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I - Introduction

I. INTRODUCTION

The growth of the skeletal system is a “volumetric revolution™!. From the time of birth
until adulthood the extremities and trunk change in body proportion, our height increases

350% and our body weight increases almost 20-fold'.

The paediatrician and the orthopaedic physician avidly follow the changing skeletal
parameters in the growing child and if there is deviation outside of the range of normal
they must determine the cause and decide upon a course of action based on its origin. The
causes of deviation however are manifold and may be endocrinological, genetic,

neurological, congenital or idiopathic®,

The guidance of the developing skeleton has remained central to orthopaedics ever since
Andry first coined the phrase ‘orthopédie’ in 1741°, exemplified by the persisting emblem

of orthopaedic medicine, a splinted tree.

A clear understanding of what a ‘normal’ skeletal system is at any given age or stage of
maturity is essential to this process. Furthermore, we must wrestle with concepts of how
to effectively measure parameters of the skeleton and how we can estimate maturity in the

most accurate manner, while minimising the risk of ionising radiation to the child.

1. 1 The Lower Limb
I. 1.1 Introduction

The lower limb is the primary actor in upright bipedal locomotion and plays a fundamental
role in the maintenance of balance while erect. Its’ function is dependent upon the
interaction of neural, muscular, bony and soft tissue elements and the “optimal alignment
of bone structures and joints is critical for the efficient function of the musculoskeletal

7. Damage to tissues may occur abruptly or accrue over time, and much of the

system
damage the skeletal system endures can be understood as due to abnormal load on a normal

joint, or normal load on an abnormal one®.
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The assessment of biomechanical parameters in children may allow us to detect and correct
a disorder in its’ early pre-symptomatic stages, preventing a greater burden in later life’.
Severe alterations in biomechanical parameters can cause significant hardship via pain,
gait deviation'? and even joint luxation'!. Disorders such as limb length discrepancy and
torsional deformities® and others have been associated with later osteoarthritis'?, and
femoral anteversion, leg length discrepancy and numerous other biomechanical parameters
have been positively associated with increased risk of injury during sport and physical

activity'3.

I. 1.2 Assessment of the Lower limb

Evaluations of the biomechanics of the lower limb bones are performed by static or

dynamic investigation.

Static investigation consists of imaging, allowing us to measure the features that play a
role in limb function: the lengths, axes and angles that act as levers and fulcra in motion,

stabilisation and stress transmission. Investigation modalities include:

- Conventional radiography: traditional X-rays are affordable and highly
available, however the accuracy is questionable due to the magnification of the
examined area that occurs, which increases depending on the distance from the
source. Although patient position can easily affect the measurements'4, this
remains a modality in common clinical use for investigating deviations in the
coronal and sagittal plane;

- Computed tomography (CT): CT is still regarded as the gold standard for
quantitative three-dimensional measurement, however the ionising radiation
burden associated means its use is somewhat limited in clinical practice and the
patient must be supine during the examination, altering some of the
biomechanical compensation mechanisms'>. CT examinations can evaluate
‘torsional’ deformities in the axial plane, in addition to coronal and sagittal
deformity;

- Magnetic resonance imaging (MRI): MRI can also generate three-dimensional
measurements, however it’s high cost, long acquisition time and supine position

are clear disadvantages.
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- EOS: the EOS scanner is a newer system, however it has clear advantages with
regards to a lower radiation burden!>~!8, fast image acquisition time, images can
be captured in the upright weight-bearing position and may be more accurate
than CT scanning imaging'S. Upright weight-bearing imaging is specifically
advantageous for capture of compensatory processes, evidenced by Lazennec et
al. who detected a limb length discrepancy with EOS in a patient with
patellofemoral syndrome secondary to total hip replacement, that was not

detectable by MRI or CT". [Note: EOS is not an acronym!]

The current reference data in use for most static lower limb parameters consists of values
determined by conventional radiology with subsequent attempts to compensate for
magnification errors by applying correction formulae, as per Green et al in 1968%° and
Gindhart, in 19732!, Parameters of the lower limb include the femoral length??, femoral
torsion?*?*, hip-knee-shaft angle? and the femoral ‘neck-shaft’ or collodiaphyseal angle®®

(see next section for more detail).

Dynamic investigations of lower limb parameters can be active or passive. Active dynamic
investigations utilise video imaging to visualise the movements and changes in position,
utilise sensors on the study subject or directly measure stress across tissues, yielding
objective data about joint motion (kinematics), joint force and power (kinetics) and time-
distance information (spatial-temporal data). While such active dynamic investigations
can yield many important insights, they are not typically included as part of routine clinical
management for practical reasons, and the vast amount of data generated can be difficult

to interpret®’.

Passive investigations consist predominantly of clinical examinations of the passive range
of motion of an individual with the aim of assessing the underlying bony anatomy. While
these are cheap and easy to perform in a clinical setting, they do not assess the bony
elements in isolation, but rather simultaneously assess tendonous, ligamentous, muscular

and fascial tissues also.
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I. 1.3 An important parameter: Femoral Neck-shaft Angle

The neck-shaft angle (NSA) of the femur - the angle formed between the femoral neck and
shaft - is a fundamental parameter of the lower limb and plays a key role in the transfer of

mechanical forces from the trunk to the lower extremity.

The modern understanding of hip biomechanics was established by Pauwels, wherein the
magnitude and direction of forces is said to be determined by body weight, position of the
centre of gravity, and the length of the abductor lever arm, as determined by the NSA and
the neck length?®2?°. Changes in the length of the lever arm alter the force that must be
generated by the stabilizing muscles, as can be seen when the neck-shaft angle or femoral
version changes. Alterations in loading from childhood can lead to later pathology, and
the NSA has been found to be associated with a number of orthopaedic diseases including

patellar subluxation and hip osteoarthritis®!2,

The femoral neck and its’ angle with the shaft are formed in utero while the femur is still
a cartilage anlage®’. Throughout early development and childhood, it falls from what is
originally a significantly valgus position (as high as even 160° in the neonate®') to reach
that of normal adulthood by adolescence. The value of ‘normal” however is still regarded
by some medical school textbooks to be 13532 whereas the true value is likely closer to
127°33, While consensus exists that the NSA falls with increasing age, the exact values,

33,34

the effect of geographic and climate influences’~*, and whether there are gender

135:36 _

differences at different age groups - or indeed if there are gender differences at al are

still the source of some debate.

Current disagreements about the measurement of the NSA have stemmed from clinicians
and researchers a.) using a range of different indirect and direct modalities, from MRI and
conventional radiography to anatomic specimens?*3; b.) using different landmarks; and
c.) using methods of varying reproducibility ranging from simple ‘eye-balling’ visual

assessment, strict geometrical reference points to computer assistance!42433-3738,

Evaluations based on conventional anteroposterior (AP) radiographs for example give an
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artificially elevated NSA due to the confounding effect of femoral anteversion!**4! (see
Figure 1). This difference between the ‘true’ and the ‘apparent’ NSA has been proposed
to explain the higher values reported by many teaching text books*? and raises questions

about the accuracy of results gained using indirect methods, in spite of attempts to use

14,40

patient positioning to compensate

Figure 1. The effect of axial rotation on the appearance of the neck shaft angle (NSA). NSA of a cadaveric
lower limb is seen to decrease from left to right, when positioned in external rotation, normal anteversion,

and internal rotation, respectively. [Image reproduced from Hunt et al. 2006*'].

