posterior sway or backward trunk lean), slightly greater

trunk angle (more kyphosis) and slightly increased lumbar angle (less lordosis).

- Flat posture: Forward trunk sway, decreased trunk angle (less kyphosis) and increased

lumbar angle (less lordosis).

- Neutral posture: Neutral sway angle and slightly decreased trunk and lumbar angle (less

kyphosis and more lordosis).

- Hyperlordotic posture: Neutral trunk sway, increased trunk angle (more kyphosis) and

decreased lumbar angle (more lordosis).

In 1373 adolescents of mean age 14.1 years (standard deviation of 0.2 years), pattern
prevalence was 26.8% for the sway posture, 22.4% for the flat posture, 28.6% for the neutral

posture and 22.2% for the hyperlordotic posture (44).

Despite previous attempts to develop classification systems of sagittal standing posture in
young adolescents girls (10.6+0.47 years) (75) and boys (10-13 years (76) and 12.6+0.54
years (26)), different procedures of postural parameters definition preclude comparisons with
previous classifications. Particularly, children have been classified in a three-option likert
scale of uncorrected posture based on the horizontal deviations of four body landmarks in
respect to a vertical line (76) and three global patterns (based on three angles in respect to the
vertical) with different magnitude of spinal curves being observable within each pattern (26,

75). Therefore, given the fundamental methodological differences in the individual parameter
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inputs for the creation of classification rules, these previous studies do not add information

for the discussion of our life-course hypothesis on the early determination of sagittal posture

typology.
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2. Objectives
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By using prospective data from children participating in the Generation XXI cohort, the aim
of this thesis was to define postural patterns in school-aged children and evaluate their

relation with anthropometrics and body composition parameters.

To attain the proposed aim we defined four specific objectives:

1. To assess the correlations of anthropometrics and body composition parameters with
angles of sagittal standing posture measured at 7 years of age (Paper I)

2. To identify and describe postural patterns among 7-year-old girls and boys, and to
explore their associations with anthropometric characteristics (Paper 1)

3. To estimate the associations of body size from birth onwards with sagittal postural
patterns at 7 years of age (Paper I1)

4. To investigate the association between bone physical properties and sagittal postural
patterns among 7-year-old children, accounting for the roles of fat and fat-free mass in

this association (Paper V)
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3. Participants and methods
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3.1. The Generation XXI birth cohort study
Generation XXI is a birth cohort study assembled during 2005 and 2006 in the Porto

Metropolitan Region. It was established as a multi-purpose prospective population-based
cohort that aims to chart the growth and development of children born at the dawn of the new

millennium, and to address scientific questions as well as policy concerns.

3.1.1. Participants
The cohort comprises 8647 children (8495 mothers), born between April 2005 and August
2006 in the Porto Metropolitan Region (77, 78). Recruitment was conducted at five public
maternity units, responsible for 95% of the deliveries in the region at that moment. All
resident women, delivering a live birth with more than 23 gestational weeks were eligible to
be included. Among those invited, 91.4% agreed to participate. Four and seven years after
birth, 69% and 68%, respectively, of all children recruited at birth were reevaluated by face-
to-face interviews and physical examinations. During the 7 year-old follow-up, a subsample
of 2998 children consecutively assessed between December 2012 and August 2013, and
without a diagnosis of severe neurological impairment (n=7), was invited to an additional
wave of assessment in which bone physical properties and sagittal standing posture were

evaluated. Of those, 80.5% agreed to participate and attended the scheduled assessment.

All the phases of the study complied with the Ethical Principles for Medical Research
Involving Human Subjects expressed in the Declaration of Helsinki. The study was approved
by the University of Porto Medical School/S. Joao Hospital Centre ethics committee and a

signed informed consent according Helsinki Declaration was required for all participants.

3.1.2. Data collection

Birth weight and recumbent length at birth were retrieved from medical records by trained

researchers. Ponderal index was then computed (weight in grams/length in centimetres®
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*100).(79) Additionally, weight and height were assessed during the 4 and 7-years follow-
ups. Weight was measured in light indoor clothing to the nearest 0.1kg using a digital scale
(TANITA®) and height to the nearest 0.1cm using a wall stadiometer (SECA®). Body mass

index was defined as weight in kilograms divided by height in squared meters.

Additional wave of assessment
Based on an additional wave of assessment held for 2998 eligible children consecutively
attending the 7 year-old follow-up, weight (Xinyu Electronic Company, Limited) and height

(SECA®) were measured following similar procedures to those previously described.

Whole body dual energy X-ray absorptiometry (DXA) scans were performed (Hologic
Discovery QDR® 4500W, Bedford, MA, USA). Total body less head fat and fat-free mass
were used. Fat and fat-free mass indices were then calculated by dividing fat mass and fat-
free mass (kg) by height squared (m?) (80). Total body less head bone mineral content (BMC)
was obtained and bone mineral density (BMD) was expressed as BMC (in g) per projected
bone area (in cm?). Area-adjusted BMC (aBMC) was derived as a measure of volumetric
BMD by a regression of BMC on bone area and adding the residuals of the linear regression
to mean BMC (81). As recommended, total body less head rather than total body
measurements were used because the head is less responsive to environmental stimuli (82).

Nine trained radiology technicians were involved in DXA evaluations.

Sagittal standing posture evaluation was performed by quantitative assessment of
photographs of the sagittal right view of children. This evaluation occurred between March
2013 and February 2014 (median [interquartile range] of 62 [211] and 63 [212] days after the
7-year-old evaluation for girls and boys, respectively).

Using double-faced adhesive tape, spherical retro-reflective markers (12mm and 30mm) were

placed over anatomical landmarks on the right-side of the child’s body: lateral canthus of the
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eye, tragus, anterior border of the acromium (30mm), spinous processes of C7 and T12
(30mm), anterior superior iliac spine, greater trochanter, lateral epicondyle of the femur and
lateral malleolus. Additionally, a plumb line with two 20mm polystyrene circumferences
(50cm distance from each other) was placed behind children and 50cm from the wall (the
same distance as the right side of the child’s body) in order to allow vertical angle offset and
distance calibration during the digitization of photographs. Evaluation was performed by one
of two health professionals in a dedicated room. Both examiners received several theoretical

and practical sessions of anatomy tuition before data collection.

Children were barefoot, wearing underwear or swimwear and were instructed to rest
comfortably in habitual standing position with feet slightly apart, looking straight ahead and
moving elbows forward, as previously described in Perry et al (63) to standardize position of
participants. Floor markers were further used to regulate the relative position of children in
respect to the camera. After the examiner judged that the usual upright position had been
attained, full-body flash photographs were obtained using a Canon PowerShot A2300 (4608 x
3456 pixels) attached to a 60cm-high tripod, placed 200cm from the wall and perpendicular
to the child. The tripod was fixed on the floor and the zoom feature of the camera was not

used.

Anatomical landmarks were then digitized using the valid and reliable postural assessment
software PAS/SAPO (83), which allowed computation of nine angles and three distances
describing sagittal standing position in accordance with the protocol suggested by Perry et
al.(63) This protocol prioritizes biologically relevant measurements (i.e., quantifies the
relative position of body segments), avoiding the use of the vertical line reference and
therefore optimizing photographic reliability (63, 64, 70). Angles were formed by the lines
traced from the labelled anatomic landmarks and the two-dimensional coordinates of each

marker were used to determine distances. All the photographs were digitized by one of the
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researchers who carried out the physical examinations and who is a physiotherapist following
specific training in order to measure angles in a systematic manner in terms of order and

quality. The zoom feature of the software was used freely.
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Sagittal standing posture and relationships with anthropometrics and body composition

during childhood.
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ABSTRACT

Objective To assess the correlations of anthropometrics since birth and body composition
parameters with angles of sagittal standing posture in children.

Design Longitudinal follow-up of children enrolled in the Generation XXI study.

Setting Porto, Portugal.

Participants The sample included 1021 girls and 1096 boys. Weight and height were
obtained at birth, 4 and 7 years of age. At age 7, total body less head fat/fat-free mass and
bone properties were estimated from whole body dual energy X-ray absorptiometry scans and
posture was assessed through right-side photographs during habitual standing with retro-
reflective markers placed on body landmarks. Relationships between anthropometrics and
body composition with sagittal posture angles were estimated through Pearson’s correlation
coefficients.

Results Girls showed increased values of lumbar angle, head and neck flexion, and
craniocervical angle with the largest mean (standard deviation) difference in lumbar angle
[281.7° (7.4) vs. 276.8° (7.1), p<0.001]. In both genders, weight and body mass index were
weakly associated with lumbar angle: 0.24>r<0.31 in girls and 0.16>r<0.26 in boys, all
p<0.001. Fat and fat-free mass and bone mineral density were weakly associated with lumbar
angle in both genders. Age was positively associated with sway angle, especially in boys
(B=2.44; 95% CI: 1.52 to 3.36).

Conclusions Our study showed clear postural heterogeneity between girls and boys in early
ages. Lumbar angle was the most important parameter among all angles studied and body
mass index the characteristic mostly associated with it, especially in girls. There was a

predominant role of the sway angle only among boys.
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INTRODUCTION

The development of sagittal posture during childhood and adolescence is crucial for the
attainment of adult spino-pelvic alignment.: 2 In turn, sagittal spino-pelvic alignment is
associated with back pain and physical disability in adults,® and sagittal imbalance is the
strongest postural predictor of functional loss and dependency in older ages.*

Anthropometry and body composition have been suggested to shape pediatric sagittal
standing posture.>® Their effects are supposedly related with the natural maturation of the
musculoskeletal system in children, with fat leading to plastic changes in muscles, bones and
other structures that prevail across the life course.>® We have shown that body size since
birth is associated with postural patterns defined at 7 years of age (unpublished work), where
weight and height theoretically regulate the net direction of gravitational forces imposed on
the spino-pelvic structures.® Furthermore, a strong rationale exists for a relation between bone
physical properties and posture, as a result of a shared mechanical environment defined by
anthropometrics. We also showed that bone mineral content and density were associated with
postural patterns in the same direction of anthropometry, i.e., lower bone mineral density was
observed in a flat posture while a hyperlordotic posture showed increased density
(unpublished work). However, the relationship of anthropometrics since birth and body
composition with individual measures of postural parameters in children has never been
evaluated, and it is unknown which specific angular parameters contribute to the associations
previously observed on postural patterns. Additionally, differences in sagittal standing
posture seem to exist between girls and boys in young adolescence,'® ! as gender-specific
relationships between age and postural measures were also observed.? Therefore, our aim in
this study was to assess the correlations of anthropometrics and body composition parameters
with angles of sagittal standing posture measured at 7 years of age in a population-based birth

cohort of children, separately for girls and boys.
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METHODS

Subjects

This study was based on the population-based birth cohort Generation XXI, already described
elsewhere.!> ¥ A total of 8647 live born infants were enrolled between April 2005 and
August 2006 at all five public maternity units that cover the six municipalities of the
metropolitan area of Porto (Northern Portugal). At birth, 91.4% of the invited mothers agreed
to participate. Invitations to follow-up evaluations were based on children’s date of birth.
Four and seven years after birth, 86% and 80% of the cohort’s children were re-evaluated,
respectively. A specific musculoskeletal assessment was held for a subsample of 2998
children attending the 7-year-old follow-up between December 2012 and August 2013 and
without a diagnosis of severe neurological impairment. Of those invited, 80.5% agreed to
participate and attended the scheduled assessment in which sagittal posture and bone physical
properties were evaluated. We excluded 126 girls and 170 boys due to missing information in
at least one of the exposure variables considered in the present work. A final sample of 1021
girls and 1096 boys was considered. Ethical approval was obtained from the Ethics
Committee of Sdo Jodo Hospital/University of Porto Medical School, and was also approved

by the National Committee of Data Protection.

Anthropometric variables

Birth weight and recumbent length at birth were retrieved from medical records. Ponderal
index was computed (weight in grams/length in centimetres® *100).1* Anthropometrics were
measured by trained examiners in further waves of assessment at mean ages [standard
deviation (SD)] of 4.3 (0.3) and 7.4 (0.4) in each gender. Weight was measured in light
indoor clothing to the nearest 0.1kg using a digital scale (TANITA® at 4 years and Xinyu

Electronic Company, Limited at 7 years in the musculoskeletal assessment) and height to the
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nearest 0.1cm using a wall stadiometer (SECA®). Body mass index was defined as weight

(kg) divided by height squared (m?).

Body composition parameters

A Hologic device (Discovery QDR® 4500W, Hologic Inc., Bedford, MA, USA) was used to
measure total-body-less-head fat and fat-free mass. Fat and fat-free mass indices were
calculated by dividing fat mass and fat-free mass (kg) by height squared (m?).2> Also, total-
body-less-head bone area (cm?), bone mineral content (BMC, g) and bone mineral density
(BMD, g/cm?) were obtained. As recommended, total-body-less-head rather than total body
measurements were used because the head is less responsive to environmental stimuli.t®
Standard quality assurance tests using the calibration block were performed daily, and also
each month using the spine phantom. Nine trained radiology technicians were involved in

evaluations. Two of the examiners performed 83% of all the whole-body scans.

Sagittal standing posture

Sagittal standing posture was evaluated by quantitative assessment of photographs of the
sagittal right view of children,}” a method validated in other populations with acceptable
reproducibility. 182t

Spherical retro-reflective markers were placed over anatomical landmarks on the right-side of
the child’s body by one of two qualified health professionals: lateral canthus of the eye,
tragus, anterior border of the acromium, spinous processes of C7 and T12, anterior superior
iliac spine, greater trochanter, lateral epicondyle of the femur and lateral malleolus. Children
were barefoot, wearing underwear or swimwear and assumed their habitual standing position
with feet slightly apart, looking straight ahead and moving elbows forward, as previously

described to standardize position of participants.® ¥ Full-body flash photographs were then
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acquired. We followed the protocol suggested by Perry et al*® because it prioritizes the
quantification of the relative position of body segments, and therefore, optimizes
photographic reliability.!?! Angular measures formed by the lines drawn from the
anatomical landmarks were obtained using the postural assessment software PAS/SAPO®
and using a plumb line with two polystyrene circumferences as reference to allow vertical
angle offset during the digitization of photographs (as exemplified in Figure 1). Trunk,
lumbar and sway angles (panels F, G and | in Figure 1) completely characterize thoraco-
lumbo-pelvic sagittal alignment in the standing position and were the measures previously
used to identify sagittal postural patterns in children.!” Additionally, head flexion, neck
flexion, craniocervical angle, cervicothoracic angle, thoracic flexion and pelvic tilt were also
obtained. We excluded posture distances from the present analysis due to the magnitude of

measurement error related to both inter-rater effects and anthropometrics.*°

Statistical analysis

Each child was evaluated by only one posture examiner. We assumed random allocation by
examiner, meaning that differences in distribution of postural measurements could be
attributed to observer effects.?? Therefore, the mean calibration method considering the
measurements of the first examiner as the reference was performed, i.e., adding the difference
between means obtained by each examiner to the individual values of each child evaluated by
the second examiner.?3

In addition to descriptive statistics, comparisons between genders were performed using
independent samples t-test. Relationships of anthropometric variables and body composition
parameters with angle measures of sagittal posture were assessed using Pearson’s correlation

coefficients and linear regression models were computed to quantify B coefficients and
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respective 95% confidence intervals (CI), separately for girls and boys. Data were analyzed

using STATA® (version 11.1).
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RESULTS

Girls were born lighter than boys [mean (SD): 3102.69 (522.6) vs. 3197.69 (516.5), p<0.001],
but showed similar weight at 4 and 7 years of age. However, girls were shorter in all
evaluations and consequently showed higher body mass/ponderal index than boys: average
differences varying from 0.03g/cm? at birth to 0.42kg/m? at 7 years of age (Table 1).

Girls showed higher fat and lower fat-free mass compared to boys [mean (SD): 8.5kg (3.6)
vs. 6.9kg (3.1), p<0.001; and 14.7kg (2.3) vs. 15.8kg (2.3), p<0.001; respectively]. While
bone area was similar between genders, girls showed lower BMC and BMD (average
differences of 8.5g and 0.01g/cm?, respectively).

In respect to angle measures of sagittal standing posture (Table 1), girls showed increased
values of lumbar angle, head and neck flexion, and craniocervical angle with the largest mean
(SD) difference in lumbar angle [281.7° (7.4) vs. 276.8° (7.1), p<0.001]. However, girls
showed decreased trunk and cervicothoracic angles, thoracic flexion and pelvic tilt, with the
largest mean (SD) difference in pelvic tilt [128.6° (7.1) vs. 132.4° (7.0), p<0.001]. Similar

sway angles were observed between genders.

Girls

Table 2 shows the correlations between exposure variables and angular measures of sagittal
posture in girls. Weight and body mass index were weakly associated with lumbar angle:
r=0.24 and r=0.27 at 4 years, and r=0.28 and r=0.31 at 7 years of age, respectively, all
p<0.001. Fat and fat-free mass, BMC and BMD were also weakly but positively associated
with lumbar angle (r=0.29, r=0.20, r=0.15, r=0.22, respectively; all p<0.001).

Height and bone area were very weakly associated with cervicothoracic angle: r=0.16 at 4
years and r=0.20 at musculoskeletal stage (both p<0.001) for height, and r=0.18 (p<0.001) for

bone area.
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Age was inversely associated with head flexion (f=-5.09; 95% CI: -6.53 to -3.65), and
positively associated with cervicothoracic angle (p=2.85; 95% CI. 1.81 to 3.90);
independently of all measurements of weight, all measurements of height, fat and fat-free
mass, bone area and BMC (Table 4). Additionally, age was positively associated with sway

angle (B=1.43; 95% CI: 0.54 to 2.32).