While CT and MRI can eliminate anteversion-associated effects, they are associated with
considerable radiation dose and expense. Some authors have reported use of the EOS
2D/3D scanner to assess proximal femoral morphology and avoid artefacts, and when
Guenoun et al. compared NSA values measured on 2D EOS images and 3D
reconstructions made from the same images, they found values to be 8.04 degrees higher

in the 2D images which they attributed to artefacts caused by the femoral version*?.

10
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1. 2. The EOS Scanner

1. 2.1 What is the EOS Scanner?

The EOS scanner is a biplanar slot-scanning X-ray device capable of whole-body imaging

(See Figure 2). The imaging device is unique in its ability to capture head-to-toe images

with minimal image distortion and an extremely low radiation dose*®*. This is achieved

by three important features: 1. Slit collimators; 2. High-sensitivity detectors; 3. Internal

adjustable gain.

1. Slit collimation at the source serves to narrow emitted radiation in the vertical
dimension, creating a horizontal beam which can be scanned over the patient
resulting in a near 1:1 image. In contrast, conventional radiography employs
just a single fixed source, the shadow of which varies in magnification in each
region in proportion to the distance from the source. Furthermore slit
collimation blocks the scattered radiation that makes up a significant component

of the dose received in traditional X-ray systems*.

2. The detectors in the EOS system were developed based on George Charpak’s
multi-wire proportional chamber principle. Pressurised xenon gas in the
detectors is used to amplify arriving photons into an electron cloud and then a
subsequent ‘avalanche’ that serves to significantly boost the signal, thus

reducing the number of photons that must pass through the patient.

3. Internal adjustable gaining within each detector further serves to adapt
detection sensitivity to the incoming signal and results in high contrast images

capable of almost 30,000 gray levels.

Combining these innovations with two fixed scanning-arms positioned at 90 degrees to

each other, this low-radiation system can capture orthogonal image-pairs in the upright,

weight-bearing position, from which 3D reconstructions can be generated by the bundled

sterEOS software.

11
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Figure 2. The EOS scanner is a biplanar imaging device with two X-ray sources and detectors. [Image

reproduced with permission from eos-imaging.com, Paris, France].

I. 2.2 Radiation and the child

Imaging of the child is an essential component of diagnosis and management in the
majority of orthopaedic disorders, and due to availability and low cost X-ray
methodologies are most commonly employed®. X-rays are high frequency magnetic
waves that belong to the group of ‘ionizing radiations’, however they have known
deleterious effects on cells. While early effects such as burns, nausea, cardiac problems
are not typical at the doses applied in clinical settings, there is an increasing awareness of

the risk of later neoplasm*3-46-43

. Children are perhaps particularly susceptible to later
neoplasm, due to the large number of growing mitotically active cells, the stochastic nature

of late radiation effects and the one or more decades needed to develop®.
The typical management of scoliosis patients involves serial X-rays at follow-up and

McKenna et al. concluded in their 2012 review that there was a “clear association between

increased risk of breast cancer mortality and diagnostic X-ray exposures for female

12
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scoliosis™3. Ronckers et al. investigated 5,573 women in a study included in the
aforementioned review, finding cancer mortality was 8% greater than expected in those
with a history of scoliosis and repeated X-rays, predominantly due to a higher breast cancer
mortality*®. In another smaller study of 159 women, endometrial cancer risk was also seen

to be elevated in those with scoliosis when compared to the national average®.

1. 2.3 The EOS Scanner and Radiation

In recent decades much work has been undertaken to improve the technology and practices
of radiological interventions, such that harmful effects on the patient can be kept to a
minimum while still achieving sufficient image quality for clinical decision making. These

aims are described by the principle of ALARA (‘As Low as Reasonably Achievable’)*°.

The EOS scanner has been shown to expose the patient to 2-10x less radiation than
conventional radiography**. Such a radiation reduction gives us the possibility to make a
full body image-pair with the potential for three dimensional reconstructions with just 1/3
the radiation of a typical chest X-ray>!. Indeed, one study comparing modalities for limb
measurements on a phantom limb, found that that not only was radiation dose reduced
from a mean 29.01 millirad (conventional radiography) and 3.74 millirad (CT scanogram)
to just 0.86 millirad with the EOS scanner, but that the EOS gave significantly more
accurate measurements than even CT differing on average just 0.8% vs 1.3% (CT) & 8.8%

(conventional radiography)!®.

1. 2.4 The EOS Scanner Reconstructions

Using its’ proprietary ‘sterEOS’ software, the user can generate 3D reconstructions from
EOS scanner image-pairs (see Figure 3). Reconstructions can be generated from the lower
limb, pelvis and/or spine and are carried out in a user-guided three-step process. Firstly,
the region of interest is selected and specific landmarks are tagged. Next, a computer-
generated ‘best-fit’ template appears and must be adjusted by the user to match the
contours of the bones. Finally, the software generates a three-dimensional reconstruction

and automatically calculates biometric measurements based on the reconstruction.

13
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Figure 3. Three-dimensional reconstructions can be generated from image-pairs with the sterEOS software.
‘Best-fit” templates are generated and adjusted by the user to fit the bones, before computer processing takes

place. [Image reproduced with permission from eos-imaging.com, Paris, France].

I. 2.5 Clinical Applications of the EOS
The EOS scanner has seen increasing use in assessment of spinal disorders (such as

scoliosis****), lower limb disorders!®!7:18:36:42:43,52.33 (gych as limb length discrepancy) and

in whole body imaging>* since its introduction in 2008.

14
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Spinal disorders such as scoliosis require regular follow-up, typically involving repeated
imaging of children and adolescents over years, and patients can benefit greatly from the
lower radiation burden associated with the EOS scanner. Idiopathic scoliosis is a three-
dimensional deformity of the spine in which multiple segments of the vertebral column
are displaced in three planes, most notably a displacement of more than 10° in the coronal
plane’, and it affects 1.5-3% of the population®®. Furthermore, in recent years attention
has turned to the benefits of assessing pelvic parameters in idiopathic scoliosis
patients'®°738 Measurements of the pelvic incidence, sagittal pelvic tilt and sacral slope,
in addition to those of spinal curvature, can be assessed all with the same EOS scan® which
is beneficial to both patient and health care service alike. Facet joint disease, arthritic
degeneration and degenerative scoliosis of the spine can also be influenced by such pelvic

60,61

parameters®”°’, indeed pelvic parameters and sagittal alignment may have the greatest

impact on post-operative outcomes in adult spinal disorders®!-62,

Lower limb disorders that may be evaluated include limb length discrepancy®,
patellofemoral syndrome and pre-arthritic conditions like genu vara/valga and genu
recurvatum/flexum. Osteoarthritis of the lower limb, especially for surgical planning and

196465 or knee replacements®, has also been investigated in many

follow-up of total hip
institutes. The possibilities for assisting surgical planning in osteoarthritis alone indicate
the considerable potential impact of the EOS. Osteoarthritis affects an estimated 9.6% of
men and 18.0% of women over 60 years of age according to World Health Organisation
(WHO) statistics®’, and of these 80% have limitations in movement, and 25% reported an
impaired ability to perform some of their main daily activities. In the United States in
2005, 27 million people were estimated to be living with osteoarthritis®®. In 2004 alone,
more than 1.07 million joint replacement surgeries were carried out in the US, mostly due
to osteoarthritis®. A 2014 study using the EOS found significant changes in some
parameters in osteoarthritis patients - including acetabular angle, sacral slope, femoral
mechanical angle, femoral head eccentricity, and femoral head diameter — and suggested

longitudinal studies of such features could be a future possibility due to the low radiation

dose from the EOS®°.

15
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I. 2.6 Limitations of the EOS

The limitations of the EOS system should also be noted, specifically related to how 3D

reconstructions are generated, body position within the device and the age of the patient.