Boys

Table 3 shows the correlations between exposure variables and individual angle measures of
sagittal posture in boys. As in girls, weight and body mass index were weakly associated with
lumbar angle: r=0.16 and r=0.22 at 4 years follow-up, and r=0.21 and r=0.26 at 7 years of age
(respectively), all p<0.001. Fat and fat-free mass were also weakly associated with lumbar
angle in boys (r=0.24 and r=0.13, respectively, both p<0.001).

Height and bone area were slightly associated with cervicothoracic angle: r=0.17 at 4 years
and r=0.23 at musculoskeletal stage (both p<0.001) for height, and r=0.20 (p<0.001) for bone
area. Additionally, in boys, height was very weakly and inversely associated with neck
flexion, which become stronger with age up to r=-0.16 (p<0.001) at age 7.

Age was inversely associated with head flexion (p=-3.31; 95% CI:. -4.82 to -1.80), and
positively associated with cervicothoracic angle (p=2.77; 95% CI. 1.77 to 3.77);
independently of all measurements of weight, all measurements of height, fat and fat-free
mass, bone area and BMC (Table 4). Additionally, age seems to be strongly positively

associated with sway angle in boys (p=2.44; 95% CI: 1.52 to 3.36)

67



DISCUSSION

In both genders, weight and body mass index were positively associated with lumbar angle.
Concordantly, bone mineral density was also associated with lumbar angle. Height and bone
area were associated with cervicothoracic angle in both genders. Both anthropometrics and
body composition parameters seem more strongly associated with postural angles in girls,
while in boys, age was strongly positively associated with the sway angle (anterior
displacement of the spine over the hips).

One of the main findings of this study is the clear postural heterogeneity between genders,
with girls especially showing higher lumbar angle since age 7. Structural phylogenetic
adaptations of the female spine can justify an increased lumbar angle in girls.% 2* Given that
balance was similar between genders, those findings taken together seem to highlight
different alignment arrangements in order to obtain the same final balanced spino-pelvis.
Concordantly, a gender-specific organization of body segments in young adolescents has
been previously suggested.?> However, our study extended these findings to children for the
first time, which may imply much earlier differences in biomechanical loads perhaps
contributing to the well-known gender differences of pediatric spinal deformities.
Furthermore, age was positively associated with sway angle (especially in boys), while
associations with lumbar angle were stronger for girls. This is in accordance with our
previous postural classifications where pattern aggregations of a neutral labelling were
different between genders and suggested a predominance of increased lumbar angle in girls
and sway back in boys.’

Among all the individual parameters considered, the strongest crude associations in this work
were with lumbar angle. This is in accordance with the key role attributed to lumbar lordosis
within the open chain of interdependence between anatomical regions of spino-pelvic sagittal

alignment in standing position of asymptomatic adults,> 2 as well as adolescents and
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children.? 2 The concept of interdependence between spino-pelvic regions implies that a
change in shape or orientation at any anatomical level will affect the shape and orientation of
adjacent segments, with lumbar lordosis being the key clinical parameter during corrective
surgery planning in order to obtain a balanced and harmonious spino-pelvis.?" 28

In our work, we confirmed body mass index as the characteristic most strongly associated
with lumbar angle. A biological effect of body mass index on adult sagittal spino-pelvic
alignment was suggested to be related with biomechanical constraints induced by higher body
mass during standing posture and gait acquisition in early life, whose influence may deform
the sacrum during osseous growth and affect sagittal standing posture.> ® Adolescents who
remained lighter during childhood had an increased likelihood of showing a flattened lumbar
lordosis and, on the contrary, those who were heavier showed a hypercurved lower back.” 8
Congruent with this mechanical influence of adiposity, our results showed associations
stronger for weight than for height, and were also stronger during walking ages (vs. at birth).
The same direction of crude associations was observed for fat and fat-free mass and these
associations were stronger for fat mass. Furthermore, a correlation with bone mineral density
was also observed. Research on the associations between bone parameters and sagittal
posture is lacking, but an inverse relation of bone mineral density with a flattened posture and
a direct relationship with a hypercurved spine have been shown in the present sample in
respect to postural patterns (unpublished work).

Height and bone area were positively associated with cervicothoracic angle and head
extension. Despite the lack of research studying the associations of height and bone area with
sagittal posture, the observed association can be explained by adaptations to ergonomic
mismatch.?® Taller children need higher thoracic angle combined with head extension to

maintain a horizontal gaze. Associations with bone area can be explained by the high
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collinearity between height and bone area (r=0.76 for girls and r=0.79 for boys; data not
shown).

Despite the low age variability in our study, positive associations with age were observed for
head extension, cervicothoracic angle and thoracic flexion. This is in accordance with
increases in thoracic kyphosis reported to happen during growth.: 2 However, age and height
were also moderately correlated (r=0.37 for girls and r=0.33 for boys; data not shown).

All the correlations reported in this work were weak (|r[<0.31), and associations should be
viewed in the context of high collinearity between exposure variables which probably even
overestimated the individual reported associations. Also, photogrammetry in itself is partially
dependent of anthropometrics of children.'® Furthermore, in the perspective of our previous
findings using standing postural patterns (unpublished works), the weak correlations
observed in this study argue in favor of using patterns as a functional aggregation of overall
posture, following the trend of the most recent research.® 82

Our study showed clear postural heterogeneity between girls and boys in early ages denoting
different biomechanical loads. Lumbar angle was the most important parameter among all
angles studied and body mass index the characteristic mostly associated with it, especially in
girls. There was a predominant role of the sway angle especially among boys, in whom it was
positively associated with age. However, all the associations were weak and it seems that the
study of patterns of sagittal standing posture is of added value compared to isolated postural
measures. Nevertheless, if researchers choose to focus on individual angular measures of
sagittal standing posture, lumbar and sway angles are the best proxies for overall posture in

children on the basis of their relation with anthropometrics and body composition parameters.

70



Acknowledgments The authors also gratefully acknowledge the families enrolled in Generation XXI and the

contribution of the members of the research team and staff.

Funding The funding for EPIUnit was obtained from the “FCT — Fundag@o para a Ciéncia ¢ a Tecnologia”
(FCT UID/DTP/04750/2013/002). Generation XXI was funded by the Health Operational Programme — Salde
XXI, Community Support Framework Il and the Regional Department of Ministry of Health. It has been
further supported by FEDER funds through “Programa Operacional Factores de Competitividade - COMPETE”
and by national funds through “FCT — Fundagdo para a Ciéncia ¢ a Tecnologia” (projects EXPL/DTP-
EP1/0280/2012, PTDC/DTP-EPI1/1687/2014 and PTDC/DTP-EPI1/3306/2014) and by the Calouste Gulbenkian
Foundation. The work of Arauljo FA and Lucas R was supported by the “FCT — Fundacdo para a Ciéncia e a

Tecnologia” (grants SFRH/BD/85398/2012 and SFRH/BPD/88729/2012).

71


http://www.qca.pt/acessivel/english/pos/saudexxi.asp

What is already known on this topic?
- Anthropometry and body composition have been suggested to shape pediatric sagittal
standing posture.
- Body size since birth is associated with postural patterns defined at 7 years of age.
- Bone mineral content and density were associated with postural patterns in the same

direction of anthropometry in 7-years-old children.

What this study adds?
- There was clear postural heterogeneity between girls and boys in early ages denoting
different biomechanical loads.
- Lumbar and sway angles are the best proxies for overall posture in children on the
basis of their relation with anthropometrics and body composition.
- It seems that the study of patterns of sagittal standing posture is of added value

compared to isolated postural measures.
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Table 1 Anthropometric variables, body composition parameters and angles of sagittal standing posture, shown separately for girls and boys

All (n=2117) Girls (n=1021) Boys (n=1096)

Mean SD Mean SD Min Max Mean SD Min Max p
Birth
Weight, g 3151.8 521.5 3102.6 522.6 940.0 5200.0 3197.6 516.5 925.0 4460.0 <0.001
Length, cm 48.6 2.4 48.3 2.4 35.0 54.0 48.9 2.5 36.5 55.5 <0.001
Ponderal index,
100%(g/cm?) 2.72 0.27 2.74 0.26 1.52 3.74 2.71 0.27 1.89 5.11 0.017
4 years
Weight, kg 17.9 2.8 17.9 3.0 11.8 35.4 17.8 2.6 10.4 37.7 0.665
Height, cm 104.9 45 104.3 4.5 87.8 120.2 105.4 45 91.2 120.7 <0.001
BMI, kg/m? 16.17 1.75 16.35 1.98 12.40 28.72 16.00 1.49 11.53 27.40 <0.001
7 years
Weight, kg 27.1 55 27.3 5.9 16.7 60.5 27.0 51 16.9 51.0 0.278
Height, cm 124.6 5.6 124.1 55 105.0 142.7 125.1 5.6 107.4 147.9 <0.001
BMI, kg/m? 17.38 2.62 17.60 2.84 12.69 32.81 17.18 2.38 12.43 29.86 <0.001
Fat mass, kg 7.7 3.4 8.5 3.6 2.8 29.2 6.9 3.1 2.4 24.8 <0.001
Fat-free mass, kg 15.3 2.4 14.7 2.3 9.2 25.6 15.8 2.3 10.0 25.9 <0.001
FMI, kg/m? 4.88 1.98 5.43 2.06 1.77 15.82 4.36 1.75 1.66 14.50 <0.001
FFMI, kg/m? 9.78 0.95 9.47 0.93 7.31 13.90 10.07 0.88 7.80 13.28 <0.001
Bone area, cm? 961.0 64.1 962.8 62.5 778.9 12111 959.4 65.6 705.6 1218.1 0.216
BMC, g 595.8 85.8 591.4 85.4 369.3 935.9 599.9 86.0 360.4 966.4 0.022
BMD, g/cm? 0.62 0.06 0.61 0.06 0.47 0.79 0.62 0.05 0.46 0.81 <0.001
Age, years 7.4 0.4 7.4 0.4 6.9 8.6 7.4 0.4 6.9 8.7 0.487
Trunk angle, ° 204.2 6.6 203.7 6.8 176.8 226.7 204.7 6.4 182.1 226.9 0.001
Lumbar angle, © 279.2 7.6 281.7 7.4 257.5 311.1 276.8 7.1 253.5 299.9 <0.001
Sway angle, ° 164.9 4.7 164.9 4.6 151.9 180.6 164.8 49 148.7 182.4 0.546
Head flexion, ° 74.0 1.7 74.4 7.5 45.4 98.0 73.7 7.8 47.6 101.6 0.033
Neck flexion, © 42.3 4.9 43.3 4.8 29.2 61.8 41.3 4.8 255 59.1 <0.001
Craniocervical angle, ° 148.2 8.4 148.8 8.3 121.8 178.3 147.5 8.5 125.2 178.3 <0.001
Cervicothoracic angle, ° 138.6 5.8 137.0 5.7 116.1 167.2 140.1 5.4 115.6 157.2 <0.001
Thoracic flexion, ° 1.1 4.7 0.5 4.6 -17.0 17.7 1.6 4.7 -14.3 16.2 <0.001
Pelvic tilt, © 130.6 7.3 128.6 7.1 105.0 159.4 132.4 7.0 107.7 153.5 <0.001

SD, standard deviation; Min, minimum; Max, maximum; BMI, body mass index; FMI, fat mass index; FFMI, fat-free mass index; BMC, bone
mineral content; BMD, bone mineral density.
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Table 2 Correlations (Pearson’s coefficient) of anthropometrics variables and body composition parameters with angles of sagittal standing

posture, in girls (n=1021)

Trunk Lumbar Sway Hegd Negk Craniocervical  Cervicothoracic Thor_aC|c o
angle angle angle flexion flexion angle angle flexion Pelvic tilt
Birth
Weight 0.10} 0.06 -0.03 0.02 0.05 0.01 -0.01 0.02 0.03
Length 0.097 0.02 -0.02 0.03 0.03 -0.01 0.00 0.04 0.04
Ponderal index 0.06 0.07* -0.03 0.01 0.05 0.02 -0.04 0.00 0.01
4 years
Weight 0.13% 0.24% -0.01 0.06 0.04 -0.03 0.00 0.03 -0.04
Height 0.10} 0.09+ 0.02 0.05 -0.11% -0.11% 0.16% 0.07* -0.02
BMI 0.11% 0.27% -0.03 0.05 0.12% 0.03 -0.11% -0.02 -0.04
7 years
Weight 0.15% 0.28% -0.04 0.04 0.06* 0.00 -0.04 0.00 -0.02
Height 0.12% 0.09+ 0.03 0.01 -0.137 -0.09% 0.20% 0.10+ 0.00
BMI 0.13% 0.31% -0.07* 0.05 0.14% 0.04 -0.16% -0.06 -0.02
Fat mass 0.15% 0.29% -0.03 0.03 0.14% 0.05 -0.11% 0.00 -0.01
Fat-free mass 0.12% 0.20% -0.03 0.05 -0.06 -0.08+ 0.087 0.02 -0.02
FMI 0.14% 0.31% -0.05 0.03 0.18% 0.08* -0.17% -0.03 -0.01
FFMI 0.08* 0.22% -0.08* 0.08* 0.01 -0.06 -0.05 -0.06 -0.03
Bone area 0.07* 0.03 0.05 -0.01 -0.11% -0.06 0.18% 0.09+ -0.01
BMC 0.09t 0.15% 0.01 0.02 -0.07* -0.06* 0.117 0.05 -0.03
BMD 0.10} 0.22% -0.03 0.05 -0.03 -0.06* 0.04 0.00 -0.04
Age 0.05 -0.07* 0.12% -0.21% -0.12% 0.12% 0.22% 0.16% 0.03

BMI, body mass index; FMI, fat mass index; FFMI, fat-free mass index; BMC, bone mineral content; BMD, bone mineral density.

* Significant with P<0.05; * Significant with P<0.01; * Significant with P<0.001
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Table 3 Correlations (Pearson’s coefficient) of anthropometrics variables and body composition parameters with angles of sagittal standing

posture, in boys (n=1096)

Trunk Lumbar Sway Hegd Negk Craniocervical  Cervicothoracic Thor_auc o
angle angle angle flexion flexion angle angle flexion Pelvic tilt
Birth
Weight 0.04 -0.01 -0.07* 0.00 -0.06 -0.03 0.04 -0.01 0.07*
Length 0.08* -0.02 -0.08* 0.00 -0.087 -0.05 0.07* 0.00 0.10t
Ponderal index -0.04 0.04 -0.02 -0.01 0.02 0.02 -0.04 -0.03 -0.03
4 years
Weight 0.09t 0.16% -0.06* 0.02 -0.06* -0.06 0.06* 0.01 -0.01
Height 0.09% 0.02 -0.01 0.03 -0.12% -0.107 0.17% 0.07* 0.06*
BMI 0.05 0.22% -0.087 0.01 0.01 0.00 -0.06 -0.05 -0.07*
7 years
Weight 0.12% 0.21% -0.07* 0.00 -0.03 -0.02 0.03 0.00 0.00
Height 0.08F 0.04 0.04 -0.01 -0.16% -0.097 0.23% 0.10F 0.02
BMI 0.11% 0.26% -0.13% 0.01 0.06 0.02 -0.11% -0.06* -0.01
Fat mass 0.14% 0.24% -0.12% 0.01 0.05 0.01 -0.06* -0.03 0.02
Fat-free mass 0.07* 0.13% 0.01 -0.01 -0.11% -0.06 0.14% 0.05 -0.02
FMI 0.14% 0.25% -0.14% 0.01 0.087 0.03 -0.12% -0.05 0.02
FFMI 0.03 0.17% -0.04 0.00 -0.02 -0.01 0.00 -0.02 -0.05
Bone area 0.03 0.00 0.04 0.00 -0.15% -0.097 0.20% 0.08% 0.01
BMC 0.04 0.09% 0.02 -0.01 -0.12% -0.07* 0.163 0.06* -0.03
BMD 0.04 0.16% 0.00 -0.01 -0.09% -0.05 0.10t 0.03 -0.05
Age 0.01 -0.03 0.20% -0.13% -0.087 0.07* 0.23% 0.18% -0.05

BMI, body mass index; FMI, fat mass index; FFMI, fat-free mass index; BMC, bone mineral content; BMD, bone mineral density.

* Significant with P<0.05; ™ Significant with P<0.01; * Significant with P<0.001
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Table 4 Linear regression analysis between selected parameters of sagittal standing
posture and anthropometrics and body composition parameters at 7 years of age.

Cervicothoracic

Lumbar angle Sway angle Head flexion
angle
B 95% ClI B 95% ClI B 95% ClI B 95% ClI
Girls (n=1021)
Weight 040 02610054 7, -022t0-0.05 013 -0.01100.27 -0.26 -0.37t0-0.15
Height 020 00510035 ., 01300005 017 00210032 003 -0.08100.14
BMI 080 05310107 5o -04610-0.11 0.19 -0.09t00.47 -052 -0.73t0-031
Fat mass -0.31 -1.19t0058 0.65 0.08to1.21 -0.52 -1.44t00.40 -0.10 -0.77to 0.57
r';a;;?ee 071 -1.68t0027 038 -024t01.01 -0.06 -1.08t00.96 0.46 -0.28t0 1.20
Bone area -0.02 '%'%%jo 001 -0.01t00.02 -0.02 -0.04t00.004 001 -0.01t00.02
BMC 001 -001t00.03 000 -002t00.01 001 -0.01t00.03 0.00 -0.02to0.01
8.47to - 12.4
BMD 8.40 onos 4qp 149610672 57 517103002 -382 -1657108.94
Age 194 -332t0-056 1.43 05410232 -509 -653t0-3.65 2.85 1.81t03.90
Boys (n=1096)
Weight 037 02310051 7. -0.2810-0.09 005 -0.1110020 -020 -0.31t0-0.10
Height 018 00310033 (o, -01310007 007 -0.09100.23 007 -0.04t00.18
BMI 064 03710091 .. -0.56t0-019 005 -0.25100.36 -0.41 -0.62t0-0.20
Fat mass 039 -079t0157 028 -054t01.09 088 -045t02.22 -0.07 -0.95t00.82
ana;;ree 019 -1.04t0143 059 -026t01.44 077 -063t02.16 026 -0.66t01.19
Bone area 003 -005t0-001 o, 00210001 000 -0.02100.08 000 -0.01t00.01
BMC 002 0.002t00.04 000 -001t00.02 000 -002t00.02 000 -0.01t00.01
101 -492to 10320 -13.73t0 11.26 to

BMD 6 2524 010 jomy 38T Togu, 008 11.41
Age 121 25410012 244 15210336 -3.31 -4.82t0-1.80 277 1.77t03.77

Cl, confidence interval; BMI, body mass index; BMC, bone mineral content; BMD, bone mineral density.
Bold type indicates statistical significance.