As three-dimensional reconstructions are generated from two orthogonal 2D images, with
reference to template reference structures they are not ‘true’ reconstructions. As a result
they may not be appropriate for assessment of some complex three dimensional disorders

such as tumours or fractures®.

Patient positioning within the EOS system is optimised for spine, pelvis and lower limb
assessment. In order to allow imaging of the spine, individuals assume the ‘step-forward’
position, with feet shoulder-width apart, left foot positioned approximately 10cm in front
of the right and arms elevated in front, with elbows flexed back towards the shoulders or
head (see Figure 2). In this position, however, much of the upper limb and hand are
obscured making it impossible to perform reliable measurements or carry out hand-wrist

based bone age evaluations.

While initial guidelines were not clear about the use in younger children, several studies

154553 Below the age of 4, however, the

have been performed successfully at younger ages
growth plate position may prevent full spino-pelvic and lower limb reconstruction
allowing measurement of just 6 of the potential 17 lower limb parameters (femur length,
tibial length, total lower limb length, femoral head diameter, mechanical tibio-femoral

angle and femoral shaft-mechanical axis angle).

16
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I. 3. Bone Age

Bone age is a metric that describes the state of maturity of an individuals’ skeletal system.
By assessing the development of one or more bones, an estimation can be made that may
serve as a useful indicator of biological age, and may be compared or contrasted to the

chronological age, as described in years, months, weeks, days and hours.

In principal, bone age assessment can be performed by any investigation that aims to
quantify maturity based on a feature of bone or the bony skeleton. This includes, but is not
limited to, bone morphology as assessed directly or indirectly via an imaging modality, but
may also be based on bone density’® or even molecular composition (eg racemisation of
aspartic acid in dentin’'). Progression towards full maturity is described in relation to that
region, however many methods relate a particular state of maturity to a ‘typical’
chronological age based upon comparison with a large population. While such comparisons

are rife with error, they can be clinically helpful, if used carefully.

The assessment of bone age in the living is overwhelmingly performed by evaluation of
bone morphology via imaging, predominantly X-ray investigation’?, as described by the

extent of ossification in the developing child.

1. 3.1 The Skeleton and Ossification

Osteogenesis is the process of bone formation, in which mesenchymal tissue is
transformed into bone directly (intramembranous ossification) or via a cartilage
intermediary stage (endochondral ossification). Intramembranous ossification occurs
predominantly in the bones of the skull, whereas endochondral ossification occurs in the

limbs, pelvis, vertebrae and most other bones’.

Chondroblasts initially lay down a cartilage-type extracellular material and eventually
transition to producing a denser matrix that is receptive to future calcium deposition.
Osteoblasts lay down extracellular material and mineralised calcium hydroxyapatite onto
the enlarging cartilage scaffold by the process of ossification, which begins in utero and

continues deep into the 3™ decade or even later’>.
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This osteoblast-led ossification process begins at specific foci in each bone. These are the
so-called ‘primary ossification centres’. Arising mostly in prenatal life, a wave of
ossification proceeds outwards from these centres. After birth, more foci develop, the
‘secondary ossification centres’, of which two types can be identified — epiphyseal and

apophyseal’.

(1) Epiphyseal secondary ossification centres appear at the ends of long bones,
contribute to the longitudinal growth of the bone, are covered in articular cartilage and

typically do not have attachments for tendons or ligaments.

(i1) Apophyseal secondary ossification centres can arise on all types of bone, and
typically function as attachment sites for tendons or ligaments to improve stability and

allow greater force production.

Ossification of tissue flows out from these starting points, and as radiopaque calcium
hydroxyapatite-rich material is deposited we can follow this on the radiograph: bony
protrusions and bumps correspond to sites of origins and insertions; while contours and

curves correspond to articular surfaces, the edges of bone surfaces and of the growth plate.

While this is a continuous process, the presence or absence of ossification at certain
landmarks or features can be clearly seen in a binary fashion. Such indicators may occur at
highly variable or unique times; however, many occur at very typical, predictable times.
Those predictable markers, which “tend to occur regularly, and in a definitive and
irreversible order”” are termed ’skeletal maturity indicators’. The description and
identification of skeletal maturity indicators is the cornerstone of all bone age assessment

methods based on morphology.

I. 3.2 History of Bone Age Assessment in Medicine
The use of bone age as a measure of maturity is an ancient concept, indeed, records have

been found as far back as ancient Rome describing the use of the emergence of the second

molar as an indicator for fitness of young males to enter military service’®,
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Bone age analysis in modern medicine began with the advent of the X-ray and John
Poland’s 1898 publication of a ‘Skiagraphic atlas showing the development of bones of the
wrist and hand”’ - a book containing reprints of radiographs and descriptions from
children aged 1 to 17 years old. Since then, a multitude of methods have been published,
covering many regions of the body, and each reflects the particularities of the region:
ranging from as early as intra-uterine life significant changes until late-adolescence; many
describe long bones only, others only flat or irregular bones, while others still have many
different bone types contained within their region of interest (see Appendix, Supplementary
Table 1 for an exhaustive list of all methods accessible via pubmed.gov). Numerous
modalities have also been used — from conventional radiography (the most commonly used)

to ultrasound, computed tomography and magnetic resonance imaging.

I. 3.3 Role of Bone Age in Medicine

Bone age assessment is commonly used in combination with chronological age to assist
with diagnosis, treatment indication and follow-up in paediatric orthopaedics, paediatric
endocrinology, forensic medicine and orthodontic dentistry. Typically the bone age is used
to assess where an individual lies on their progression towards full maturity, or where an
individual lies with relation to the pubertal growth spurt, the time of peak height velocity
(PHV). Forensic medicine however applies methods in reverse, using the bone age to make

inferences about the possible chronological age of individual - living or deceased.

In orthopaedic medicine, bone age assessment is an essential component of the
management of many disorders, most notably scoliosis and limb length discrepancy’®7,
and has shown a possible predictive role for contralateral slippage in slipped femoral
capital epiphysis (SCFE)3*#!. However bone age is not typically a routine component of

orthopedic lower limb assessment for most disorders as additional scanning is required.

Paediatric endocrinologists employ bone age investigations in conjunction with
chronological age, hormone assays and height velocity when evaluating growth disorders
such as constitutional growth delay, familial short stature, congenital adrenal hyperplasia,
precocious puberty, or delayed puberty (for example as a result of hypothalamic-pituitary-

adrenal axis disorders)32.
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In dentistry, bone age assessment allows the orthodontist to plan the timing of intervention
with respect to development of the face and the pubertal growth spurt®®.

Forensic applications typically use bone age in a ‘retrograde’ fashion with regards to the
previous techniques, inferring the chronological age from the estimation. Complete or
partial specimens are assessed in order to estimate ages for archaeological or criminal
investigations. Chronological age estimation in the living is often requested in evaluation
of undocumented individuals with regards to immigration status or applicability of penal
system (juvenile vs. adult)®®, and for age confirmation in participation in age-category
sport events®>~#7, It must be noted, however, that such estimates are fraught with error and
are not generally regarded as accurate by experts despite the wishes of judiciary or

governments®®,

I. 3.4 Methods for Bone Age Assessment

Two main approaches exist for the estimation of bone age from X-ray morphology —
the atlas method and the single region method (Table 1).

* Atlas-based methods use images of a reference “normal” skeleton to which a
patients’ radiograph may be compared. Such an approach involves matching of the
examined bone(s) to the reference images and locating the chronological age that would
be appropriate to such a level of skeletal maturity, and results are in the form of bone age
‘years’. These methods are popular as they are easy to learn and use - however they may
mislead by implying that growth is a uniform process, and they may not be as accurate as
the single-region method. Examples include Greulich-Pyle hand and wrist atlas’.

* The single-region scoring approach describes the development of a region of
interest, and results are given in the form of stages or percentages. Values describe the
progression towards full maturity of that region only and reach the highest stadium or
‘100% maturity’, when that region of interest has fulfilled its growth potential, irrespective
of other regions of the body. These methods are generally more accurate but often take
longer to learn and are not as quickly understandable as the values are not reported as
‘years’, in a manner easily comparable with the chronological age. However, this fact
means they are less prone to oversimplification or overgeneralisation to the whole body.
Methods using this approach include Tanner-Whitehouse®®, Oxford hip method”, Risser

method®!, Calcaneus method®?, and the Hassel-Farman method®>.
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Single Region of Interest

Atlas Methods
Method
. . Greulich & Pyle,
Hand-wrist Greulich-Pyle loson Bjork Bjork 1967%
Fishmant Fishman 1982%
Grave & Brown Grave & Brown 1976
%xfotrd Hand- Acheson 1954%7
ris
Sanders Sanders et al 2008
Singert Singer 1980%
;E\?E;Z;;()use Tanner et al. 1972%
Cervical Hassel-Farman Hassel & Farman
vertebrae 1995%
Lamparski Lamparski 1975%
Mito Mito et al. 2002'%°
Roman Roman et al. 2002
. Walk Lovej
Humerus Walker & Lovejoy 19";555 & Lovejoy
Elbow Sauvegrain Sauvegrain 1962'%
Shoulder Shaefer Schaefer et al. 2015'%
. . hmeling et al. 2004
Clavicle Schmeling ﬁg meling et a
. . . Michelson et al. 1934
First Rib Michelson Michelson et al. 19
Hip — iliac crest Risser Risser 1958
Risser ‘plus’ Negrini et al. 2015'"
. .. McKern-Stewart
Pubic sympbhisis McKem-Stewart Yoo o
Hip Oxford Hip Acheson 1957
gOdlﬁed Oxford Stasikelis et al 1996 %
1p
gie ;;z;::s Stull Stull et al 2014 '
Fibula Tsai Tsai et al. 2016 ''°
Pyle & H ’ .
Knee Pyle & Hoerr 1%’;9?]51 OEIT, MecKern-Stewart 1(l)zConnor et al. 2012
Oxford Knee Acheson 1954 %7
Ankle Hoerr, Pyle & Hoerr et al. 1962
Francis
Calcaneus Nicholson Nicholson %

Table 1. Popular manual methods of estimating bone age — Atlas methods and Single Region methods.

tMethods more commonly used in the practice of orthodontics and dentistry. (See Supplementary Table in

the Appendix for a comprehensive list of all methods available in the literature).
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I. 3.5 Bone Age Assessment Methods — A Brief Primer

The most common region assessed is the left hand and wrist, using Greulich-Pyle’ or
Tanner-Whitehouse!!® methods. In these methods an anteroposterior radiograph of the left
forearm and carpals is taken using conventional X-ray and evaluation of the presence and
shape of secondary ossification centres is performed manually or with digital assistance'!4.
The left side was chosen by anthropologists during the 1900s as it is generally the non-
dominant hand, and therefore less likely to be injured’. Since then, imaging of the left

hand has become routine.

In the management of scoliosis, orthopaedic surgeons often evaluate the excursion of the
apophysis of the iliac crest as per the 6-stage Risser system as an alternative to hand-wrist
imaging. The method is simple and memorable and the pelvic region is typically visible in
the full-leg full-spine (FLFS) images commonly taken during scoliosis investigations, thus
negating the need for additional radiographs. While the method is useful for predicting the

115,116

end of the risk period for scoliosis curve progression , it is not useful for predicting

peak height velocity (PHV) as its onset occurs before the first Risser stage has appeared’®.

I. 3.6 Bone Age Assessment Method Usage by Speciality

The bone age assessment method of choice is generally determined by the age of the

patient and preference of the investigator.

Breen et al. surveyed members of the Society of Pediatric Radiology in the United States
and found 97.6% respondents favoured the Greulich-Pyle hand-wrist method for over 3
year-olds’2. Methods applied to the hemiskeleton saw use in the 0-3 year age category but
the Greulich-Pyle method remained dominant at 69.8% in 0-1 year olds and 85.9% at 1-3
years old. Similarly, DeSanctis et al. reported 76% percent of European paediatricians!!’

preferred the Greulich-Pyle method.

Among orthopaedic surgeons, the Risser system is still often favoured, mostly due to its

63,91

simplicity %!, or has been replaced by hand ® or elbow !'® methods that correlate better

with the PHV.
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II. PART 1 — SKELETAL MATURATION OF THE
LOWER LIMB

I1. 1. Introduction

The EOS scanner shows clear potential as a valuable tool for high accuracy, low radiation
investigation of adult and paediatric spine and lower limb disorders, specifically in
disorders such as idiopathic scoliosis and pre-arthritic conditions which affect significant
portions of the population. A more accurate characterisation of the lower limb and its’
changes throughout growth in relation to chronological age and skeletal maturity of
children is essential to establishing what are ‘normal’ parameters and what are outside of
the range of normal. Traditionally popular bone age methods cannot be applied to EOS
images taken with the normal positioning protocol, however, as the raised upper limb

position obscures the carpal region (shown in figure 2).

Cervical vertebrae bone age assessment is a possible alternative method that has been
extensively investigated and seen use in orthodontistry. Several systems of staging based
on the morphology of the vertebral body and its” upper and lower margins, have been
described and correlation with chronological age and hand-wrist bone age assessed and
validated'"”. The Hassel-Farman method is simple and one of the most commonly used.
While few reports comparing the different methods can be found, Roman et al. showed the
Hassel-Farman method to have a greater correlation with hand-wrist assessments than
Mito’s, Lamparski’s methods, with a Spearman correlation of 0.995 similar to Roman’s

own, more complex, method (0.997)!°!,

I1. 1.1. Aims of this Study

In this study we aimed to evaluate the relationship of cervical bone age, as per Hassel-
Farman, and lower limb anatomical and biomechanical parameters in a population 2-24
years old. Furthermore, a specific focus was made to the neck-shaft angle, as a parameter

of extra importance in orthopaedics.
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I1.2. MATERIALS AND METHODS

I1. 2.1 Population
II. 2.1.1 Lower Limb Evaluation

The examined population was formed of EOS images collected in our department over the
course of routine clinic practice from 2007-2012 (see Fig. 4), as reported in 201773, Patient
records were reviewed, yielding a total of 7108 image-pairs, of which 3,473 were in the
age group 2-24 years old, and individuals were excluded if they were found to show any
biomechanical pathology of the lower limb, history of previous surgery of the lower
extremity, previous disease affecting growth or any limb/ body asymmetry. Due to a higher
number of older adolescent patients collected, image numbers were limited from the ages
of 17-24 years old to 50 cases per year (25 males and 25 females) resulting in 400 cases.
From the 2360 aged 2-16 years old, 727 remained after the aforementioned exclusion
criteria were applied, for a total of 1127 individuals. sterEOS reconstruction failed in 105

and cervical evaluation was not possible in 17, resulting in 1005 cases.