Weight: adjusted for weight at birth and 4 years-old plus age.

Height: adjusted for length at birth and height at 4 years-old plus age.

BMI: adjusted for ponderal index at birth and BMI at 4 years-old plus age.

Fat: adjusted for all measurements of weight, all measurements of length/height, fat-free mass and age.
Fat-free mass: adjusted for all measurements of weight, all measurements of length/height, fat mass and
age.

Bone area: adjusted for all measurements of weight, all measurements of length/height, fat and fat-free
mass, BMC and age.

BMC: adjusted for all measurements of weight, all measurements of length/height, fat and fat-free mass,
bone area and age.

BMD: adjusted for all measurements of weight, all measurements of length/height, fat and fat-free mass
and age.

Age: adjusted for all measurements of weight, all measurements of length/height, fat and fat-free mass,
bone area and BMC.
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Figure 1 Definition of angles describing sagittal standing posture: (A) Head flexion;
(B) Neck flexion; (C) Craniocervical angle; (D) Cervicothoracic angle; (E) Thoracic
flexion; (F) Trunk angle; (G) Lumbar angle; (H) Pelvic tilt; (I) Sway angle. Dashes lines

indicate the vertical.
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Araujo FA, Severo M, Alegrete N, Howe LD, Lucas R.
Defining patterns of sagittal standing posture in girls and boys of school age.
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Background. sagitial postural patierns are associated with back pain in adolescents
and adults. However, whether postural patterns are already ohservable during childhood
is unknown. Such a finding would confirm childhood as a key period for posture differ-
entiation and thus for chronic pain etiology.

Objective. The aims of this study were io identify and describe postural paiterns in
girls and boys of school age.

Deslgn. This was a cross-sectional study.

Methods. Fligible children were evaluated at age 7 in the population-hased birth co-
hort Generation XXI in Portugal. Posture was assessed through right-side photographs
during habitual standing with retroreflective markers placed on body landmarks. Postural
patterns were defined from trunk, lumbar, and sway angles with model-based clusters,
and associations with anthropometric measures were assessed by mulinomial logistic
TEQTESSIOn.

Results. Posture was evaluated in 1,147 girls and 1,266 boys. Three posiural pattemns
were identified: sway (26.9%), flat (20.5%), and neutral to hyperlordotic (52.1%) in girls
and sway to neutral (58.8%), flat (36.3%), and hyperlordotic (4.9%) in boys. In girls, 2
higher body mass index was associated with a sway paitern (versus a flat pattern: odids
ratio=1.21; 05% (1=1.12, 1.2%), whereas in boys, a higher body mass index was associated
with a hyperlordotic pattern (versus a flat pattern- odids ratin=1.30; 95% CI=1.17, 1.44L

Limitations. Photogrammetry as a noninvasive method for posture assessment may
have introduced some postural misclassifications.

Concluslons. postural patterns in 7-year-old children were consistent with those pre-
viously found in adults, suggesting that childhood is 2 sensitive period for posture differ-
entiation. Sagittal morphology differed between girls and boys, emphasizing sex-specific
biomechanical loads during a habitual upright position even in prepubertal zges.
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Saglttal Standing Posture In Girls and Boys

spinopelvic alignment is associ-

ated with back pain and physical
disability,-* with overall sagittal imbal-
ance showing 3 high predictive ability
for functional loss and dependency in
odder ages.t Sagittal spinopelvic align-
ment in adulthood i the end result of
the complex process of gaining, during
childhood and adolescence, the upright
position, which stabilizes after skeletal
maturity. ™" An initial vertical orienta-
tion of the pelvis oocurs after birth, with
the lordotic curve arising at the lower
back as the child begins to &ssme a
sustained upright position. Then, pel-
vis shape and physiologic curves of the
spine gradually develop with growth
to ensure adequate balance and &n ap-
progriate configuration in terms of re-
sponses o skeletal loads and energy
expenditure 7 For instance, 3 progres-
sive increase in the lumbar angle com-
plemented with a backward tilt of the
spine over the hips is chserved

Estal:llished abnormal  sagittal

Different classifications of sagittal phe-
notypes have heen proposeds1%; these
generally take, as a reference, a neu-
iral postural pattern characterized by
intermedizte valoes of alignment and
representing 3 wellbalanced  spine.
Monneutral sagital postures are then
characterized by deviations from the
neuiral paitern and feature different
combinations of regional alignment
and global halance. Recause postural
patterns account for the potential syn-
ergistic effects of different spinopelvic
characteristics aggregated into 3 unigque
phenotype, they are expected to offer
an advaniage for the understanding of
standing posture. In terms of clinical
meaning, nonneutral sagittal standing
postural patterns have been associated
with back pain in adulthood™ and in
later® and early" adolescence. However,
to our knowledge, dassification of pos-
tural pattens in children has not been
attempied, and whether the division
of people into neutral and nonmeutral
variants ocowrs in the early stages of
life, when extensive growth and devel-
opment of the musculoskeletal system
take place, is unknown.* Therefore,
our hypothesis is that empirically ob-
tained patterns in children of school
age are consistent with those observed

in midadolescence and adulthood in
terms of sagiital morphology, although
less differentiated patterns can be ex-
pected because of the continuing devel-
opment of the musculoskeletal system
in children.

To study early childhood as a sensitive
period for the development of sagitial
postural patterns, it important o fo-
cus on children who are prepuberial
because both sexes at that age are still
largely homogeneous with regand o
sexual and skedetal development—that
is, before pubertal timing begins to
modubaie individual posture develop-
ment." Therefore, we aimed to iden-
tify and describe postural patiems in
T-year-old girls and boys and o explore
their associations with anthropomedric
characteristics.

Method

Partlcipants

‘This study was conducted within Gener-
ation XX 2 population-hased birth co-
hort of 8647 live-bom infants and their
muothers initially assembled from all 5
public matemity units covering the &
mumicipalities of the metropolitan area
of Porto, Portugal, in 2005 and 2006.718
At the birth of the infants, 91.4% of the
invited mothers agreed 1o participate.
Written informed consent was obiained
from the participants. Invitation o the
flkowe-up of the 7-year-old children was
carried out an the hasis of the children's
birth dates, and 79.7% of the children
initially recruited participated in this
wave of assessment. A subsample of
3,005 children consecutively attending
the evaluation of 7-year-odd between
December 2012 and Aongust 2013 were
eligible for posture assessment (Fig. 1
Potential bias was assessed by compar-
ing Generation XXI children who were
included and those who were not in-
cluded.

Data Collection

As part of the evahuation of the 7-year-
old children, data were collected by
frained interviewers in face-to-face as-
sessments. Weight was measured to
the nearest tenth of a kilogram with
a digital scale (Tanita, Tokyo, Japank,
and height was measured to the near-
est tenth of 3 centimeter with 2 wall

stacdiometer (Seca, Chino, Califmia).
Body mass index (BMI1) was computed
as weight (in kilograms) over squared
height {in meters).

Saglttal Standing Posture

The sagiital sianding posture evalu-
ation was performed by quantittive
assessment of photographs of the sag-
ittal right view of children, a method
previously validated in adolescents™-*
and adult=2= and characterized by
acceptable  reproducibility2+% By
extrapolation, photogrammetry is rec-
ommended as the safest method for
postural evaluation in large-scale stud-
ies of children 4% This assessment
occurred between March 2013 and Feb-
mary 2014 (medians of 62 [interquar-
tile range=211] and 63 [interquartile
range=212] days after the evaluation of
T-year-old girls and boys, respectively).
For both sexes, the median age was
7.3 years (25th percentile-75th percen-
tile=7.1-7.7 years),

With doublefaced adhesive tape,
spherical  retroveflective markers (12
and 30 mm} were placed over anatiom-
ical landmarks on the right side of the
child's body: lateral canthus of the eye,
tragus, anterior border of the acromi-
um {30 mm), spincous processes of C7
and T12 (30 mm}, anterior superior iliac
spine, greater trochanter, lateral epicon-
dyle of the femur, and lateral malleolus.
Additionally, a plumb line with two 20-
mm polystyrene circumferences (50-m
distance from each other) was placed
behind children and 50 cm from the
well (the same distance as the right
sicde of the child's body) to allow verti-
cal-angle offset and distance calibration
during the digitization of photographs.
The evaluation was performed by 1 of
* health professionals in a dedicated
room. Roth examiners received sever-
4l theoretical and practical sessions of
anatomy tuition before data collection.

Children were barefoot, were wearing
underwear or swimwear, and were in-
structed to rest comfortably in a habitu-
al standing position with the feet slight-
ly apart, booking straight ahead and
moving elbows forward, as previously
described by Perry et al® to stand-
ardize their positions. Floor markers
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Figure 1.

Flow diagram for inchusion of Generation XX children. The 584 refusals included 252 children
wha refused to participate in the posture evaluation and 332 participants wha scheduled
3 appointments for svaluation but did not keep the appointments ar did not respond to our

invitation after at baast 5 attempts.

alsoy were used to regulate the relative
position of a chikd with respect to the
camera. After the examiner judged that
the wsual upright position had been
attmined, fullbody flash photographs
were obtained with a Canon PowerShot
AZ300 (4,608 % 3456 pixels Canon
USA Inc, Arlington, Yirginia) atteched
tor a Blcme-high ripod placed 200 cm
from the wall and perpendicular o the
child. The tripod was fixed on the floor,
and the soom feature of the mmern
was ot used.

Anatomical landmarks were digitized
with the wvalid and reliable posir-
al wmessment software PASSAPO.T
which allowed computation of 9 an-
ghes and 3 distances describing the
sagittal standing position, in accord-
ance with the protocol suggested by
Perry et al® This protocol prioritizes
biologically redevant measurements
(ie, guantifies the relative positions
of body segments), avoiding the use
of the vertical line reference and,
therefore, optimizing  photographic

reliabilicg 22 Angles were formed
by the lines mced from the labe-

led anatomical landmarks, and the
Zdimensional coordinates of each
marker were used to determine dis-
tances, as cxemplified in Figure 2. All
of the phoiographs were digitized by
one of the researchers who carried out
the physical examinations (FAA, a
physical therapist) in accordance with
specific training to measure angles in
a systematic manner in terms of order
and quality. The zoom feature of the
software was used Freely.

Data Analysis

Interobserver callbration. Fach child
was evahated only by one examines.
Because participants were randomly
allocated to each examiner, differences
in the disinbutions of measurements
were attributed o ohserver effects. ™
Therefore, libration was pedormed
by considering the measurements of
the physical therapist examiner as the
reference, that is, adding the difference
hetween means  obiined by each
examiner o the individual values for
each child evaluated by the second
ohserver—for  this  purpose,  called
calibrated meanres #

Sagittal postural patberns. Trunk,
lumbar, and sway angles (Figs. ZF-2H)
completely  characterize  thorwen
lumberpelvic sagital alignment in the
standing position,” comesponding to
the most relevant sagittal characteristics
evtluated in dlinical settings® and,
therefore, were used to identify postural
patterns.

The calibrated measures explained ear-
lier were wsed o define postural pat-
terms. Because spinal postures diffened
hetween girls and boys and seem 1o
contribute to the unequal prevalence of
postural deformitics in the sexes, 172 we
chose to identify pattems separately for
girls and beoys. Model based clustering™
was used to identify groups of children
whio shared similar postures. This clus-
tering procedure was chosen instead
of conventional hewristic methods be-
cause it has the key advantage of allow-
ing the testing of different variances of
angle measures within and across chus-

ters. In this procedure, prstural angles
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Figure 2.
Definition of angles (A} and distances {J-L) describing sagittal standing posture. (A) Head
flexion. (B) Neck fexion. (C) Craniocervical angle. (D) Cenvicothorack: angle. (E) Thoracic
flexion. (F) Trunk angle. (G) Lumbar angle. (H) Sway angle. (I) Pelvic tilt. (J) Head displace-
ment. (K) Scapular elevation. (L) Scapuler displacemant. Dashed lines indicate vertical ar
horizontal, Defimited angles (F-H) were used in model-based patterns of sagittal standing
pasture.

are assumed to have a multivariate nor-
mal distribution, parametenized by their
means and covariances. The geomet.
ric features (orientation, volume, and
shape) of the distnbutions are estimat.
ed from the data, and their differenc-
es across dusters are tested ™ Initially,
the model assessed as being optimal in
terms of geometric features and num.
ber of clusters was determined to be
that with the smallest Bayesian Infor-
mation  Criterion.”  Additionally, the
choice was also informed by previously
identified patterns at older ages®™: in-
creased kyphosis with spinal backward

tilt (sway), straight spine with forwand
trunk lean (lad), neutral alignment and
balance (neutral), and increased tho-
racic and humbar spinal curves (hyper-
Jordotic). Data analysis was conducted
with R software version 2.14.1 (R Foun.
dation; https://www.r-project.org/foun-
dation/).

Assoclations with covarlates. Associa-
tions between postural clusters and
weight, height, and BMI were assessed
through analysis of varance or Kruskal-
Wallis tests. Age-adjusted odds ratios
(ORs) and respective 95% confidence

intervals (CIs) for postural patterns
were estimated by multinomial Jogistic
regression models as a function of
weight, height, and BMI. For assessment
of the effect of weight, estimates were

addstionally adjusted for height.

Role of the Funding Source

The funding for EPIUnit was ob-
tained from the Fundacio para a
Giénca ¢ a Tecnologia (FCT) (UIDY
DTP/04750/2013/002). Generation XXI
was funded by the Health Operation-
al Programme-Saide XXI, Commu-
nity Support Framework I, and the
Regional Department of Ministry of
Health. It has been further supported
by FEDER funds through the Progra-
ma Operacional Factores de Compet-
itividade, by national funds through
the FCT (projects PIC/IC/83038/2007,
SIRWBIVT2723/2010, and EXPL/
DIP-EPV0280/2012), and by the
Calouste Gulbenkian Foundation. The
woek of Mr Aratjo and Professor Lu-
cas was supported by the FCT (grants
SIRIVBID/E5398/2012  and  SFRIV
BP1/88729/2012). The funding sources
had no role in the design or conduct
of the study; collection, management,
analysis, or interpretation of the data;
preparation, review, or approval of the
manuscript; or decision to submit the
manuscript for publication.

Results

Posture was evaluated in 1,147 girds
and 1,266 boys after exclusions and re-
fusals. Included children were slightly
older than those not included (P<.001
for both sexes), and the mother's level
of formal education was higher for
induded children (median years for
both sexes: 12.0 versus 9.0. P<.001).
Despite these differences, the anthro-
pometric characteristics at birth of
induded children and those not includ-
ed were similar (¢Tab. 1, available at
academic.oup.com/ptj).

Statistical Criterion for

Postural Patterns

Crude analysis revealed very weak lin-
ear pair-wise associations between in-
dividual postural angles (|r|<20; data
not shown) therefore, we chose to not
consider covariance  parametrizations
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that allkowed correlations betwesn in-

! g 4 !‘ % % E 3 % E dividual - measures wi!:hi.n patterns.
However, after comparison of differ-
= |3 |3 |z |=|= enk 5 of metnzatons in our
= 3.- g % 7 |3 % - rum.lnr}plf-rrhcﬂn'rzﬂu smallest Bayesian
¥ 'E Information Criterion was found for a
k] ef mle| I ane-group sohution for all of these para-
5 E g Zm|ha " L] 1 ] ] i metrizations. Therefore, on the basis of
!q R AT S AL bl 5 the statistical criterion alone, the duster
1 == 2% sohution suggested postural homogene-
- H ity. The singlecluster solution seemed
E E . -3 inappropriate for identifying a theorsi-
i L R FlEl e i ically plausible cluster strucure featur-
l: EEEQEEE: :EE 1 ing expected postural variability at the
i‘ Eg = = 9 E = % E population level.
H -
= - Statistical and Theoretical
N1 o=l &% Criteria for Postural Patterns
a-!= N P iy o <=1 We chose the nextbest-fitting models:
;!f ﬁéﬁigﬂ 5 :E'..l. = 2 and 3pattern solutions {with simi-
:i B o E u E lar Bayesian Information Criterion val-
-3 = E ues) in girls and 3-pattern solutions
T in boys (eFigs. 1 and 2, available at
==l Eld academic.oup.com/pl. We opted for
!WQ -l - A EA R i the 3-pattern mode] of equal volume,
Balfn|¥y Ha a2l equal shape, and oordinate axis on-
o= 21 E entation (which assumed different vari
b : ances hetween variables within patterns
i «|5 |5 |8 [E |F|B E- and equal variances between pattems)
.l R vl for both sexes because this model had
T = z a hetter Hayesian Information Criterion
E 2 i ix o= B % than models that assumed different var-
£ - sl|2p|um|2g :""f § in o ;i iances between patterns, The selected
3 ! i Be|Rg|Bx(anlnicd|g models were characterized by average
3‘ FY == E 3 probabilities of patiern assignment of
o ] 6% in girks and 73% in boys (detaiked
-s IE _|* information regarding quality assign-
; i. E 3 E § ment is provided in eFig. 3, available
3 & : a ¥ E g E M E T g 1|3 at academic.oup.oom/ptil. Table 1 and
. FHEE R B o=l . Figure 3 show the feammes of the final
£ ! :i o= £ % Fpattern solution, separately for girls
i = ™ and boys. Additional posteral characier-
B £z i % ization s provided in eTable 2 (availa-
= i I T E EaE ble at academic.oup.compel.
E - R R N T
g. i‘E “”“”'”WEE"E i Girls
- p 5 = In girls, patterns were labeled ax sway
] g {26.9%), fat (20.9%), and neutral o hy-
E ==l § Eq} perlordotic (52.1%). Type 1 was labeled
g Eﬁh?qq"-aﬂ:ﬂ Eg as sway because it showed the larg-
3 !EEEE:E: Tr|elEd ’!E wst tunk angle and the smalles: sway
g o E w %5_ angle, with means of 2111 degrees
> = :E {81=4.4%) and 1612 degrees (51=3.77],
- e 34 respectively. Type 2 was labeled as fat
B Bl |7 |3 . o E 5t hecaese it showed the smallest lum-
- I e |2 |F s |ER 1 bar angle (275.4° [SD=6.00 and the
48 i HE }: 5 5 E ﬁ- 3 largest sway angle (16750 [SD=3.47).
23 £ |3 T [z|as ;% Type 3 was the most frequent (present
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sepanately for girls and boys.

in more than half of the sample) and
showed the smallest trunk angle (199.0°
[SD=4.7*D and the largest lumbar angle
(284.2° [SD=6.5]). therefore, it was la-
beled as neutral to hypedordotic.