7108 A1l EOS Images 2007-12

2-16 year olds (2360 images) 17-24 year olds (1113 images)
o Exclusion of all individuals with :
All individuals - Biomechanical pathology of the lower limb 25 males and
included - History of previous surgery of the lower extremity 25 females at
(if passing - History of previous disease affecting growth each age- year
exclusion - Any limb/ body asymmetry
criteria)
y A
| 727 images l l 400 images I
-14% <+
y v
|622 successtul reconstructionsl I4OO successtul rcconstmctionsl

\ 1022 total successful /

reconstructions

Cervical bone age
- 17 cases =" J

y
1005 cases
449 males

556 females

Figure 4. Schematic describing selection process for base population used for measurement of lower limb

parameters vs. chronological and cervical bone age.
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All images were taken with orthopaedic indications, but individuals were subsequently
found to be disease-free, or found to have disorders that do not affect biomechanical
parameters (see table 3 for list of indications). Although many subjects included in the
study possessed some mild ‘spinal curvature deviation’ possessing a Cobb angle <10°, a
small study was performed to assess the possible significant differences in lower limb
parameters in those children vs. patients lacking any disorder (those with a scan indication
classified as “joint pain of unknown origin”). Ten subjects at each bone group and at

chronological ages from 9-24 years old were compared with independent t-test.

I1. 2.1.2 NSA Assessment population

After the original lower limb study, a closer look at the neck-shaft angle was later
performed, however as the EOS software is not recommended for NSA measurement in
individuals younger than four, individuals aged 2-3 were excluded from this study (12
individuals). 6 boys and 6 girls from aged 4-9 were randomly selected from our database

from 2013 to return the total number to 1005 (449 male, 556 female), see Table 4.

Before the radiological examinations, written consent was obtained from the parents,
including permission for the use of images for research purposes. All examinations and

works were carried out according to the articles laid out in the Declaration of Helsinki.

DAP
Duration (s) Voltage (kV) Power (mA)
(mGy*cm?)
AP 16.48+2.07 94.05+£8.07 192.44+30.75 630.10+206.13
LAT 18.05£3.15 108.14+10.32 224.34+40.09 | 1067.00+200.34

Table 2. Technical parameters of the EOS system (AP= anteroposterior, LAT= lateral, DAP= dose area

product). Values shown are mean =+ standard deviation.
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Calendar SSi?l?(fifj Mi!d J Oi‘nt pain
age (year) Gender n (Cobb Fl:mctlm.lal w1th_ un. Other
angle <10°) yphosis orig.

2 Male 4 3 0 0 1
Female 3 3 0 0 0

3 Male 2 2 0 0 0
Female 3 3 0 0 0

4 Male 7 4 0 0 3
Female 13 12 0 1 0

5 Male 14 10 0 1 3
Female 18 16 0 1 1

6 Male 13 10 0 1 P
Female 14 13 0 0 1

7 Male 15 10 0 1 4
Female 18 13 0 0 5

] Male 16 10 0 1 5
Female 20 15 0 2 3

9 Male 18 6 1 5 P
Female 17 11 0 3 3

10 Male 21 12 0 7 P
Female 20 16 0 2 P

11 Male 21 11 2 6 P
Female 23 12 1 9 1

12 Male 21 12 2 5 P
Female 40 32 1 4 3

13 Male 24 11 1 10 P
Female 39 30 3 5 1

14 Male 25 10 1 12 P
Female 40 32 2 4 P

15 Male 22 12 1 3
Female 51 29 3 13 6

16 Male 26 19 0 5 P
Female 37 21 2 13 1

17 Male 25 3 1 19 P
Female 25 3 1 20 1

18 Male 25 5 1 19 0
Female 25 5 0 14 6

19 Male 25 4 2 17 P
Female 25 6 1 17 1

20 Male 25 4 0 20 1
Female 25 7 1 16 1

1 Male 25 2 2 19 P
Female 25 3 0 20 5

2 Male 25 1 0 23 1
Female 25 1 1 21 5

23 Male 25 2 0 21 P
Female 25 1 0 23 1

24 Male 25 2 0 21 P
Female 25 1 0 21 3

SUM Male 449 165 14 219 51
Female 556 285 16 209 46

Table 3. Lower Limb Evaluation Population 2-24 years old. Indication of scans of population, divided
by age and gender. ‘Other’ disorders consisted of mild degenerative signs, bone cysts of various types,

juvenile aseptic bone changes, such as osteochondritis of the upper limb.
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Suspected
Calendar Gender n Scoliosis Mild Functional Joint Pain of Other
Age (Year) (Cobb angle Kyphosis Un. Orig.
<10°)

4 Male 8 5 0 0 3
Female 14 13 0 1 0

5 Male 15 11 0 1 3
Female 19 17 0 1 1

6 Male 14 11 0 1 2
Female 15 14 0 0 1

7 Male 16 10 0 1 5
Female 19 14 0 0 5

p Male 17 10 0 2 5
Female 21 15 0 3 3

9 Male 19 7 1 5 6
Female 18 12 0 3 3

10 Male 21 12 0 7 2
Female 20 16 0 2 2

1 Male 21 11 2 6 2
Female 23 12 1 9 1

12 Male 21 12 2 5 2
Female 40 32 1 4 3

13 Male 24 11 1 10 2
Female 39 30 3 5 1

14 Male 25 10 1 12 2
Female 40 32 2 4 2

15 Male 22 12 1 6 3
Female 51 29 3 13 6

16 Male 26 19 0 5 2
Female 37 21 2 13 1

17 Male 25 3 1 19 2
Female 25 3 1 20 1

13 Male 25 5 1 19 0
Female 25 5 0 14 6

19 Male 25 4 2 17 2
Female 25 6 1 17 1

20 Male 25 4 0 20 1
Female 25 7 1 16 1

2 Male 25 2 2 19 2
Female 25 3 0 20 2

9 Male 25 1 0 23 1
Female 25 1 1 21 2

23 Male 25 2 0 21 2
Female 25 1 0 23 1

24 Male 25 2 0 21 2
Female 25 1 0 21 3

SUM Male 449 164 14 220 51
Female 556 284 16 210 46

Table 4. NSA assessment population Indication of scans of 4-24 year old population investigated by
neck-shaft angle, with respect to age and gender. ‘Other’ disorders consisted of mild degenerative signs,

bone cysts of various types, juvenile aseptic bone changes, such as osteochondritis of the upper limb.
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II. 2.2.1 Parameters Evaluated

Lower limb evaluations were performed using EOS 3D v1.4.4.5297 software (EOS

Imaging, Paris, France). 3D-modelling of both lower limbs was performed, and 14

parameters of the lower limb measured (see Figure 5a-k):

A I

10.

11.

12.

13.