Boys

In boys, patterns were labeled as sway
to neutral (58.8%), flat (36.3%), and
hyperdordotic (4.9%). Type 1 in boys
tion as that in girls (trunk angle: 207.7°
[SD=5.4%; sway angle: 162.3° [SD=3.4°D.
However, unlike in girls, this was the
most prevalent pattern in boys (58.8%)
and, therefore, was labeled as sway to
neutral. Type 2 was labeled as flat be-

cse it showed the smallest hambar
anghe (275.8° [SD=6.5) and the largest
sway angle (169.3° [SD=35". Type 3
was much less frequent in boys (4.9%)
than in girls but had more extreme fea-
tures—a smaller trunk angle (194.6°
[SD=5.6"D and a larger lumbar angle
(288.9° [5.2°D—and, thercfore, was la-
beled as hyperlordotic.

Associations With Covariates

In both sexes, chikkren with the flat
pattem were lighter and shorter, with
a median weight of 23.9 kg (25th per-
centile-75th percentile range=21.5-27.0)
and a mean height of 1226 am (SD=5.4)
for gids and comesponding values of

243 kg (25th percentile-75th percen-
tile range=22.1-27.2) and 123.6 cm (5.2)
for boys. Girls with the sway pattern
and boys with the hypedordotic pattern
were the heaviest (256 kg [25th percen-
tile-75th percentile range=22.6-30.4] and
26.2 kg [25th percentile-T5th percentile
range=23.7-30.3], respectively) (Tab. 1),

Tables 2 and 3 show the adjust-
ed associations of anthropometrics
(independent vaniables) with postural
patterns (dependent variables), with the
flat pattern as a reference for both sex-
es to improve comparability. For girls,
after adjustment for age and height,
the proportional increases in ORs per
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Tabla 2.
Adjusted Assocations Betwesn ModslBased Postural Pattems {ependent Yarizbles) and Anthropometrics (Independent Variables) for Girs
Sway Pattarn e Mawtral to Hyparlordetic Pattern
Maasure Odds Ratio® 95% 1 " Odds Ratio | Ddds Ratice® 95% 1 r ~

Weight, Ig 113 1.08-1.18 001 1 1.08 1.03-1.02 a0 =0
Halght, cm 1.03 1.00-1.07 DET 1 1.m 098104 A5z Eull
Bady mass 1.2 1.12-1.29 001 1 m 1.04-11% o .0
Inde, ke

Anformation for anthropometric rnusumm: rnhshgflr

5all vartabrkes veoro adjusted for age b also was

For the: overall best dlﬂmln ratios acros !ywpttnplmmmuaypmnmdﬂwnwﬁmh}pndnm:pmmmm

ol sigrificance (P < .08) for welght and body mass Indesx.

Table 3.

Bfjusted Associations Betveen ModslBased Postural Patterns (Dependent Varables) and dnthropometnics (Indspendsnt Variables) for Boys

Suray to Mawtral Pattarn Fiat Fattam Hyparlordotic Fattern
Maasure ‘Odds Ratins® 95% 1 r Odds Ratios | Odds Ratios® 95% 1 r =

Wlght, kg 1.08 1.04-1.12 00 1 17 1.08-1.25 =00 <0
Haight, zm 1.02 1.0002-1.05 042 1 1.04 no9e-109 79 <0
Body mass 1.14 1.08-1.1 .00 1 1.30 117144 =00 <0
Index,, kg'm?

Anformation for anthropometric maasures was missing for one

“all varables veern adjustod for L also v Lﬂldftfhﬂ%l

#or the overall best of differences In ralios acros "dg'ou ornpartans of the s+ay to neutral pattem and the hyperdordatic patiem redhed

staltstical significance {F < 05} forweight and body mass |

I-kg increase in weight were 1.13 (99%
(1=1.08, 1.19) for having the saay pat-
tern and 108 (95% (1=1.0%, 1.12) for
having the newtral i hyperdondotic
pattern. After adiustment for age, for
a BMI of 1 kg'm?, the Ofts were 1.21
(95% Cl=1.12, 1.29) for having the seay
pattern and 111 (95% (1=1.04, 1.19) for
having the neutral to hypedondotc pat-
tern. For boys, after adjustment for age
and height, the proportional increases
in (s per 1-kg increase in weight were
108 (95% Cl=1.04, 112} for having the
sway o newtral patern and 1,17 (99%
(1=1.08, 1.26} for having the hyperbor-
dotic pattem. After adjustment for age,
for o BMI of 1 kg/m?, the Os were
1.14 (95% Cl=1.08, 1.21} for having the
sway to neutral pattern and 1.30 (95%
(1=1.17, 144} for having the hyperbor-
dotic pattern.

Discussion

In the present study, we identified 3 pat-
terns of sagittal standing posture in girls
and boys of school age that are consist-
ent with those previously described in
achubis, The flat pattern was ohservable

in both sexes, bat the relative preva-
lence in boys was higher, In addstion,
the sway and neutral to hypedordotic
patterns were identified in girls, where-
ax the sway to neutral and hyperlosdot-
ic patterns were found in boys. In both
sexes, the patterns differed acconding
to anthropometric measures—a finding
supporting them as biclogically plausi-
bde types of sagitial posture in Tyear-
obd childdren.

Our types 1 and 2 in both sexes resem-
bled, in their relative features, those
previously described in adulis as sway
(increased  kyphosis with  backwand
tilt of the spine over the hips! and fat
(straight spine with forward trunk lean),
respectively. Our type 3 comesponded o
the neutral pattern (relatively increassd
hembar lordosis and intermediate body
sway) in girs and to the hyperlosdot.
ic pattern (extremely increased lumbar
bordosis) in boys. However, 4 postural
patterns were previously described in
adults (age range=18-48 years¥ and
then were suggesied o be present in
adolescents (between 13 and 15 years

aldl as well™ sway, flat, newral, and
hypedordotic patterns. Therefore, our
type 3 in gitts was labeled as nevral to
hypedordotic, The aggregation of these
2 patterns seemed to result from a larg-
er lumbar angle in gids than in boys
(4.9°; P<.001). In cne other bype, near-
Iy 60% of boys and 2 different patterns
were aggregated; this type (bype 1) was
labeled as saay to neutral.

These findings support the hypothesis
that, when statistical and theoretical
criteria are both used, sagittal patterns
are ohsermble even in eady childhood.
It seems likely that, to some extent,
they will tack over fime, leading to
the patterns described in adolescence™
and adulthood ? Our Anding of a sin-
gle-pattern solution when only sttisti-
cal criteria were applied is in accond-
ance with an initial hypothess of less
differentiated patterns in children, in
which a progressive maturational pro-
cess of the constinsional sygittal typol-
opy is expected because of a stronger
control of saggttal balance as children
gt oo, 7
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Longitudinal studies are required o
confirm that both covariance structure
and number of patierns will change
over time, but our hypothesis is herther
supported by the direction of the re-
laticnships between the ohserved pat-
terns and anthropometrics. In partiou-
lar, an increasing gradient of BMI from
the flat pattern to the hypedordotic pat-
tern was chserved, in agreement with
the increasing gradsent reported aoross
the fat, nevtral, sway, and hyperlordo-
ic types.1000% Furthermore, differences
in BMI across patterns in the present
study still hold after comparison of pat-
terns weighted by the probahility of
pattern membership (data not shownl,
Body mass index is indeed the most
consistent determinant of sgittal pos-
ture development™! because adiposity i
thoughe to cause plastic deformation of
spinopelvic structures in the early stag-
s of life, thus allowing tracking of spe-
cific sagittal patterns throughout life.
Additionally, when we used the sme
statistical as those used
for research with adolescents Gz, hier-
archical analysis by the Ward method
followed by the K-means algorithmbe
separately for each sex, the best solu-
tion was congruent with the resuls of
the present study (data not shown, The
same postural patierns were ohserved,
despite the homogeneoes prevalence of
patterns (varying from 3% o 37%).

In the pres=nt sudy, the neutral o hy-
perlordotic pattern was by far the most
prevalent in girls (52.1%), and 58.8% of
the boys showed 2 sway to neutral pat-
tern. The most plausible reason for the
clear differences in patterns hebween
girks and boys seems to be a true sex-re-
lated hetergensity of postural types in
children of school age. Although in girks
the hypedordotic posture was merged
with the broad neutral type and this
merging seemed o have been driven
by the similar high lumbar angles 21 in
boys the sway and neutral types were
the most similar—probably because of
the predominant backward tle of the
spine in children,” which was ohserved
only in boys in the present sudy. Difl-
ferences in lumbar bordosis between
the sexes have been reporied incongre-
ently,” bt the female spine features
structural phylogenetic adaptations that

muy justify an increased lumbar angle
in girls, 1391273

Concordantly, only a small group of
boys with hyperlordosis (49%) was
identified, and model based procedures
were able o differentiate this pattern,
with a large lumbar angle, from these
for all of the other boys, with a smaller
anghe in the hembar region. Therefore,
we still chose to retain this scbution de-
spite the small group of boys with the
hyperlordotic pattern,

The flat pattem was the only one com-
monly chserved in both sexes, but it
seems o0 have been mone prevalent in
boys than in girls (36.3% vermus 20.9%),
as reporied in adolescents%  and
achubis"** and in agreement with the gen-
eral knowledge that the male spine i less
curved in the lumbar region, 121278

Evidence of the chinical relevance of pos
wmhﬂuqﬂhEu-H,mnﬂ In
achults, beth flat and lordotic poetural types
have been associated with back pain.®
expected o contribute to the mechanical
eticlogy of discopathy, and the hyperor-
dotic type is expected to contribute o ver-
tehral lisghesis 9 In midadolescence,
all nonneutral types wene assodated with
different mesures of badk pain,® and
in boys who were 126 years okl sway-
backed balance was assocated with a
higher prevalence of pain in the low hack
and neck" Follow-up of the children in
our sample to assess the onset of back
pain will be of great value for improving
knowledge regarding the dinical role of
possture throughout life, However, one of
the main findings of this work—the lack
of a newiral varint of sagitial standing
posture in both sexes—emphasizes the
need for cwtion regarding the interpre-
mtion of newral alignment or balance
a5 the ideal wariant in children of school
age—a notion frequently implied in clini-

cal settings 14

To our knowledge, the present study
is the largest population-hased investi.
gation of sagital posural pattens so
far amd the first to focus on children
younger than 1 years. According o
chester analysis, the recommended sam-
ple size would be 522¢ (where k is the

number of input variahl=s¥'—in this
case, 3 minimum smple size of 40—
prowided enough power o iy out
the present analysis. Model based clus-
tering allowed ws o assess the most
appropriate  configuration among 10
different solutions of covariance struc-
tures, wheres previousty wsed™ ' heu-
ristic chustering methods (Ward method
and K-means algorithm!  considersd
wnly 1 restricted covariance stracture

Conceptually, sagittal patterns are an at-
tempt o categorize 2 continmm of the
postural spectrum. Classifying children
imbey rrnstually exclusive dasses may kead
i some misclassification, especally if
children show a combined disrbution
of individual postural angles that is com-
patible with more than one pattern, For
example, children dawified as having
the flat partern still had a 31% average
probahility of being cassified as hayv-
ing the neutral in hyperdordotic pattern
{girls) and a 25% average probability of
heing dassified ax having the sway o
neutral type (hoys! (2Fig. 3. Neverthe-
less, our statistical approach alkowed ws
oy uandify uncertainty for each pattern
assignment; this approach is particular-
Iy wsehd for modeling sagittal

within a probabilistic framewords. +

Finally, the use of photogrammetry to

assess our major outcome may have
introchuced some misdassification be-
cause of systematic or random dif-
ferences in the placement of markers
hetween and within sxaminers, which
can depend on children’s anthmopomet-
ric characteristics; for example, kower
accuracy in pelvic anatomical identifi-
wation can ocour in children with high-
er suboutaneous adiposity.® However,
thess issues were not expected o com-
promise our findings for several mea-
sons: systematic differences were ac-
wounted for by quantifying the distnes
hetween the children's values and the
average values within each examiner's
distribution; consistent statistically sig-
nificant associations herween weight
or BMI and postural types were il
ohservable in both sexes; and we con-
firmed the validity of proposed patterms
against postural measures not used in
the duster solution and expected o
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vary across clusters (as shown in eTab.
2. Frominent lindmarks were used o
obizin these postural measures; there-
fore, they were not expected to be as-
sociated with the acouracy of lindmark
identification, Additionally, we identi-
fied 3 main patterns that were cleardy
distinct from each other (differences
varying from 6.3 to 13.1%); the mndom
error of the meawrement method was
estimated to vary between 3.5 and 6.7
degrees.® Furthermore, sagitial pos-
fure assessment by photogrammetry is
well recognized as the safest available
method for the postural evaluation of
children, 1242

We identified a meaningful summary
model for the distibution of sagital
standing posture in gids and boys of
school age. The patterns were consist-
ent with childhood ax 2 sensitive peri-
od for posture differentiation. Howey-
er, postural dichotomy (neutral verses
nonneutrall dearly did not apply o
children, and  substantial - sex-relat-
e heterogeneity in the features and
frequencies of different patierns ex-
isted among children of school age.
These findings highlight the potential
for sex-spechc biomechanical frame-
works of spinopelvic structures dur-
ing a habitual upright position even
in prepubertal ages, implying different
hiomechanical loads and perhaps con-
tributing o the wellknown sex differ-
such as higher frequencies of scolioss
in girls and Scheuermann disease in
hoys.
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eTable 1.

Characteristics of Children Included and Not Included in the Study=

Characteristic Girls Boys
Included Not Included | P Included Not Included | P
(n=1,147) (n=3,089) (n=1,2606) {(n=3,145)

Age, yb 8.3 (0.3) 8.6 (0.4) <.001 [8.3(0.3) 8.6 (0.4) <.001

Maternal education, vy 12.0 9.0 <.001 |12.0 9.0 <.001
(8.0-16.0) (6.0-12.0) (9.0-16.0) (7.0-12.0)

Birth weight, g 3,097.3 3,087.2 584 3,195.3 3,208.9 448
(528.3) (531.2) (523.7) (546.0)

Length, cm 48.5 48.5 .689 49.5 49.3 .b59
(47.0-50.0) (47.0-50.0) (48.0-50.5) | (48.0-50.5)

Ponderal Index, 2.74 (0.26) 2.74 (0.32) .806 2.71 (0.27) 2.72 (0.26) .507

100x=({g/cm3)
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= Age, hirth weight, and Ponderal Index are reported as mean (standard deviation); maternal education and length
are reported as median (25th percentile-75th percentile). Missing information for girls: weight (n=1), length and

Ponderal Index (n=35), and maternal education (n=22); missing information for boys: length and Ponderal Index

(n=38) and maternal education (n=34).

5 June 30, 2014, was used as a reference.
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eTable 2.

Postural Measures Not Used in the Cluster Solution Across Model-Based Sagittal Postural Patterns?

Measure (°) |Girls Boys
All 1: Sway |2: Flat 3: Neutral to (P All 1: Sway | 2: Flat 3 P
Pattern |Pattern |Hyperlordotic to Pattern |Hyperlordotic
(n=309, |(Nn=240, | Pattern Neutral |(n=459, |Pattern
26.9%) |20.9%) |{(n=598, Pattern [36.3%) |[(n=62, 4.9%)
52.1%) (n=745,
58.8%)
Head flexion 4.4 | 74.7 73.1 74.8 .008 73.7 |74.3 72.8 73.7 .010
(7.8) |(7.4) (8.0) (7.5) (7.8) [(7.8) (8.1) (7.9)
Neck flexion 43.3 |45.1 43.7 422 <.001 41.4 |42.0 40.8 37.9 <.001
(4.9) |(4.8) (4.7) (4.7) (4.8) ((4.8) (4.7) (4.2)
Craniocervical |(148.8 |150.4 150.5 147.4 <.001 147.6 (147.7 147.9 144.0 .003
angle (8.3) |(7.9) (8.4) (8.2) (8.5) ((8.5) (8.5) (7.7)
Cervicothoracic|136.9 |136.7 139.9 135.8 <.001 140.2 (139.4 142.0 135.5 <.001
angle (5.7) |(5.7) (5.4) (5.5) (5.5) [(5.3) (5.3) (4.8)
Thoracic 0.5 2.0 3.9 -1.7 <.001 |1.7 1.7 2.9 —-6.5 <.001
flexion (4.6) |(4.4) (3.4) (4.0) (4.7) [(4.3) (4.4) (3.7)
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Pelvic tilt 128.7|132.2 132.8 125.2 001 132.4 (134.7 130.0 121.6 <.001
(7.0) |(6.8) (5.6) (5.7) (7.0) [(6.4) (6.0) (5.8)

Head 8.7 8.9 8.5 8.6 .001 |8.3 8.4 8.1 8.1 <.001

displacement (1.0) ((1.1) (1.0) (1.9) (1.0) [(1.0) (1.0) (1.0)

Scapular 0.0 —-0.1 —-0.3 0.3 .001 (-0.1 |—-0.2 —-0.1 1.1 <.001

elevation (1.4) |(1.5) (1.4) (1.3) (1.4) ((1.4) (1.3) (1.0)

Scapular 9.9 10.2 9.4 9.8 .001 |9.9 10.1 9.4 10.1 <.001

displacement (1.4) ((1.4) (1.5) (1.4) (1.4) |(1.4) (1.3) (1.2)

= Data are reported as mean (standard deviation).
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eFigure 1.

Bayesian Information Criterion (BIC) for models considering different
geometnic features (onentation, volume, and shape) of data
distribution according to number of clusters, separately for girls and
boys. The plots depict the BIC value multiplied by —1. Ell=equal
volume, eqgual shape, nonapplicable onentation; ViI=variable volume,
equal shape, nonapplicable orientation; EEI=equal volume, equal
shape, coordinate axis onentation; VEI=variable volume, equal
shape, coordinate axis onentation; EVI=equal volume, variable
shape, coordinate axis orientation; ViI=varable volume, variable
shape, coordinate axis orientation; EEE=equal volume, equal shape,
equal orientation; EEV=equal volume, equal shape, variable
orientation; VEV=variable volume, equal shape, variable crientation;
VWW=variable volume, variable shape, variable orientation.
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eFigure 2.

Classification for the final 3-cluster solution considering equal volume,
equal shape, and coordinate axis orientation (corresponding to
different variances between variables within patterns but similar
variances between patterns, with a covariance between variables of
0), separately for girls and boys. The ellipses correspond to the
covariances of each estimated pattern.
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Distribution of posterior probabilities of the occurrence of each
pattern according to the pattern assigned (most likely occurrence),
separately for girls and boys. IQR=interguartile range.
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fancion )

In the fiem monchs dier binh, profound
marpholngical changes e pebis and
spine @ke place® *F There & 2n inldal vend-
cillsalon of tie pelds, Followed by the rsing
o 1k lordotlc curve o e lower back as the
dulld begioe 0 amame 2 mepined uprgh
poalcion, leading che saonam e 2 more hard-
ot posidon * Then, a5 walking abilldes are
snoquired, coemnt dynamic adapacen okes
pace herween pelvis shape, agiosl ameamy
oF 1he moum and pinslobegicd curves of
e =plne, murwmm?mnmmpmu
Inaeran during growik
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Open Aooess

Chikiren’s ambiropomery I sxpeoed i oonrbae
w the mechankal framesork of posiure modulalon,
chat bs, wedghe and helgin modulae grviaoml aolons
and regubes (e ne direcdaon of borces Imposed oo che
Immauure spinopehic sruomrs. ' Pasic deformaton of
banes, discs and coher spinal sinscomres can ocou, ' s
2 remly of reactve forces by muscles o ersare 2 sable
centre of mass '

Owverall, whers s wrong biomedianicl suppon for
the vpothess thar children’s anthropometric myjeoio-
rles fove the powendal o shape posiorl morphonpes.
Hiowever, (s has never besn empioclly wesed inoa
pasdbric populadon. Longlmdinal, populadkon-bassd
evidence 1 meenlal i amess the poiendal efeos of hody
slre In promotng 3 heally posire, and alsa, w0 klendiy
peeriods In chillidhood when prevendon and managemend
of weight disoeders may be mone sfeahe for aeokiling
longeme muscukaskesnl ConsEUencEs of  posmre
misllgnment In ler 1k

By using peroepesclee daa from the Cenendon XX
binh cohan, owr 2m w0 edmae Be asoculons
of by size from birth onwards wiih ssgioal poscurl

[ELLIETE AL agE 7.

METHIDE

Thls sty |s based on che popubdon-nesd hinh cohon
Generadon XXI, which b been previously described a
lengih. ' ' Brisfly, panicipans were recnsied besseen
ZUMES ] 20065 a0 five pashlic mawernicy wnios serdeg che
sz municpalides of the mewopolan arm of Pono,
Porusgal /s bimh, 2047 Infanes were enrolled In the
cohorn (214% of mochers Invied agreed wo panddpae).
Four amd Tymrs 2er birch, 895 and B85, respeoivey,
of all children recnafied 3 birch wene resalooesd by
Bceceface Imerdess and physlcl examinadons. Dudng
the Tyearoll fllowap, 2 sbsample of 2608 dhlldren
conseoudwdy amessed berween December 302 and
Auggus 21K, and withaur 2 dizgmosls of svere newnnlhng-
lcal Impainmend, was inviied for segiual sanding posure
evihouion, (4 tose, 80%. agresd oo pandcpme and
aupemded the scheduled asssmment Adver mocuding 118
girls and 165 bms wilh missing Informalon oo andim-
pomecrics, 1020 girls and 1101 baoys were Induded in che
presem anahsls. The Cenercon XXI cobon sudy was
approved by e Echlcs Commines of 530 [oko Hosplod
University of Poro Medicl School and complies with
the Helsinkl Dedaralon for medlcal reseanch and wiib
currend natonal beglstudon, aod was o approved by
the Nabomal Commines of Dua Prosscdon. Wrioen
Imformed comsent was ohedned from all parencs or Ll
peurdians.

Birth weight and recsmbem lengih o binh were
revriewe] Erom medbzl reconds by crined nesechers.
Fandenl Indu Wl r.'hm compued (weighe In grams,’
lemgth In cm “wio0).” Addidonall, welght and heigha
wore amessed Al mean ages (S0 43 (08 and 7.1 ({LTy
vears. Welgho was mensured In ligh Indoor dothing w

8
the nezrest 0.1 kg wsing 2 dighal scale (TANITA) and
hedgh oo e merest lom using 2 wall sadimeaer
(SECA). Body mass Index (BMI) was defined as weigii In
kllograms divided by g ln squarsd mere.

Sagiuml samding posiure ealuaion [n boh genders
nocarned an 7.4 vears of age on aversge (S 04}, 0w 420
ko W the antropomerrc eviluulon (508 of chil-
dlren evaluasd wichin 8.5 days). Sphericl reronslecdve
markers were placed over anuomicl andmarks on e
righa side of e child's body: spinows processss of CF and
TIZ, aneror napedor 10 spine, gremer rocdoner and
lueral mallemus. Children were [Esirucied i resd omion.
ahiy In habdmal sanding posldon with fee sligiuly apan,
Iooking swralghs ahead and moving elbows fonean ™ ®
Floor markers were used i smndandise dilkdren posl-
toning. Full-body Aah phoangrapke of (e sl dgh
wlew of chilidren were tien aoquired, after the examiner
Juikged than the usinl uprigha posldan bl been accined.
Angular mezsures fommed by the Unes doen from e
anuomic landmarks were ul:u.:.l.nn-:l using che posiursl
asesment softere PAS/SAPO™ trunk, lumbar and sy
angles (Bgure 1} These Individual parsmeters were wsed
1o define p-muu'.!] I:ll:ll'pl:lnt‘l"pﬂ tarnggh the dusedng
gorithm "!II:Il.LI. and a threepauern solucon was
obzinesd separmely for girs 2nd boms ™ The geomeric
feamres (orenomion, volume and shape) of e -
hustlons of posunl parimesns were sudmaed from e
ki and allowedd i vary bepseen cluseers of consurslned
o be the same For i the dusierss ™ We then seleaed e
ype of model and mumber of dusiers with the smalieg
Bayeslan Informaton Crieerion {1C)™ This dusering
procedurs was chosen Insesd of the convendoosl
heurisic meshods™ “ = because i has the key avan.
cige of allowing bor esing diferen wrances of angle
mezsures within and acroe dusen.

In this paper, we replicusd che thres-panemn soluclon
uslmg (e aodpwaare Miplus VB 12 [Mutheén & Mukn, Los
Angeles, CA, USA), becume the previousy used dus
tering algorichm In the B packege Mdus does nol alkow
Join estmacion of posmural cuseens and chelr zsociadons
wiih aniropEmetrks In the mme model. Thix ooesuep
approach wis uesd 0 aooound for unceraing in e
algmmend of panemns and consequendy o oboin unhbi-
mdtﬂmm:inﬂhnmdﬂun hepwesn ambrapom e
and PIH.I.I.I"I' Speciiically, fee lapem prodlle models
{diberenl  paamsrdodee o  vardance-oearkince
macricesp were iesed 0 Mplus, wich 2 Qxed deeee-chss
saliwdon for each gender. We sdeaed the model Wil he
highest concordance {ohssresd Erreemenl) for paem
sl grumend omm pared with the sodudon previousdy found
In Mchsc ™ Onverall, concordance was 0% in girs and
7% In bms {dewlied Informadon provided 1o cnlloe
supplemenary @ble 515,

To quandly the aseoclulons of weight, helghalengh
and hody mass, ponideral Index 2 birch, 4 and 7 pears of
pe with posmunl panerns, we remn e sekeoed models
simulmneousty using muldnoamial logisdc regression
(e, Inchoding anchroquimeirics 2 predicors of posiiral

bt ol ! AR O X0 T-7-a0 M1 2. kA D 1 - A B LM €7
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15 Open Aooemss
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Trunk angle Lumbar angle Sway angle
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process of C7
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Figure 1 IndMcual angular mazsures ussd 10 identy sagittal postural pattems [Using Mpius iatet profia anaiysis).

lavem prodlles). Since ahe dsrbodons of anchrogpe-
medc variables donge commlderbly durng dalldhood,
wilgha, heighy amd B0 were sandariied within eada
age through recore wanshormadans, by summoing the
meEn value In e smple from eady Indivdual's wlue
and divding e resul by the sampde S0 unls for -
datons are presemied per S0, Esdmaes a zge 4 were
ajumed for hirth mezuremens, and smaces aage 7
wiere arijusiedl ForimEsrEments i bink and 4 yers, g
ls, welght esdmaces were adjusced For previous mesire-
mens of welzht and simibrty for beigho and BMIL

EESILTS

There was no asocladon bepepen Induskon o dhils sy
and anchropomesrc dhaanedsdo a0 bnh, Hoseeer,
Induded girls and bove were lighaer and shorer dman
those not 3 4 and 7 vears ol (mean diference (959%
)} -0.2%kg (058 wo 05, 040 kg {-LEL w 000,
ko (=102 po 0280 and 02 om (B3 o 000
Im girls, amd 0062 kg {-0U53 1o 004, <081 kg (-1.20 o

0188}, ~Bdom (-1.21 w048 and -058cm (<0592 1w
0115} In by, respecdveh:

Identification of postural patierms

Individusl angular mesars were different bepween
genders (muldvaraee: snsiysls of varance, poho0l) wilk
e main diference belng bigher lower crunk ncling-
taon,Tumbiar angie In girs {4.50°, paliinl).

In girls, the sleosd model v e one residolng
varance of angular mezsares o be e same within
pawerns (ldemdey coardance max) b allesing chem
o vary s pacems, while homogensous varkince
wa onesirained only aches pEems i boys (dhgon
marrixh. The Fverge ben dass probabillds (for e
meed Bkely Duent das membendlp) varded beoween
078081 In girls and 0 TZ-0.A80 In boyvs. Figure 2 displas
e femures of e chree posmral paerns 2wl angular
vatlues are provided [ callne supplemencry ahile 52. The
pawerns were charzcerised w: increased irunk angle with
hackward dic of e splne over the hipe—decreassd ey
angle {wy In girs and sy o newral’ In bms given e
high gender-spediic prevalence of thls pawern); siczigho

Ao 4, ol L o ;70 541 2. AL 1 SEmimon 25 - 002
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Figuro 2 Box plots showing T distibuwtion jmedlan, 1OR and rangs| of cach separTie posural angla, standardsed 1o hava 2
miaan of o0 and B0 of ona, aooss sagitial standing posiural patiorns, shown separataly for gids and boys.

sping with forwan] tank kan—Inoeassd sy angle
(L pawem o bot genders); relmivey Inoresed lower
crumk Inclinadon amd Imemmesdiae hody sy (nesl
o hyperiondodc’ panermn in girs) or moremely Increased
lower crunk Inclinadan (hyperionlolc paesm n o).

Tabke: | 2md Bgure 5 show decrpove analysss of the
averEge aniropamerric chamoersdo a bnh and z7e
4 amdl 7 vears coonilng oo pendcipane mos Dkely clas
wmgmment (R and respeolve 95% 01 for e assoda-
dons hepsecn anthropomemic s and posure are
shawm In @hie Z, wing che sway and ‘seay o newral’
pRoems a8 reference geen chelr mermesdiae ovecall
anthrapomierc prodle

Girks

Girls wich the bowes aversge weigin an all ages helonged
more frequendy 1o the B panem e 7. Higher welgha
ar b was amacianed wich che swary pauern, while higher
welgha an ages 4 amd 7 was reaverd wich 2 “newcrl oo vpe-
lordodc” purern. Per one S0 Inoreass In welgin u birch,
the ndds of 3 A panern compared with sy conged
by 088 (959 (1 058 o 088}, This ssochclon beceme
sronger Wik zge, wich an OF of 0.98 (95%, CI 001% o
0685 & age 7. The same direcdons of asodadons were
otesreed for boddy mas/poaderal index, wih an OR of
B8 (054, CI 051 w0 050) for e comparsd w4 sy
pRoerm per S Inoree (o Weh weigho and 0.3 {95%
(1 21 vo 050 per S0 Increee Inowsgh a7 Lower
beighe was odeesreesd In chlldren with che [l paoem, wih
mean (50 height @ age 7, 122 45am (4.91) for che Fa,
12300 om (5.25) A che ‘neuccl o hyperiondmic and
1230om {5.08) for the sy pacern. Tallsr girs were
2% 0% b lkety 1o develop 2l panem a age 7
etk 080, b chese assocQuoions were weker Chan chose
Far meighr  AML

Boys
A In girls, higher bink wegi in b = asocesd wii
e ‘sway o neulcl” pacern, while che highes weight
unereafier wias shown for thoss 2signed o the hyperdor-
doalc parern. Per 8D Inoreses In welgha, the OR For 2
N pauern com pared wich sway, neucral was 0646 ar bink
and 033 a7 vean old. The ame deoresing rend for
e fa ovpe was ohsereed In body mess/ponderal Index
wiih the O being sronger tian for welght. Bovs wha
were horn Wil bAigher pondenl Index were mare Bkely
1o bee che hyperiondodc paem (OR=1.44 per 0.Z7g7
oo, peik049). Regarding lengrh, helghe, boys showing 2
‘pey i meurl” panern were born 0.950m longern, bu
unae algned oo 2 hyperiondodc moerm rech 2 similar
suare a4 years old and were Lodom @llera 7 vears Hd,
while shoner bays a birch were more lkely coshiow 3 Mo
paern {O=0055 per S0 ﬂ.d'ﬂ'm];p-l:l.l:l:l”.

Semstiviy maysE

Similar @soclialons hepween anchropomesry amd sagiosl
ot weere pbaerved after rearkcdng the semple o chil-
dlren asshgned co ke same posiural paern inboch Mplus
and Mcluse (ooline supplemencary cble 53). Addicon-
ally, sensliviny anahvaes excluding (vins (girs: n= boyr
n=43} 2 chikdren bom small or large for geacin
age”™ (ymalt n=153, tange: n=45 In girs; small: n=1%,
large n=27 In bovs) and also Incheding adjusement for
Fescatlonal e a birch did nou chamge e prevous
overll pareme of Esodadons. Funbemmore, socloeco-
nomic condidans a2 Mrh were nod cdeardy asocaeed
with posusral pasems a7 yeas old (maemal edoc.
ton: pe=0.163 In girs and p=0.074 In bovs; hoesshold
Imcome: p=04%G In girls and pe0.038 In boys). There-
fore, we opied mow i Indude them as confousders of
the retmionships berween anchropomesircs amd posuaral
[RUAETE.
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DISCUSSIN 2 hyperiordouc poswre. Oty ane other ressarch group

In this populadan-bassd binh cofon we amlyed the

wnciulons of anihropomerics a0 d@ifrenn sges durdng
childhomd with siginal posners ar 7 vears oid. In boch

genders, children who remalned Hghoer fBad an Incressd
Ikedlhood of 2 fa posiure, and (ls rebdomhlp became
sranger with Inorezdng age. Conoondandy, belng heder
a4 and 7 vears old was asspoined with 2 posmure chor
accersed by Increased lower mank Incllmdon lembar
angle "nEucrl o hyperoododc’ in girs and hyperiondols
In by, Shoner girls wended o presen 20 posne and
cller b 3 Inperondodc moem

Thiz I3 the Ira sy ealuming che role of andrm-
pomecic dhERoedslo from BWeh and  darogime
childhood n saping sanding pesusrs organisadaon. Jur
Andlings showed Cha adipoalry was Inversely rebesd with a
Aauened sping, and concananchy, dinsoly asodaed with

ehmed the relaion berseen anthropomeno and
paerns of smnding posuars bfore skelecl mamdy Is
reached, ! ™ and crosseciional anabyes have shosn goo
liyrarold adolescens with a Bu panern had the bowe
wrighy/BMI, while thees In the vperbordoadc pauem
were the faes.” Similarty, chifdren in the fa pausm
e frequeniy belnnged w ascending, high or wery high
trajemories of hody stee defined from 3 w14 yas ofage,
whiks those In the hypedonloilc pauem were @ higher
risk of stkring orerwelght craleciodes.