Femur mechanical axis length/ ‘Femur length’ (Fig.5a);

Tibia mechanical axis length/ ‘Tibia length’ (Fig.5a);

Lower limb mechanical axis length/ ‘lower limb length’(Fig.5a);

Femoral head diameter (Fig.5d);

Femoral neck length: the distance between the centre of the femoral head and
the proximal diaphyseal axis, as measured along the axis of the femoral neck
(Fig.5e);

Neck-shaft angle (NSA)/ collodiaphyseal angle (Fig.5f). This is the angle
between the axes of the femoral neck and the proximal diaphysis;

Femoral offset (Fig.5g): the distance between the centre of the femoral head and
the closest point along the axis of the femoral shaft;

Mechanical tibiofemoral angle (mTFA)/ ‘hip-knee-ankle angle’ (Fig.5b): the
angle between the mechanical axes of the femur (passing from femoral head to
the centre of the distal femur) and tibia (passing from the centre of the proximal
tibia to the middle of the ankle) in the frontal plane of the knee. By convention
values in the varus position are recorded as negative, and in valgus as positive;
Femoral mechanical axis-femoral shaft angle (FM-FS)/ hip-knee angle (Fig.5c¢):
the angle between the mechanical and anatomical axes of the femur in the
frontal plane of the knee;

Femoral mechanical angle (Fig.5k): angle between the femoral mechanical axis
and the axis of the femoral condyles;

Tibial mechanical angle (Fig.5k): angle between the tibial mechanical axis and
the tibial plateau;

Femoral version/ femoral torsion (Fig.5h): angle between the axis of the femoral
neck and the posterior condylar line, projected on a plane perpendicular to the
mechanical axis of the femur;

Tibial torsion (Fig.5j): angle between the transmalleolar and transcondylar axes,

projected on a plane perpendicular to the mechanical axis of the tibia;
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14. Femorotibial rotation (Fig.51): angle between the tibia and the posterior femoral

condylar line.

cL h.)

i)

Figure 5. Lower limb parameters measured with the EOS software. NSA, Neck-shaft angle; FAA, Femur
anatomical axis; FHD, Femoral head diameter; FMA, Femur mechanical axis; FMAn, Femoral mechanical
angle; FM-FS, Femoral mechanical axis-femoral shaft angle; FNA, Femoral neck axis; FNL, Femur neck
length; FO, Femoral offset; FT, Femoral torsion/ femoral version; FTR, Femorotibial rotation; LMA, Lower
limb’s mechanical axis; mTFA, Mechanical tibiofemoral angle; PCL, posterior condylar line; TM,
Transmalleolar line; TMA, Tibia mechanical axis; TMAn, Tibial mechanical angle; TT, Tibial torsion.

[Image reproduced with permission from Schlégl et al. 2013.]

In the 2-3-year-old age group, total 3D modelling was not possible due to the developing
epiphyseal cartilages, thus in these cases, we used the “Lower Limb Alignment” mode of

the software which assesses just six parameters:
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Femur length;

Tibia length;

Limb length;

Femoral head diameter;

Mechanical tibiofemoral angle;

AN A o

Femoral mechanical axis-femoral shaft angle.

Time taken for reconstruction was a mean of 15 minutes, though the time taken increased
with decreasing age, from below the age of 10. Time taken rose to a mean of approximately
25 minutes in the 4-year-old population. The 3D-reconstruction took 2 minutes in “Lower

Limb Alignment” mode.

Lower limb biomechanical values were recorded and their correlations with the calendar
age and the cervical bone age were investigated using standard deviation (SD), Spearman
correlation analysis and linear regression. Multicollinearity was examined with the
Variance Inflation Factor (VIF) test. If VIF was greater than 1, then multicollinearity was
said to be excluded, in 1 < VIF < 2 mild multicollinearity was said to be present but does
not significantly influence the results, or the value was over 2 then multicollinearity was

deemed incongruent and we rejected the model.

I1. 2.2.2 Neck-shaft Angle investigation

To further investigate the neck-shaft angle, the mean NSA value and SD at each
chronological age and bone age were calculated and means were compared using
independent t-test. The correlation between the NSA value and the chronological age, and
the bone age, were each assessed using the Spearman correlation, as above, and linear
regression analysis applied. The effect of the NSA on the chronological age and bone age,
together and separately, was also assessed using Stepwise Multivariate Regression

Analysis as described above.

Gender differences were also assessed using independent t-test and general linear

modelling, with gender input as a dummy variable.
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I1. 2.2.3 Cervical Bone Age Assessment

Cervical bone age assessment based on the morphology of C2, C3 and C4

vertebrae was performed as per the six-stage Hassel-Farman method” (see Figure 6).

1. Initiation 2. Acceleration 3. Transition
K
P
4. Deceleration 5. Maturation 6. Completion

Figure 6. Cervical Vertebral Bone Age Assessment as per Hassel & Farman (1995) (Adapted from
Schlégl et al. 2017).

1. Initiation: the inferior borders of C2, C3 and C4 are all flat. Upper borders taper
from posterior to anterior giving the body a wedge shape;

2. Acceleration: C2 and C3 develop concavities in their inferior borders, while
that of C4 remains flat. Bodies of C3 and C4 are almost rectangular in shape;

3. Transition: Concavities in C2 and C3 are now deeper and distinct with C4
beginning to develop a concave inferior border too. Bodies of C3 and C4 are
rectangular in shape;

4. Deceleration: C2, C3 and C4 all have distinct concavities in their inferior
borders, and the bodies of C3 and C4 are becoming more square in shape.

5. Maturation. Concavities of C2, C3 and C4 are more accentuated in the inferior
borders, and C3, C4 bodies are almost square or square in shape;

6. Completion: Deep concavities are found in the inferior borders of C2, C3 and
C4 and the bodies are square or column-like, with a vertical dimension greater

than their horizontal dimension.

Reliability with the EOS images was first assessed, in which 55 cases were randomly

selected and evaluated on 3 different days by three observers, after being taught the method
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by one senior orthopaedic physician and one senior radiologist. Intraclass correlation
coefficient (ICC) was estimated and reliability evaluated based on Winers criteria!?’. Next,
the method was applied to all 1022 EOS image-pairs, and was successful in all but 17

cases, leaving 1005 evaluations.

I1. 2.3. Statistical Analysis

For randomization and selection, the RAND.BETWEEN formula of the Microsoft Excel
v14.0.6112.5000 (Microsoft Corp., Redmond, WA) software was used. All statistical data
was processed by the SPSS v22 (IBM Corp., Armonk, NY, USA) and by the Microsoft
Office Professional Plus v14.0.6112.5000 (Microsoft Corp., Redmond, WA, USA)

software packages. A p-value <0.05 was accepted as significant.
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I1.3. RESULTS

I1. 3.1 Reliability Results with Hassel-Farman Cervical Bone Age Method

The ICC values for each observer were ‘excellent’ with intra-observer values of 0.959,

0.953 and 0.949. The inter-observer reliability was 0.976.

II. 3.2 Lower Limb Evaluation

Descriptive statistics of the measured lower limb parameters vs. chronological age and

cervical bone age are shown in Figure 7 (a-m) and Table 6, see below for NSA values.
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Figure 7. (a) . Femoral length vs. chronological age, cervical bone age. Error bars indicate + standard
deviation. (Males = blue, females = red).
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Figure 7. (b) . Tibial length vs. chronological age, cervical bone age.
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Significant correlations were seen between lower limb parameters and chronological age
in all metrics (p<0.05) (Table 5). A positive correlation, with increasing values in
association with increasing age, were seen in height, femur length, tibial length, limb
length, femoral head diameter, femoral offset, neck length, tibial torsion, femorotibial
rotations and FMFS angle while a negative correlation was seen at NSA, mechanical

tibiofemoral angle, femoral mechanical angle, tibial mechanical angle and femoral torsion.

Analysis of lower limb correlation with cervical bone age also yielded significant results
in all parameters. In five of the fourteen measured parameters, bone age showed a greater
correlation than chronological age, which was small but significant (p<0.005). These five
parameters were the NSA (-0.164 vs. 0.13), femoral mechanical angle (-0.082 vs. -0.080),
femoral torsion (-0.292 vs. -0.153), tibial torsion (0.240 vs. 0.146) and femorotibial torsion
(0.345 vs. 0.187).