(Imlficulon nems o sxgiual sanding posuure
have been amempued In voung adalescens girs™ and
h:'ﬁ.ha]'h“I.mm Far the defiri-
don of posural paamsens precdude comparisons wilk
ouar work. Pardoalarky, chilldren have been dasdfied uslog
2 three-podne Liken scle of unommeoied. posure based
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on the hodzonad deviadons of four body landmarks In
respect to a vertcal Une™ and three global pateres (based
on three angles with respect so the verdcal) wich diferent
mqnlmdeofmlni(unubdmwnlunach
pum-m m:ppmthwmoddpmnnlpmm
following three criverta: (1) 10 use posuryl parametens
as concinuows varkibles 28 2 bewer repeesencudon of the
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charactaristics at birth and agos 4 and 7 yoans across sagetal

namral spearum of posure, (Z) 1o search for vardangs
comnparable with those published In adolescenss and
adules, In 2 e coune perspeaive and (3) to use 2 model-
based method thau aliowed for wsing diSerent vasfances
of angle measures within and acoss dusiers. Neverthe-
lqompmmmmmmﬂcuoxmmmmm
Dolphemldl ulmreg:mlngunumemmm
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EMI, body mars Indax.

alignment cleslBcudons: nerl, sy ok and leaning
Forward. In comperison 1o our clssflcacion ami fosing
on hr femarss regamiing cthe seany angle, hmse =k,
0 3ONEE EX1end, onTesporid o e neuml, sy and A
pamems, respecche
Our resules during childhood are slso oonsl=end
-uhmnumlﬂiﬂrglnﬂmpnpuhumuh'
ngrzesdng tua bigher sdiposicy levels during che devel-
CUmENL O poswre s crckal for cheshape and arleniacion
of ihe splnopelvc undl, and Implying 2 role of anthro-
pomearos o ardy ages Inoshaping overll poswural
pawerns durng adubibood. In adules, boch 2 anensd
or hyperourved posnere gencraly repressnl a poor
postural brahh smos oo the basls of thelr reladon with
back pain"' ™ and also by conuribuing 1o the astology
:ﬂm&mimmmﬁﬁm
VETLE lzheals, I'ﬂ#ﬂ:ﬂ'l'l:h' 0 Conrs
with tater siages of e, ™ ™ ™™ 2 neurral labelling was

nol considered appropriae oo chamcieriss peosuaral
pacierns In chikiren, bul ooo-klel pauerns were
Arexdy diFerenlacsd In chikthood (fa and hyperlaor-
dathc], amd Ir seems plzusible thar ithey will progresshely
marwre amd panially vack oeer e life oowrse. 1o enms
of the dinlcal Inemprecalon of owr Andings, we may
peostalze than low birch weght may conoribme o fa
back tnar then mzy Increase chee sk of Idiopaihic soml-
als,' while higher weight at 4 and 7 vears of age may
comarbuce wr a hyperlordols posure thar ihen may
predispose o Schewsrmann’s kyphasls.

In both gemders, ambropomerc chamoensdlos a
g 4 and T were more srongly assoclaved wich paosiare

& 7 ihan body slze au binh, 2 refiecied by the age-re-
laresd Increase In che magniusde of asodadons bepeen
welgin and ihe Ma panemn, and aka, the asocladon of
welgihn with Increassd lumbar curve observed ondy ac
ge 4 amd 7. Previous smdles descrbing che changes
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Open Acoess

In sagiual posmre throsghour differsor scages o
gromh,' ** highlighued the pocencal effect of morphio-
logicl anthropomerric-relaed changes 1o be gronger
during walking ages and poremdally hadng 2 cumula-
thve mechanical effece over dme, Owr obssraubons a
diiFerent ages In childbood suppor 2 cemuladee resulo
of welght bearing on spinopebis snucounes, amd i
I= the rezson wiy our work feoused oo Tvear-ald chil-
dren. Although mos changes In segiosl poscure oooar
during the fire monchs aver binh, wich the aoquisl-
ton of upright posion and walking abilies,”" " It 1s
Imporaal i dlow giglual cwrves o develop during
growih throwgh the InBusnce of spedflc ambropo-
mewrk mechanical eevironmend and allow tha @iFerend
miorphorypes could be disdnguished wichin che sample.
An addidonal major concern was w0 on prepa-
bee=nal chikiren vo ensare homaogensny wiib regard oo
sexual developmend ™

Alchough helgho was assodiaed wich posncal pareerns,
associmlons were gencraly wember cthan Bor welgh
Conseguendy, tee lawer seems oo be the madn driver of
the direcrien amd magnlmde of the assnclulons seen for
BMIL, as expecied bora mechanicil mechanlsm. However,
this was oo the cse For the hypedondodc pacern in
by, wheere Bielght showsd 3 sronger @socadon with
posuure than weight. Thix pardosiar relukon bepsween
helginlengih and the hyperlordedc pacemn may be a
CossqEnCe oF an anerkor disphoement of the cendre
of graviey relacsd vo an Imcreased wegho of the upper
boddy 28 the child ges older” To ressabiish 2 sable
basls of =uppon, e lumbar curse Increasss by means
of higher vereebral growih, reflscesd o hedghe, and
Lhix meﬂna.num seems 10 be respansdble far resworing
sagioal balance.’ In agreement with thix fvpochesls, the
Ivperiondiic paceern was charceenssd by 2 subscn-
clzlly Increased lowsr crunk Indinalon/lumbar angle.
However, thls sudy was oo dedgned o lvesdgae
this pauem-spedilc asodaclon, and che ussulnes of
lemgth,/eight 1o predice the presence of this pandoular
pawem In schoolaged bovs dessrves fuoune specilc
explrradon. Inieresalngly, e ame average Boending
crajecoony of welgho In che Evperiondocc paucern in boys
wins odiserved for the ‘newral s hypedondolc” pacem
In girls, even cthaugh wich ks exireme values of weighl,
whilch suppors 2 funcional aggregdon of neucral and
Ivperinrdocc posnwres In schol-aged girs.

Some Bmiculons of chis work should be highlighoed
Children from the origingd cobon nod Inclisded In
thix mudy were heavier amd ller durng the 4 and
Tyear followap. Blas of our analyds 13 undikely, as
the amocduion berween anhropomery aml poswurl
pawermns s wnllkely e differ berseen Inchsded and
excluded children. Ahbough phowogrammedry 13 the
safest avallabie method for posmnl evalodon of chil-
dren," "™ ruttographles direaly allow us 1o mezure
spinal curvaares and are the gold smndard which
would have allowed more robus concusions. More-
ovpr, desplos our effons o scandirdse e podidon of

8

the body amd of the arms In panioular, enough v
ahilliey mary haee remalned cha could have Influenced
urunk posiclon and cherefore overll sagioal posuare.
Addiclonally, the presen postural paerns have oo
ver heen reproduced In ocher amples, and iberefore
fure research & nesded o condlnm valldalon of itbe
peosiaral classiiadons. Furthenmore, kuem proflle
:.nand: Im M plus was peerformed In this sudy alchough
Mclust” has hutn previousty used for posiural paners
idenufcuon.” Since the pe rJu.m:rIn;g methods use
d¥Ferent estlmaton :jgurlmnu, caslicudons were
nol compleely overiapping (ondine  supplEmeniary
1abile 51). Howewer, the soladons berween che peo clus-
Lering algorichms have been Indually compared: while
the same thres-paern soluchen was ohodned 1o boys,
for girls, Mplus suggesied pve and Moust chree paners
{bamed on che smallea BIC). Bassd on pacens” Inaer-
prebiliey and slso becuss Mplus solwdon sgregaes
1w of ihe chree groups suggesied by Mol we opled
v mee three class midels For both o replicie
the soludon provided by Mclus.™ Desphie chis, oar
conclusions shoukl oot be meaningfully affecied dnce
2 good concdance berveen fnal models was ohained
(270}, 2 well 2s comparable face validiy of panems
i, iaelr posoural meanlng). Owr Andings were Funther
supporied by =ensichvioy anaiyvsls rescricied o children
axgned w e szme posturl pavern In boch Mplos
and Miclus, as shewn in online supplemenary mbie 55

Thiz Ix the Am sty calusing e ssodaion of
different mezares of Ebropomery =wl pasure o chil-
dren, uming 2 large sample of children recalied Erom 2
populadontassd cohon with oonsidershie varihillcy
hasth in expoeure and ouncmme. Addidonally, w examine
ovenll posiral paems inuesd of Bolued parameens
Is 3 key achan@ge e pamerns alow o bewsr char-
anerisulon o oeerll posure, permining (e anahals wo
acpoun for the relulonships bersesn difenenl anaom-
il regions. ™ ® ™ Our work used, for the fire dme, 2
prohahili-hsed poemre dasifcidon {le, conskierng
pescerior probabilides of pauern membershiph o reoid
bias In i exdmales nt'md.llnm beErween anthropon-
eury and peerurl pﬂu.r:nu

We quanified the ssocimlons of sy anhropomerc
feanares with sgiosd posure durng chlkibood, and we
found than chlidren who were ligher from che dme of
birth were maore By oo develop a famened posmne a
e 7, whlle heing heavier was amodaed with 2 byper-
lomiadc posture In boch genders The medianicl lod
Imapereacd vy Doty siae seems oo e 3 oumu bl ve soulpad ng
rile chrosghow che fire decude of Life, espedally afier
walking shilides are soquined.
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Supplementary material
Table 51 Conmparison of Mplos and Mchest sasital pestural pattems assipnment, shown
separately for mirls and boys

Nentral to
Swaypattern  Flaf pattern  Hyperlardaotic pattern
n (%) n (%) n (%)
CArks, i=1029
Swary patiem 156 (029 42(11.5) B0(16.1)
Michee  Flatpattern 12(7.1) 1724703 (32
1‘; 1 1 r b
Hf‘m? °| i g 0[0.0 151 (414 390 (78.6)
_ Adplus
Sway to Nentral
pattern Flat pattern  Hvperlardotic pattern
n (%) n (%) n (%)
Boys, 5=1101
| E;E“hm 643 (T3.0) 0 {0 0(0.0)
Mchet  Flat pattern 07 (23.5) 185 (90.0) 2.7
Hiyperiordodc patfem IEH (1B 11913
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Table 52 Postural parameters in sagittal postural pattemns. shown separately for girls and boys

Cirls Baoys
Neuntral to
Hyperlordotic Sway toe Nentral Hryperlordotic
Swray pattern Flat pattern pattern pattern Flat pattern pattern
(=168, 16.3%) (n=365, 35.5%)  (n=496, 481%) {n=851, 30.0%) (n=197, 17.9%) (n=23, 1%}
Alean (5D Alean (SIN) Mean (SD) P Aean (SIN) Alean (SD¥) hean (5D P

Trunk angls, © 2132 (3.5) 2027 (5.0) 201.2(3.9) =001 205.9(5.8) W09 (54) 1893 (4.7 =i0.001
Lowrer trunk
nchnaton 2804 (4.0) 2747 (4.5 2874 (5.0) =20.001 276.9 (6.8) 275.0(6.9) 2853 (5.8 =i0.001
Lumbar angle, ®
Swray angle, ® 1622 (3.7) 165.0 (4.5) 165.0(4.5) =001 163.2(3.T) 171.9(3.0) 165.0 (3.9 =i0.001

5D, standard devistion
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Table 53 Associations between standardized anthropometric measures at birth, 4 and 7 years of age and sagittal postural patterns in children
assigned to the same pattern in both Mplus and Melust, shown separately for irls and boys

Sway pattern Flat pattern Neutral to Hyperlordotic pattern
OR OR 950 C1 P OR 9250% CI P
Cirlz, n=T18
Weight
Burth 1 072 0.56-092 0.010 0.85 0.69-1.04 0.108
4 wears 1 087 0.46-097 0.032 098 0.78-1.24 0.857
T wears 1 0.33 0.18-0.61 =0.001 1.06 0.68-1.64 0.796
Length Height
Burth 1 0.81 0.61-1.07 0.141 0.85 0.69-1.05 0.127
4 wears 1 0.82 0.61-1.09 0.183 091 0.73-1.12 0350
T wears 1 0.78 0.50-1.21 0.263 1.00 0.71-1.39 0.980
Ponderal indexBMI
Burth 1 0.71 0.56-090 0.005 09l 0.75-1.11 0372
4 wears 1 083 041096 0.032 1.02 0.78-1.32 0.894
7 vears 1 0.31 017056 =0.001 1.05 0.69-1.58 0.830
Sway to Neutral pattern Flat pattern Hyperlordotic pattern
OR OR 9505 CT P OR 9505 CT P
Boys, n=85%
Weight
Burth 1 072 0.60-0.86 =0.001 0.87 0.49-1.54 0.628
4 wears 1 0.78 062097 0.027 115 0.86-1.54 0356
T vears 1 0.51 0.350.75 0.001 0.89 0.45-2.02 0.979
Length Height
Burth 1 0.7 0.59083 =0.001 0.67 0.48-0.93 0.016
4 wears 1 0.91 0.75-1.10 0.321 099 0.67-1.46 0.945
T vears 1 L.o7 0.76-1.52 0.685 251 0.79-8.06 0.120
Ponderal indexBMI
Burth 1 0.94 0.77-1.14 0.506 143 1.01-2.01 0.043
4 vears 1 072 0.56-092 0.009 1.23 0.92-1.64 0.159
T vears 1 043 0.20.0.65 =0.001 0.74 0.37-1.49 0.403

OF, odds ratio; CI, confidence interval; BMI, body mass index Odds ratios are per one standard deviation higher anthropometric measure. Estimates at 4 years of age
adjusted for birth measurements; estimates at 7 years adjusted for measurements at birth and 4 years.
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4.4, Paper IV

Araujo FA, Martins A, Alegrete N, Howe LD, Lucas R.
A shared biomechanical environment for bone and posture development in
children.

Spine J. 2017:17(10): 1426-1434.
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Fd ey vt al f The Spiner Jogrnsnd 1T (30070 J420-T44

RESULTS: The idzpifed paliems wene libelsd 55 Sway, Fal, end “Nesiral Io Hyperlomrdotic™
(i giris), and “Sway bo Nepiral” Hal, and Hyperiomdolic {In boysl. [ bolh genders, childees In Lhe
Flal palizra showed the lowest body mass Eadex, sad chilidren with 2 roundesd posiure pressaiad Lhe
highest: mean diffesences varying Emm -0.36 kg'm? in 060 kg/m? i girs and Emn -0.00 kgh? o
(L2 kgpfr® b burys (v, Sway or “Sway bo Newtrad ™). Fal nad [al-Soe mass were Invemsely asocited
wilh 2 Flal palern and nazocinled wilk o roended posiure: odds rmilo (D) of 023 pa
standard deviation (S0 Si asd 0700 per 5D [al-fee mu for (he ol pallens, acd 135 () and
143 [fi-Iree]) Tov e Elyperiordolic palien |n boys, wil similer Sndings b girs. The seme dies-
tion of relatiomhips was obaerved beiween hone piysical properiies sad posiursl patisme. A posiiie
association between bone (especially bose miseral deesity) sad 2 rounded posiure was robusl o ad-
Jestmesl for e hedght, mad body composiing (piris Oft=] 79, pe 006 i-ad o, (=200, p=014
[al-free ey sttt oy CHft=20T2, P 0T [l -Bctjuse], OO 282, puc 0T Dnl-rese oms o posted .
CCRCLUSHINS: In s populating-bessd peflainc ssiag, e was i iovers: mmocisiing beiwes
hoge plysicad properies 5ad o Flal posiure. Bone end postre wene mofe stmaply posilively Baked
In & pounded postere. Cur nesuils seppor kel bolh bose: properiies and posiune maire 0 @ sued
und Interrelsled mechapicel savireemenl, probably modulsied by palecs-spacilic asthmpomstrics
and Doy composition. 6 2017 Elsewier nc Al righls resered

B cvmprmton: Fy s o dermiy: (St s e

Imiraductisn

Sapamal standing poedume pedfrs io the way that people stond
upright. Sagiilsl posture is commonly described by thomde
kyphosis and lumbar londesis (outwand and inwand curves of
the: spine iz e sagizal plane, respectively ). complemenad
with sagitial halsnce, that i, e of e oenier of
mazss in the upright poestion [1]. bn ench spedific habieal stand-
ing posiure, gravitations| forces defenmine the mechanial
seiting provided in skeleis] siructures. An anieriory dis-
pluced cenier of mass, o5 froquenify obserred in pafents with
ostecpnmss due io homoc hyperkyphoss, results in o is-
oresedl forward hending moment of the upper body, leading

e ey compressive mements in Sorcelumbar and bushar
regions |]. Tk probably explains hyperkyphss s o risk
facior for new veriebral fractures independenty of bone
mireral density (M) or previous fracters |3.4]. Stonger
exiensy innk muscles are then needed 1o compensaie for
hyperkyphceds while keeping 2 ssble upright e, which
incresres spinal compressive [2,5-T| and shear [5-7] |mading
that may promoie spinal disonders and addtioml verizhral
fructures in the kg run. Ths, szl sianding posture sems
to be 8 b=y maorosiructural facior in defining the amoeni of
physical stimuli imposed an spinopelvic booe tissue.

Al e micrestructural kevel, bone quality and resrtance
s phymical stresz is Bighly detormined by Bahitual mochas-
iical sEmudation: the network af bone rmbeculoe is modeld
I st the specific stress o whtich it is wsually exposal [8,9].
Prepuberial years we o particulirky sessive sage for the al-
tminment of oplimal bone sireagth hecause the skedeion is
plasticity [ 10-13]. Hat desspie the: direct relationstip between
bane sructure (sixe und anchiiecim) sl verisbrae shape and
Il alignment [ 7,14,15]. the relafionship hetwesen bone prop-
erties and sagimal poste: has never been studied in children,

In adidition, body size and compesiSon contrbuie o the
mechanical emvisnmeni of spinopelvic srucunes, with ful
ten - frese mezss operating, as exniraskeleis] modulaiors of bone
merphology. The skeleton bes io support and deal with loading
maments resulting from weight bearing [Z7], and adiposty
unid muscles can ako direcily affect posture by changing the
orentaton of verizhral bodies iowerd incrzased lumbar k-
dosis |2,16-10]. Thes, mechanical loading af the pediatric
skelmian by exiraskeleind tissues saems o be o cudal edoe
i imcrease hone mineral sooruad | 10] and promoie petol
health [16.20,21] Berause bodh bose and posture ore con-
tinuoesly matured in & shared and mutually inlemelaied
mechasical envireemen, the influences of bady sze and
oompaeition nesd io be iaken into aooonn in evaluaiing the
hiological link between bone and posture,

(har primery poal was i investipaie the ssodation heiween
b pipsical properties uni sagitial PRl ATy
& larpe sumple of 7-year-old children selecied from the Gen-
erason XX birth cohor,. We also explomed the roles of fa
une] fai-free mess in this association

Materizk and methads
Subjecis
Thiz study was conducied within Geseration XX1, o
i hirth cobort af B, 647 Iive bom infanix and
their mothers | 2 75|, Participants wers recruied betwess 2005
und JO0H ot five public malernity units serving ke siz mu-
micipalities of the metpolin wres af Porin, Korth of Portsgal.
Initinfly, ¥1.4% of imvited mothers ageeed i participale. Sevwen
years afier Birth, all Generation XX1 children were imvited
i folkw-up evaluation hassd on their date of birth, and 8%
of the cohort's children were reevaluaied. The pressni study
wats Bz on an sdditional waee of ssesment held for 2008
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eigible chilkden consecutively atteading the 7-year-old follow-
up (December 2012 1o Augrest X13), aad withow 2 dagaosis
of severe neurvlogc impai {2=T). This additional eval-
eation occurred between March 2013 and February 2014,
Fihical appeoval was cbtuned from the Fthics Commitiee of
Sio Jodo Hospetal/University of Porto Medbead School.

Anthmpometric vanables

Waight was measured in light indoor clothing 1o the nearest
0.1 kg using o digstal scale (Xinyu Flectronic Company,
Limuted [Zhoagshan, Gusngdong, China ) und height was mes-
sund o the negrest 0.1 cm wsing 2 wall gadometer (SICA).
Body mass index was definad s woight in ky divade by hesght
squared i m*,

Dual-exeryy X-ray absorpiometry

Whole-body dual-energy X-ray absorptiometry (DXA)
scans were performed (Hologic Discovery QDR 4500W,
Bodiord, MA, USAL Toral body less head fit and fal-free mass
was used. Fat und fat-free mass indices weee then calcu-
laled by dividing fat mass and fal-fee mass (kg) by height
squared (m?) 241 Total body less head bone mineral coment
(BMC) was cbened, and BMD was expressed ws BMC (in g)
per projeciad bone area (in an?). Area-adfusiad BMC (aBMO)
was derived 25 3 measure of walumetric BMD by 2 mpres-
o0 of BMC on bone anen and adding the residuls of e
Smear pegression to mean BMC | 25]. As recommended, total
body Jess head rather than total body messarements wis used
because the head is less respoasive 1o envimamenta! gimuli
126). The stunderd quality assurance teds using the calba-
on block were performed daily, and also each moeth using
the spise phastom. Dualenerpy X-ray absoeptiometry scans

wen emoved from amlyss because of anomabes cussed by
movement, artifacts, or other kogzsc issuzs. Nise runed o
diology technicans were mvalved i DXA evaluations. Two
of the examiners performed 34% of all the scams.

Pediatric sapitkal postural patierns

Sagitd standing peeture evakiaoon was performed by quas
tative assessment of photographs of the sagwtal Aght view
of children, which is documenied s the safest method for
epidemaciogical studies among childrea [27,25]. Posasre was
ueessed before DXA scuss to facilitate the attaisment of the
usual upight postica.

Spbencal nero-reflactive markers were placed over ana-
tomical landmarks on the right side of the child's body by
one of two qualified health professosals. Children assumed
thesr hahitual staading position with feet shightty apart and
looking straighe shead [27,29]. Full body Bash photographs
of the sagittal right view of children wese then acquinsd.
Angular measures formed by the lines drwwn from the ana-
tomecal lindmarks wess chtained esing the posml aeessment
softwane PASSAPO (Femeira, FAG) [10] Theee angles wene
consicernd to quantify the magnitude of major carves of the
spine {thocacic kyphosis and lumbar koedosis), and also an
overall balance mewesse asessing body sway (s exempli-
fied in the left pasel of Fig. 1).

(hakdren wene ranked rganding their destance 1 fe svenape
postural values within each examiner’s distribeton o elim-
inate potensal systematc differences between examaners (i,
individual residsals of mined effects models) [31], and re-
siduals were used to define postural patterss through the |t

peckage Mclust {32). Basad on the mtemretshility of the pat-
lems amang e modeds with e smaliest Bayesian mformation

WILAON T RANa)
WasAs e
L - U

Ne 2R I7EM  ned28373%) 0 SL2(A5.0N)
Wi
Ay
9;_£u9m|

NeSLULEN) 2«65 (43901  n«113090%)

Te 208 (4 142693 |83) The I 0N
WIS (1) 1A 153 Y Y|
W NIAOY S II_?MQD *WM‘

Fig | Indidasd angabe masra mad i dontify podates spttal postund paticrm wng Mpks bio peofile srabyox (ke paacd), sl 3 typacl mensber

of cach puticen durwe scparacly fv gr's snd oy (mght pund)
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crizrion [33], o final three-pasern solution was obtained
semraiely for girls md boys. The methods end resulls of
patiern identification s thormeghly desoribed slswhen | 3],

Citistical anghsi

Becas we wished in estimale the postural paizrns and
thesr mescciations with fhe evposnes in 2 single step fo min-
imize higs [35], we wmed the pedistric patiemns described ghove
s the hasis for reestimaiion of postural paitems within Mplus
(version & 12, Mukn & Muthin, Los Angeles, T8, 5.
Lateni profile analysis was performed with mal@nomial |o-
gistic presinm smlinneousty compuisd in the mme models
(ie, mcluding prediciors of estimaied postural hirnt pro-
files). [mitmlly, five different parameteryations of verimmce-
covarianoe manions were e, with 2 foued three e siuson
for each gender hased on our previces work on pediatric pal-
tems |3£]. Then, we selacied the type of parameterzation het
optimized observed sgreement of palizrn assignment (hased
on e most likely cles). Finally, izl priurd dasses were
reestimaied using information provided by each different ==
of prediciers included in the models, and their associations
were jaintly quanfisd. This last sirp was used o aoound
fior unceriainty in the assignment of patiems and conssguent-
Iy tio bl wnhizerd eetimal e of seocmtions | 15]. Sasitivity
by compostion (trank, upper, and lower limbe) derfeei from
total body DX A scans.

Reulis

Pediatric portural patierns

Atotal af 1,138 girks and 1,260 boys sooepled o parsc-
ipate and werr inclucd in the anafysis (%9 mnd §1% af eligible
chiklren, respecivelyl. Compared with previous work on paem
wsipmment of Generation XX1 children [34], final postoral
midels abtaingd (2 5% concosdance in gids and T9.7% in
boys (delailed information provided in Supplementary
Tablz 51). The average Iatent chis ssdgnmest probabilities
{Fior e st ikedy lmient class membershap) varied between
(.72 el 056 in irls aned between (168 mxd 0.6 in Boys.
Fig. 1 iripht pane]) diplays the avenge foaes of the thes
posiural pafierns and o typical child in sach posiure:

(1} Bweay {girk) and “Sway o Kewtral” (hays): increassd
u'linujtmmhlchidliufﬂ:mmk
hi

2 |IE}H.H‘I:I.IIL:I]13HMH’S! straight spine with
forward trunk lean; mnd

(3 “Meutral i Hyperlordotic™ (girls) and Hyperlondotic
(boys: relatively increassd lumbar angle and inier.
medigis body sway.

Creniler-specific aggregation of the neutnl khelmg was
besad on 2 different patiem prevalence between penders (s
Fig. 1)

Associfions benween [INA-derfeed parametem and
posiural patierns

Tahle 1 staers descripiive analyses of anthrmpometric vari-
wbles mnd D0CA-derived pmmeters scoonfing io perticipants”
ma likely class assignment. Assoitions beiween DA pa-
rameiers and patierms are presznisd in Toble 1 and
Bz luqﬂtﬂ'n}ur Hway o Neotral” patiem a5 mfer-
:l:g:uﬂurm'muiimmﬂplﬂddm
unil parameiers of hody compositon.

Flai posisre

In hoth genders, children in the [al paiiem showed t5e
lowest body mass indey with mean di fferenoes of (U346 ke
in girls mnd 070 kg/m® im boys, compared with the Sway or
“Svay to Netral” patiern. Fat and foi-fee mess wene in-
versely esocmied with 2 Flai pasiem: odds ratio (08 of (L34
per i standard deviagion (50 and 060 per fi-free 50 n pris
(both pe 017, and i oy, (s were 023 per o 510 {p=.001)
el 0.0 per fai-free 510 (p= 03%). However, when adpsied
for age und height {moded 11, thess sxsooaiions remained
stufrhically significant only for fal mass, and wem mdepes-
dent of fat-free mass (mode 2 grls =03, 15% confidesoe
inizrval [CT]: 0:21-0.55; boys Ol=022, 95% (T 06081,
Iimﬂngh:hjlﬁuilhﬂnpﬂmhdlmhuu:
propertizs in orude anatysis (especially in gris: Olils mg
from 066, 058% C1: 046004 per BMD SDin0.72, W5k El
(53059 per altMC SI¥, thoer associafons did nal remain
in adjused models. Moreover, when adjusting for fa mess
(mince] Tu), the Flal patisrs wes ssocaied with incrassd bone
properties, especially m grts (085 varymg from 1.17, 95% CL:
(36101 per aliMC 50 io 160, 55% C1: 1.03-2.45 per HMC
SO,

“Newtral io Hyperfordotic ™ ar Hyperiordotic perture

(CRakkren with & rowsded posture presenied the highest
body mass index: mean differesces of (.60 ka/m’ in girls and
(.62 kp'm* i boys (s, Sway or “Swwyto M::I:i"lThllhw-
lihood oof having 5 “Wessiral in H: " ora Hy
paern increzsed per S0 of fal mass e fal-free mass, and
the: relatinnshps of posture with ech component of body size
were independent of mch ather (model 2h and Ju),
not 5 gificanily in gads. When sdfjesied for fo- fee mass, (R
fior fat mass were increased by X% in grls (pe. 370 and TT4%
in boys (pe=017), and when adfusied for fat mass, ORs for
fi-free mees wene incressed by 504 in girls {p=.113) and
113% i boys (p=.01&). Addtionally, s rounded postun: ws
mmocialed with Eagher BMID axd conteni (sronger for BMI
than AMC ) indlependently of faf or fi-free mass. In girks, aomes
midels T and T, Ofs varied from 1.35 5% CLOS5-LIT)
per EMC S0 2000955 C1: 1.15-3.46) per BMID 510, and
in boys, from 1.2 (85% C1: 0L73- 1085 per BMIC 511 i0 141
5% CE [£-3.05) per ITMI) 510,

120



1430

FL A i al o T Spivar ool 1730070 1420-T4H

T |
Decripive daiy fre anibropomiine varishios and (XA prariens seenrding i podiine il posienl peiicrn, show scpanichy o gk asd ko
Meiral i
Al Sy Fhi FHyperonioie
Mon =/ Meon =/ Meon =/ e i}
(e, w=1,134
gy 714 [id 714 [d T4 [d 4 4
Wghi, by 3 11 i fedl ny 1] B &l
ﬁh.:n JRCN| 15 134 17 121 L7 123 38
kg ITil in JREA I'H 1&E0 i £ 133 18
Faii mmm, by 15 1L 13 1 13 b1 ] nz 13
Fai-free o, M ik | W ik 143 Il 14% 14
i ey erwen, i’ 148 I 15 i | 484 1.7 200 |
P frec mam imdde, kgl T8 L a4 11 312 [.%5 i m
hre, en’ 1N 27 il i34 W1 2.4 T LA
EMLC g Bl B \an A B Bi i 14
EMID, gl il i ; il g 8 i i} [1¥3 I
oM B k| 2 35 Bin iy mi 42
kil Sway in Mesizal Pl Hyperondoic
Men b | Hen b | Hen b | Man i}
oy, w1 260
Ay 14 [d 14 [ud 13 [ud 4 4
ghi, by 3 11 na 15 XA 47 BT i3
[ m [ a ) 13 184 7 1245 13 154 k1]
ML, kpim? n i o s ikt 1LES in 1217 0l
Fai . by 11 i 14 k| 4] 7 an 10
Fai-free mam, by 10 ik | 241 k| 157 i 163 |
Fai o iren, i’ 44 1B A 1.5 412 1% 11} 1R
Fai-froe mam inchere, knln” WE F ] i AE] 0# LL] EE 1032 m
A et ko) 33 A i3] BiE i4.5 TLE l
BMC g Lol B #4 - ma3 1] IR na
EMD), plem” il i 02 i 2 i} L I
oiMC, aun o A xS m3 4 &30 1A
s, e nafrrier] MK, B, bore minend cosient; BMID, bone mineral dersty; ML, boely mam mnde: 004, dead-omerpy X-roy shaorplioneiry;
S0, xizrcherd dewimiion.
Sensitviry anaiysis peiatric population. For instance, both girls and boys with

Similer resulis i the main anahyss were obained in e
analysis of regional parameiers from trunk, upper limb, and
forwer limb regions. Mo claar differences wers chserved
between regions in respect bo associations of fit or fi-free
mass il hone pammelers with posiural paliams.
Ihsrnesinn

In Both genders, lower adipnsty was ssocialed with o flut-
ienesd spine, and eoncordanily, higher £ and fal-free mees with
a roundeil pesture iype. There was an imvers: msocistion
between bone physical propertizs ond o Flal prsture, bui this
relatonship did nof nemain afier scoounting for differences in
body composition s postural morphotypes. However, in
@ mounded posiure, bone and posin: were more srngly linked,
possibly a5 the rsull of o shared aocumulation of moreassd
mechanical forcs: children in the patiem chamcter-
med by hgher lumber angle ™ Mewiral in Hyperlondotic™ in girls
and Hyperlordotic i Boys) presznizd hipher BMI), indepes-
dently of anthropometrics and body compesition.

Sagitial posiural pagems in this work showed @ plasi-
ble weociation wilh bady sive snd compesation smong e

u Brypercurved spine wem hewvier, faller, extabited Bagher ful
wnd (- free mass, and bad moneassd bone mess and dessity.
Becaus compressve foroes om spinopelvic sruciures ane e
sum of superincumbent fal ood mescle loads acfing on ver-
lizhral boodies in the axial pluse, this impliss specific weight-
Icwding profiles for mch postural morphotype even if not
ueirbuisble i i sagitial configuration. In a rousdesd spime,
higher foroes ane applisd 1o bone stnucures because the skel-
eiom has more weight In support and needs Esglber muscle
momenis i regulaie amplifisd cecillations of e upper body
over the hips [2,7] Our characienization of postural pal-
tems reinforoes ihat children with o fatiened spine cun keep
they ore Bafier, whereas chilidnen with o rounded sping need
i acirvale sronger exiensor beck muscles iovwed Giling mn-
teriorly and i reestablish balance in an inlermediaie range.

Numerms studies shoreeetl thal loer body mass index or
weighi & assocmied with o flafened postere and tai in-
creased body size is associsied with o Bypercurved spine
[16.21] Howaver, we showed, for the fird time, that Both [
mees and fl-free mass coninbuie (o the escoations of body
size with mpittal postues. After sdjustment for height, caly
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SN, are afjcied BMC, HMC, bose misersd conient; BV, bose miserad desaty, (A, dusl-cseryy X-ray sbmerptoneiny; L0, ewer confuknes
imierral; (WL, cekch eaiie; U], epper conficderes misrad
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(ks raticn s per o wiarhrd] deviation higher [0A-dertd pacascier.

il mass was imeensely eocmied with s Plat postere, whereas
both componenis of nonskeletl body mass were postively
ene] mnlependienily pelated fo 9 smanded posture type. The effect
nhﬁmt}thm:plﬂ::hgmu..lﬂh‘ndm

alang
discs |16,20,21]. Adiposily also displaces balance for-
warndly, which increases lumbar losdess o5 e most efficent
ion I restore @ sinble base of support [2,16,17].
(in the other band, simeger back eviemsor musdes luad io
un incregse i fumbar |ondosis | 18, 19], ond 2 Bypedordotic

postere, through iis sagittal crpenivation alose, also re-
quires higher muscle moments than all other posiures,
especially during moee demanding ks |36] These me-
:hudpllhl}:mn:qmwhmrhings.hulk
robusi and exchusive assocation (afier sdiposity adjusi-
meni) hetween fai-free mass and & hyperlordotic posture
probabdy implies o bicdogical tbreshold fior -ipmt},ﬂm:
whach muscles predominanty contml wpright balence. Ths
threshedd is likel y relaied i balance mstabality caused by -
iposity, which would explain why fai-free mass wis ol
scriated with 2 Flat patism.
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Er irgiorerer = Sway! and
-&—dt L DK by Ko

Theimerse mel ation beiween hone physical properties and
2 [la patiern observed in our work may be explained by e
prafile af asthropometric and bady composition characier-
s [eatured] by this typalogy. However, in the case of @
rounded posiure, an amaciation between bone quality and
p:hnrunlmlﬂui:u:lhtnﬂ.ﬁqrnﬁ:ﬂlptmd
desipn af the spine esinhfishes the oonfigur-
fiom for the sction of gravity ool muscles. A Sway posiure
minimires miscl: work and siresses in the resting sianding
pusition [ 3], As lumbear lordosis incmases up i 2 byperindot:
posture, mechemical loads also increse. Fhtiesed or newtm|
spines am heiter guisd in minimize musde work and siress
in weighi-bearing, sotivities |36, and the exiremely pro-
mounced tharacic kyphoss in the Sway type can be expecied
i coniribuie o higher mechanioal stress compared with e
Hat pamers [ 25,4]. Conversaly, fal und lean mass postively
affiect bone structuee theough mechanical and endocrine effeds
[37.38], with o mare imporisnt contribution of ks tan fut

‘Ird'm-S'rr!bH-ﬂ!l. Cekdy miiew wre por simsclued devinien lagher (XA perarscier,

mizss dhuring chilchood | 38,59). Thenz fore, Both adipesity and
musches can bead o changss in the moephotogy of vershal
bodies, namely by changing their anieropostzrior hesght
ratiiss |40, Thesz changes medify verishral tilt and define local
alignment [7,14,15] and consequently overall posrl pal-
tems due o adspiation of adjscenl analomical megices [1).
As examples, kongibudingl veriehral in chikdren may
increase hmbar ordosis [ 15], and ot higher thomcic ky-
phaosis [14,41,42] and bigber lumbar lordosis [47] sem io
have mn osieopomsc onigin (decremed EMID o more -
vanced mges

[h:pu;dihm-hﬂdﬁudmg of bonexeture polenfs-
3on in 3 hypercurved spine suzgesis thal o bafinectional
mechanism exisix—ihai is, promoles mechas-
ical siness h.llh::gmlﬂ'tdlqu verichraz tiling—in &
palizrn-specific dymamic ssvironment also defined by
entenpometnics and body compesiion. This ws also mip-
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differences of bone-posture assoriations between load-
beaning regions and the upper limbs. Increased loads and
mhl_:nn:!ldqiim_nlk_m;uh_tlil:pm:pﬂﬂ:lly
culminaie im simeger hinkagical relations of (a2, musche, and
bone with sugitia] abgament. Probably berause of weaker me-
chanical foroes, maturational processes of bone and posture
e not serm mior chosely linkesd im 2 Flat them i Sway postm.
Furthermue, assoisions herwesn bone and postue: wer smon-
per for Bays than for girls. This may resull from d&fferent
mggregatons of posiural morphologies in the present classi-
fiizatiosne (" Weiral i Hyperdosdotic™ in girls and “Sway io
Meutral”™ im boys), or represent @ true gender-specific bone
tio moschemmical stimuli [43,44].