Bone age Chronological age
Parameter Correla.tion p Correla.tion p
Coefficient Coefficient

Bone age - - - -

Calendar age 0.852 <0.001 - -

Height 0.772 <0.001 0.811 <0.001
Femur length 0.747 <0.001 0.781 <0.001
Tibia length 0.673 <0.001 0.766 <0.001
Lower limb length 0.582 <0.001 0.763 <0.001
Femoral head diameter 0.682 <0.001 0.738 <0.001
Femoral offset 0.664 <0.001 0.743 <0.001
Femur neck length 0.691 <0.001 0.703 <0.001
Neck-shaft angle -0.164 <0.001 -0.130 <0.001
?:le;ll;il;ical tibiofemoral angle 0214 <0.001 0.247 <0.001
Femoral mechanical angle -0.082 0.027 -0.080 <0.001
Tibial mechanical angle -0.117 <0.001 -0.119 <0.001
sFlf:f‘t“;n“g‘f:?;ﬁclﬁls‘;‘x‘s ~ femoral 0.071 0.009 0.091 0.001
Femoral torsion -0.292 <0.001 -0.153 <0.001
Tibial torsion 0.240 <0.001 0.146 <0.001
Femorotibial rotation 0.345 <0.001 0.187 0.001

Table 5. Correlations between the measured lower limb parameters and the cervical bone age and

chronological age, assessed by Spearman correlation coefficient. [Reproduced from Schlégl et al. 2017.]
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Bone Age
Male

n 67/61%
Femur Length 29.19
(cm) +5.36
Tibia Length | 2581
(cm) +5.33
Lower Limb 55.89
Length (cm) +11.22

Femoral Head

. 31.13
Diameter 420
(mm)

Femoral* 29.00

Offset (mm) +4.04

Femoral Neck | 37.73
Length* (mm) | +4.36

1.01

mTFA (°) 1268

Femur Mech. | 92.43
Angle* (°) +2.02

Tibial Mech. 89.35

Angle* (°) +2.13
4.06

()
FM-FS (°) 1137
Femoral 23.67

Version* (°) +10.7

Tibial 32.60
Torsion* (°) +5.56

Fem. tibial 2.36
Rotation* (°) = +5.95

1

Female

82/76*

28.36
+5.36

24.82
+4.74

53.68
+10.03

29.88
+4.55

27.69
+4.57

35.97
+5.15

1.60
+2.60

93.22
+2.24

89.17
+2.25

4.26
+1.34

23.71
+9.53

31.65
+5.43

2.55
+5.50

Male

40

35.90
+4.30

32.17
+4.22

69.46
+8.56

36.37
+3.85

33.05
+5.58

43.17
+5.35

0.31
+1.83

93.09
+1.96

88.92
+2.12

4.07
+1.44

25.68
+8.63

30.92
+5.83

3.17
+5.68

Female

47

33.87
+4.31

30.24
+3.43

65.25
+7.38

35.18
+4.16

32.64
+5.09

40.94
+5.91

0.70
+2.22

93.49
+2.07

89.13
+2.14

4.08
+0.98

21.95
+9.58

31.27
+5.83

3.40
+6.29
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Male

47

40.74
+4.02

36.11
+3.37

77.69
+7.07

41.78
+3.92

37.80
+5.14

48.47
£5.39

-0.36
+2.12

93.15
+1.71

88.68
+2.15

4.26
+1.33

19.10
+10.36

33.20
+6.66

4.15
27,12

Female

67

38.24
+4.09

33.40
+3.99

71.95
+8.34

38.29
+3.62

35.59
+5.35

45.40
+5.34

0.93
+2.18

93.75
+1.85

89.29
+2.38

422
+1.12

21.53
+9.87

33.62
+5.13

5.18
+6.82

Male

63

42.79
+3.39

37.56
+3.17

81.23
+6.48

43.93
+6.63

40.13
+5.53

50.22
+5.46

-0.81
+1.84

93.31
+1.71

87.79
+1.97

4.26
+1.15

20.30
+8.91

33.52
+8.14

4.34
+6.19

Female

84

41.01
+2.45

36.22
+2.28

78.40
+4.63

41.75
+2.92

38.28
+5.03

48.41
+4.49

0.33
+2.29

93.52
+1.88

89.04
+2.63

4.13
+1.08

21.87
+9.88

32.06
+7.04

7.30
+6.12

Male

85

41.78
+2.94

36.45
+4.88

79.28
+10.48

44.28
+3.28

41.17
+5.03

50.39
+4.40

-0.94
+2.65

92.82
+1.80

87.92
+2.58

4.36
+1.28

19.28
+7.56

32.16
+7.13

3.99
+5.76

Female

117

41.08
+2.49

35.87
+2.34

77.31
+4.54

41.59
+2.75

38.45
+4.35

48.56
+3.59

-0.13
+2.43

93.15
+1.99

88.90
+2.58

4.39
+1.13

20.84
+9.37

32.89
+6.87

5.93
+5.95

Male

147

41.73
+3.48

37.21
+3.05

80.08
+6.53

43.76
+3.42

43.24
+4.00

49.99
+4.29

-0.03
+1.38

92.55
+1.41

88.29
+1.70

4.39
+0.86

18.00
+5.61

28.34
+5.01

3.96
+3.92

Female

159

41.01
+3.29

36.46
+291

79.04
+6.35

42.86
+3.52

41.36
+5.08

49.09
+4.48

0.03
+1.73

92.87
+1.67

88.76
+2.21

435
+1.01

19.77
+6.44

29.83
+5.85

4.65
+5.35

Table 6. Changes in lower limb biomechanical parameters with respect to cervical bone age, as estimated

by Hassel Farman method. Values shows aare Mean + Standard Deviation. (mMTFA = mechanical

tibiofemoral angle, FM-FS = Femur mechanical axis — femoral shaft angle) As only ‘Lower limb alignment

mode’ could be applied for sterEOS reconstructions in 2 and 3 year olds, n values differ in 8 of the parameters

(marked with an *). All of these individuals fell into Bone Age Stage 1.
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Calculated linear model data are shown in table 7. Femoral mechanical angle, tibial
mechanical angle and FMFS angles were best correlated with models based on the
chronological age alone. The NSA, mTFA, femoral torsion, tibial torsion and femorotibial
rotation however correlated best with mixed models combining both bone age and
chronological age. Femoral, tibial and limb length, femoral head diameter, femoral offset
and femoral neck length were better correlated with height than either chronological or

cervical bone age.

Parameter Calculated linear model coeligz?en " VIF
Femur length Height 0.856 -
Tibia length Height 0.811 -
Limb length Height 0.912 -
Femoral head diameter Height 0.912 -
Femoral offset Height 0.834 -
Femur neck length Height 0.857 -
Neck-shaft angle Bone age - Calendar age -0.322 0.875
(g Aprotemoralangle - catendar age - Bone age 0,189 1.257
Femoral mechanical angle Calendar age -0.080 -
Tibial mechanical angle Calendar age -0.115 -
f::g;:;;ﬁf;‘g;‘ical axis - shaft Calendar age 0.093 :
Femoral torsion Bone age - Calendar age -0.240 0.741
Tibial torsion Bone age - Calendar age 0.335 0.984
Femorotibial rotation Bone age - Calendar age 0.237 1.356

Table 7. The calculated linear models based on stepwise regression analysis and variance inflation factor
test VIF). Beta-coefficient reflects the efficacy of the bone age, calendar age or height as a discriminating
variable to separate discrete groups within the parameters. [Reproduced from Schlégl et al. 2017.]