(e of the limitations af s work is the lack of diect mes-
udipnsty, and musche contractions. (her analbyses ssmed tha
mechanical infiuences are capiured by lan mass and -
flected in Bene physical peoperties, both quantifiable by XA
meazmmrzmenis. The population-hesed nature of cur work con-
sirined these Esreements, but it ensured 0 wide epreeninton
physacal properties, and postural angles in the padaiic pop-
ulaticin, Farthermion:, il bas boen previousdy shows St childen
paricipating in this wave of msesmment {poetues and D04 mes-
surements) were similar o e generl Genemton XX cohor
ol hirth reganding anthmpometnics, sifough metemal sducs-
tiewn wezs hipber for included childeen [34]. The exierml validity
of our findings is 2 key advaniape bocoese previons evidence
i redie mainty n hiomechanical mode] Smulasons without
wny empinical mesurements of bone qualsty |25.6,36]. Fur-
thermee, it is esseniiad o study posture momphotypes insiexd
of isolaied parameters hecause patiems add the effied of dif-
ferznt combinatioes of regional alignment on Beakh, and
conssquently. allow 3 more compretensive mechamcal char-
wctermtion of the uprght pasture [2,16,20,36]. Or snciations
between [ A -derived parmeters and postural patiems may
he hiasesd becans af the we of posme: clesification nat com-
phetety svertapping wiks the inal Mdust groupisg., especially
in the Flat paiiem {Sepplemeniary Tahle 510 However, given
the direction of differences betwern dasdfications, ths would
hiss reales treand the mall hypothesis and nol creste spuri-
ous associntions. Farther, [sienl profile snafysis in Mpies enshle
using informaticn prvided from mede] predicions (e, DXA-
unhimse esnciations |35, which probably surpesses limita-
tiones resulting fromm the we of wo diffierest snfiware. Hecamso
varihles comsidered in this study have bigh physclogical oor-
relation, diffrrentintng eferis of posture from Bedy sime or
compastion on bone may be umneafsac, Momover, given the
phservaticnal naiure of our siudy, e cansl miwe of rels-
be s2rn in the conlext of Eomenstatic fedhack mochanisms
rather than as 2 s of unidieciional effads.

"This stuchy evaluaied for the find ime the relations between
hone piryvsiol properties wnd sgittal posture in 7-yvear-cld chil-
dren memited from @ populstion-hased bin cohor. Them

wis an imerse assaciafion between bome piysical prope-
ties and @ Flat posture, and booe and posture were more
strongly positively linked in @ rounded posture. As initially
hypottesteed, cur results support that hoth Bone and posture
maiure in & shared and interelied mechasical ervimoment
mudulsied by patiers-specific anthropometrics and bady
Coampasi i,
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Supplementary Table 1

Comparison of Mplus and Mclust pediatric sagittal postural patterns assignments, shown separately for girls and boys

Mplus
Sway Flat Neutral to Hyvperlordotic
n iy n Y n Y
Crirls, n=1138
Sway 179 BE& 45 10.6 81 15.8
Melust Flat 23 114 193 455 24 47
WNeutral to Hyperlordotic 0 0.0 186 439 407 79.5
Mplus
Sway to Neutral Flat Hyperlordotic
I iy n Y n Y
Bovs, n=1260
Sway to Neutral 520 09.8 20 326 17 15.0
Melust Flat 1 032 422 67.4 34 30.
Hyperlordotic 0.0 0 0.0 62 349
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5. Overall discussion
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In this thesis we assessed for the first time the correlations of anthropometrics since
birth and body composition parameters with angles of sagittal standing posture
measured at 7 years of age (Paper I). Firstly, our study showed clear postural
heterogeneity between girls and boys in early ages denoting different biomechanical
loads for each gender. Secondly, lumbar angle was the most discriminative parameter
among all angles studied and body mass index the characteristic most strongly
associated with it, especially in girls. Thirdly, and finally, all the previous associations
were weak and it seems that the study of patterns of sagittal standing posture is of added
value compared to isolated postural measures. Nevertheless, if researchers choose to
focus on individual angular measures of sagittal standing posture, lumbar and sway
angles seem to be the best proxies for overall posture in children on the basis of their

relation with anthropometrics and body composition parameters.

In this thesis we were also able to define postural patterns in children for the first time
(Paper I1). This is the largest population-based investigation of sagittal postural patterns

so far, and the first to focus on school-aged children under 10 years of age.

Our postural types 1 and 2 in both genders resemble, in their relative features, those
previously described in older ages as Sway (increased kyphosis with backward tilt of
the spine over the hips) and Flat (straight spine with forward trunk lean), respectively.
Our type 3 in girls corresponds to the Neutral pattern (relatively increased lumbar
lordosis and intermediate body sway) and to a Hyperlordotic pattern in boys (extremely
increased lumbar lordosis). However, four postural patterns have been previously
described in adults (age range: 18-48 years) (21) and they were then suggested to be
also present in adolescents between 13 and 15 years of age (25): Sway, Flat, Neutral and
Hyperlordotic patterns. Therefore, our type 3 in girls was named ‘“Neutral to

Hyperlordotic” and the type 1 in boys was named “Sway to Neutral”. In this work the
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“Neutral to Hyperlordotic” pattern was by far the most prevalent in girls (52.1%), and
58.8% of the boys showed a “Sway to Neutral” pattern. The most plausible reason for
the clear different structure of patterns between girls and boys, seems to be a true gender
heterogeneity of postural types among school-aged children. While in girls the
Hyperlordotic posture was merged within the wide Neutral profile and this seems to be
driven by their similarly increased lumbar angle (21, 25), in boys, the Sway and Neutral
types were the most similar, probably determined by a predominant backward tilt of the

spine in children (27) and only observed in boys.

To examine overall postural patterns instead of isolated parameters is a key advantage
because patterns allow a better characterization of overall posture, permitting the
analysis to account for the relationships between different anatomical regions (25, 35,
53). The use of model-based clustering in this work allowed us to assess the most
appropriate configuration among ten different solutions of covariance structures,
whereas previously used (25, 26, 75) heuristic clustering methods — Ward’s and K-
means — consider only one restricted covariance structure (84). Therefore, we used a
different clustering algorithm (model-based clustering Mclust in the R software) than
the one used among adolescents (i.e., hierarchical analysis by Ward’s method followed
by the K-means algorithm)®®, and thus, different solutions in patterns of sagittal
standing posture may be due to a different stage of life or to the use of different
clustering algorithms. We performed sensitivity analysis using the same statistical
procedures previously used among adolescents separately for each gender, and the best
solution was congruent with the present results of this thesis. The same postural
meaning of 3-patterns was observed but aggregation of the neutral labelling was
uncertain due to the homogeneous cluster prevalence obtained by K-means clustering
(varying from 30% to 37%). Therefore, these findings support the hypothesis that, using
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statistical and theoretical criteria together, sagittal morphotypes are observable even
from early childhood and it seems likely that, to some extent, they will track over time,

leading to the patterns described in adolescence (25) and adulthood (21).

Conceptually, sagittal patterns are an attempt to categorize a continuum of the postural
spectrum. Classifying children into mutually exclusive classes may have led to some
misclassification, especially if children show a combined distribution of individual
parameters that is compatible with more than one pattern. Nevertheless, our statistical
approach allowed us to quantify uncertainty for each pattern assignment which is

particularly useful to model sagittal posture within a probabilistic framework (85).

The identified and proposed patterns were used as outcome in the following two papers
of this thesis, namely to assess the associations of body size from birth onwards with
sagittal postural patterns at 7 years of age (Paper Ill) and also to investigate the
association between bone physical properties and sagittal postural patterns and to

explore the role of fat and fat-free mass in this association (Paper V).

In order to answer the specific objectives of these studies we used latent profile analysis
in Mplus to re-estimate postural patterns because the previously used clustering
algorithm in the R package Mclust does not allow joint estimation of postural clusters
and their associations with predictors in the same model. This one-step approach was
used to account for uncertainty in the assignment of patterns and consequently to obtain
unbiased estimates of the association between anthropometrics and body composition

with posture (85).

Latent profile analysis in Mplus was performed in these two studies, although we had
previously used Mclust (84) for postural pattern identification. Since the two clustering

methods use different estimation algorithms (86), classifications were not completely
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overlapping. However, the solutions between the two clustering algorithms have been
compared: while the same 3-pattern solution was obtained in boys, for girls, Mplus
suggested two and Mclust three patterns (based on the smallest Bayesian Information
Criterion). Based on pattern interpretability and also because the Mplus solution
aggregates two of the three groups suggested by Mclust, we opted to use three class
models for both genders in order to replicate the solution provided by Mclust. Our
conclusions should not be meaningfully affected since a good concordance between
final models was obtained (>68.5%), as well as comparable face validity of patterns, i.e.
their postural meaning. Our findings were further supported by sensitivity analysis
restricted to children assigned to the same postural pattern in both Mplus and Mclust in
Paper Ill. Furthermore, given the direction of differences between classifications, the
use of the two different software would bias results towards the null hypothesis and not

create spurious associations.

Consequently, our Papers Il and 1V used, for the first time, a probability based posture
classification (i.e., considering posterior probabilities of pattern membership), in order
to avoid bias in the estimates of associations between predictors and postural patterns

(85).

In both genders, children who remained lighter had an increased likelihood of a Flat
posture, and this relationship became stronger with increasing age. Concordantly, being
heavier at 4 and 7 years old was associated with a posture characterized by increased
lumbar angle: “Neutral to Hyperlordotic” in girls and Hyperlordotic in boys (Paper Il1).
This was the first study evaluating the association of different measures of
anthropometry and posture in children, using a large sample of children recruited from a

population-based cohort with considerable variability both in exposure and outcome.
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In Paper IV, we evaluated for the first time the relations between bone physical
properties and sagittal posture in children. There was an inverse association between
bone physical properties and a Flat posture, and bone mass and posture were more
strongly positively linked in a rounded posture. As initially hypothesized, our results
supported that both bone and posture mature in a shared and interrelated mechanical

environment modulated by pattern-specific anthropometrics and body composition.

Only one other research group has evaluated the relation between anthropometrics and
patterns of standing posture before skeletal maturity is reached (25, 44) and cross-
sectional analyses have shown that 14-year-old adolescents with a Flat pattern had the
lowest weight/body mass index, while those in the Hyperlordotic pattern were those
showing higher fat (25). Similarly, children in the Flat pattern less frequently belonged
to ascending, high or very high trajectories of body size defined from 3 to 14 years of
age, while those in the Hyperlordotic pattern were at higher risk of showing overweight
trajectories (44). Our results during childhood were also consistent with cross-sectional
findings in adult populations (33, 35, 74) suggesting that higher adiposity levels during
the development of posture is crucial for the shape and orientation of the spino-pelvic
unit, and implying a role of anthropometrics at early ages in shaping overall postural

patterns during adulthood.

Numerous studies showed that low body mass index/weight is associated with a
flattened posture and that increased body size is associated with a hypercurved spine
(35, 44). However, we showed, for the first time, that both fat mass and fat-free mass
contribute to the associations of body size with sagittal posture. After adjustment for
height, only fat mass was inversely associated with a Flat posture while both
components of non-skeletal body mass were positively and independently related with a

hyperlordotic posture type. The inverse relation between bone physical properties and a
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Flat pattern observed in our work may be explained by the profile of anthropometric
and body composition characteristics featured by this typology. However, in the case of
a rounded posture, an association between bone quality and posture remains after those

adjustments.

Finally, some limitations of this thesis need to be addressed. The use of
photogrammetry to assess our major outcome may have introduced some
misclassification because of systematic or random differences in placement of markers
between and within examiners, which can depend on children’s anthropometric
characteristics, namely lower accuracy in pelvic anatomical identification in children
with higher subcutaneous adiposity (63). However, these issues are not expected to
compromise our findings for several reasons: (1) systematic differences were accounted
for by quantifying children’s distance to the average values within each examiner’s
distribution; (2) consistent statistically significant associations between weight/BMI and
postural types were still observable in both genders; (3) we confirmed the validity of
proposed patterns against postural parameters not used in the cluster solution (using
prominent landmarks) that are not expected to be associated with the accuracy of
landmark identification. This is further supported by the fact that we identified three
main patterns that are clearly distinct from each other (differences varying between 6.3°
to 13.1°), while random error of the measurement method is estimated to vary between

3.5° and 6.7° (63).

The present postural patterns have not yet been reproduced in other samples and
therefore future research is needed to confirm validation of the postural classifications.
Measurements of anthropometric characteristics were considered at birth, 4 and 7 years
of age and additional measurements across childhood would have provided more

detailed information of the growth-related changes in the associations between
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anthropometrics and posture. One of the limitations of this work is the lack of direct
measurement of mechanical stimuli imposed by anthropometrics, adiposity and muscle
contractions. Our analyses assumed that mechanical influences are captured by lean
mass and reflected on bone physical properties, both quantifiable by whole body dual
energy X-ray absorptiometry measurements. The population-based nature of our work
constrained these assessments, but it ensured a wide representation of naturally
occurring anthropometrics, body composition, bone physical properties and postural
angles in the pediatric population. The external validity of our findings is a key
advantage because previous evidence had relied mainly on biomechanical model
simulations without any empirical measurements of bone quality (45, 53-55).
Furthermore, differentiating effects of posture from body size/composition on bone may
be unrealistic. Moreover, given the observational nature of our studies, the causal nature
of relationships between body size and composition and posture should be seen in the
context of homeostatic feedback mechanisms rather than as a set of unidirectional

effects.

In the present thesis, we used data from a cohort of children evaluated at three different
ages (at birth, 4 and 7 years old). Selection bias at recruitment is unlikely since 70% of
the eligible mothers were consecutively invited. Not all eligible mothers were invited
due to logistic constraints, namely availability of human resources; in these
circumstances women were invited on a basis of first come, first served and 8% of those
refused to participate (77). Another important issue is differential losses to follow-up. In
the present thesis we consecutively selected a subsample of children among those
evaluated at 7 years of age through face-to-face interviews. Among those invited, a high
proportion of 80.5% of children were successfully evaluated. Additionally, in each of
the present studies, when we compared children who were and were not included
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regarding characteristics in previous follow-ups, children were similar regarding
anthropometrics at birth and they were heavier and taller during the 4- and 7-year
follow-up, although the magnitude of differences was small. We opted for complete
case analysis in all works of this thesis because censoring is not expected to be related
with future sagittal standing posture after adjustment for all the important covariates

87).
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6. Conclusions
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We identified a meaningful summary model for the distribution of sagittal standing
posture for school-aged girls and boys. Patterns were consistent with childhood as a
sensitive period for posture differentiation. However, postural dichotomy “neutral vs.
non-neutral” clearly does not apply to children and substantial gender heterogeneity in
the features and frequency of different patterns existed among school-aged children.
This highlights the potential for gender-specific biomechanical frameworks of the
spino-pelvis during habitual upright position even in prepubertal ages, implying
different biomechanical loads and perhaps contributing to the well-known gender
differences of pediatric spinal deformities, such as higher frequency of scoliosis in girls

and Scheuermann’s disease in boys.

Additionally, the mechanical load imposed by body size seems to have a cumulative
sculpting role throughout the first decade of life, especially after walking abilities are
acquired and our results support that both bone and posture mature in a shared and
interrelated mechanical environment modulated by pattern-specific anthropometrics and

body composition.

This work does not intend to measure the effectiveness of weight reduction to modulate
sagittal standing posture, but rather to provide a basis for future research directed to
evaluating whether adult postural health can be potentiated through interventions on

anthropometrics, and consequently body composition parameters, since early ages.
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