I1. 3.3 Neck-shaft angle — a closer look

A closer look at NSA values in relation to chronological and bone age are shown in tables
8 and 9, respectively. With respect to chronological age, the NSA started at average value
131.89° + 6.07° at 4 years old and fell thereafter to a mean value of 128.85° £ 4.46° at 16,

followed by a slower decrease until the age of 20, with mean value 127.81° + 3.84°).
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Cllil‘g(;n((;lgzgic)al N Minimum Maximum Mean ]S)t;l;ggzg
4 22 121 140 131.89 6.072
5 34 121 140 129.91 5.627
6 29 123 137 130.50 4.076
7 35 117 143 130.46 6.265
8 38 118 141 129.81 5.171
9 37 121 143 131.52 6.070
10 41 122 145 131.40 6.434
11 44 117 138 129.82 4.956
12 61 121 142 129.85 5.167
13 63 121 143 130.68 5.195
14 65 120 143 130.58 6.146
15 73 120 140 129.25 4.704
16 63 119 135 128.85 4.464
17 50 123 132 128.43 3.485
18 50 121 133 128.40 3.273
19 50 123 135 127.96 3.454
20 50 120 135 127.81 3.842
21 50 121 133 127.70 3.472
22 50 118 134 127.88 3.822
23 50 122 136 127.75 3.910
24 50 124 132 127.31 3.179

Overall 1005 4.704

Table 8. Neck-shaft angle and chronological age - maximum, minimum and standard deviation values
recorded (values in degrees). [Reproduced from O’Sullivan et al. 2020].

NSA values with respect to cervical bone age fell from a mean 130.91° + 4.26° at stage 1

to 128.07° + 3.36° by stage 6.

In addition to the small but stronger correlation seen between NSA and bone age (-0.164
vs. -0.130), previously reported, univariate linear regression found statistically significant
models with bone age exhibiting a slightly higher R? value (R?>= 0.101 vs. 0.069, beta-
coefficient -0.286 vs. -0.264, standard error of the estimate 4.001 vs. 4.176, respectively.
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B(()Sllggege N Minimum Maximum Mean ls)t;lzggzg
1 142 121 143 130.91 4.259
2 94 117 145 129.17 6.061
3 114 120 143 129.91 4.374
4 147 119 144 130.40 4.140
5 202 118 142 128.90 4.174
6 306 120 143 128.07 3.358

Total 1005 4.394

Table 9. Neck-shaft angle and bone age - maximum, minimum and standard deviation values recorded with
respect to cervical bone age (values in degrees). [Reproduced from O’Sullivan et al. 2020].

When gender was added as a discriminating variable, investigation by t-test found a
statistically significant difference in NSA values between males and females in
chronological age-based assessment (p=0.035), however, with bone age-based analysis
there was no significant difference (p=0.265). General linear modelling additionally found
a small but statistically significant effect from gender compared to chronological age (R?
=0.082, p<0.001). No significant effect was found when gender was compared to bone age

(R2=0.073, p=0.12).
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Figure 8. Boxplots representing the neck-shaft angle values vs. cervical bone age and chronological age of

individuals from 4-24 years old. [Reproduced from O’Sullivan et al. 2020].
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The boxplots in Figure 8 represent the bone age of individuals across all chronological
ages. On further investigation, statistically significant differences were found between
those children and adolescents with an elevated or delayed bone age compared to those of
the same calendar age (see Figure 9). Individuals with a bone age of 2 or more stages above
those at the same chronological age had a mean NSA 3.16° higher than their peers
(p<0.001), while those with a delayed bone age (2 or more stages below their peers)
showed an average NSA that was 4.45° higher (p<0.001). ‘Elevated’ and ‘delayed’
categories contained individuals with an age more than one standard deviation from the
mean (outside of 68% of the population), with the exception of 65.5% of those aged 12,
due to a particularly wide range of bone ages at this age-year. Overall, a mean 83.38% of
individuals at each chronological age were found to lie at, or <1 stage from, the same bone

age stage (the so-called ‘typical’ bone age stage).

===== Advanced A
me Typical

140 | m== Delayed

N
W
($)]

|
=,

Neck-shaft angle (degrees)

NPT o T o o P Pl ol e P ey o o ot it e o o it et [
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Chronological Age (years)
Figure 9. Neck-shaft angle vs. chronological age, sub-stratified by ‘delayed’ or ‘advanced’ cervical bone
age. Individuals with a ‘delayed’ or ‘advanced’ bone age (> 2 bone age stages from the ‘typical’ stage seen
by their peers) exhibited significantly elevated neck-shaft angles by a mean 4.45° and 3.16°, respectively
(p<0.001). [Reproduced from O’Sullivan et al. 2020].
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Similarly, chronologically older and younger individuals at each bone age stage showed
significantly higher neck-shaft angles compared to the others of the same stage (figure 10,
or see Table 10 for population distribution). At stage 1, those aged eleven and twelve years
old had significantly higher NSAs than the younger individuals of the same stage (133.1°,
134.8° vs. 130.9°, p=0.002, p=0.032). In stages 3 and 4 both younger and older individuals
showed higher NSA angles with stage 3 values of 131.9°, 130.6° & 129.3°, 130.6° vs.
127.2° (p=0.041, <0.001, 0.029, 0.039) respectively, and in stage 4, 132.2°, 130.0° &
131.1°,133.3° vs. 128.1° (p=<0.001, 0.022, 0.004, 0.011), respectively. At stages 5 and 6,
NSA values were found to be higher if individuals were younger - 11 & 12 year-olds in
stage 5 had values of 135° & 131.7°, respectively, while 13-23 year-olds showed mean
128° (p<0.001, <0.001). Younger individuals in stage 6 were found to have mean NSA
134.9° and 131° vs. 126° (p<0.001, <0.001). Although statistically significant difference
between younger and older age groups was seen at bone age stage 2 a clear trend was not

seen.
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Figure 10. Neck-shaft angle at each cervical bone age stage, sub-stratified by chronological age. Individuals
who were chronologically older or younger within one bone age stage, exhibit significantly higher neck-

shaft angles at most bone age stages. [Reproduced from O’Sullivan et al. 2020].

Age Bone age stage Age Bone age stage
(years)| 1 2 3 4 5 6 | SUM || (years) 1 2 3 4 5 6 SUM
4 22 22 4 100.0% 2.2%
5 30 4 34 5 88.2% 11.8% 3.4%
6 2 5 2 29 6 75.9% 17.2% = 6.9% 2.9%
7 17 12 6 35 7 48.6% 343% 17.1% 3.5%
8 19 12 7 38 8 50.0% 31.6% 18.4% 3.8%
9 10 19 7 1 37 9 27.0% 51.4% 189% 2.7% 3.7%
10 13 13 11 4 41 10 31.7% 31.7%  26.8% 9.8% 4.1%
11 6 10 15 7 6 44 11 13.6% 227% 34.1% 159% 13.6% 4.4%
12 3 13 19 8 12 6 61 12 4.9% 21.3%  31.1% 13.1% 19.7% 9.8% | 6.1%
13 6 21 15 13 8 63 13 95% 333% 238% 20.6% 12.7% | 6.3%
14 12 18 27 8 65 14 18.5% 27.7% 41.5% 12.3% | 6.5%
15 11 17 33 12 73 15 15.1% 23.3% 452% 164% | 7.3%
16 3 20 32 8 63 16 4.8% 31.7% 50.8% 12.7% | 6.3%
17 14 13 23 50 17 28.0% 26.0% 46.0% | 5.0%
18 8 18 24 50 18 16.0% 36.0% 48.0% | 5.0%
19 8 5 37 50 19 16.0% 10.0% 74.0% | 5.0%
20 7 11 32 50 20 14.0% 22.0% 64.0% | 5.0%
21 7 12 31 50 21 14.0% 24.0% 62.0% | 5.0%
22 7 8 35 50 22 14.0% 16.0% 70.0% | 5.0%
23 6 7 37 50 23 12.0% 14.0% 74.0% | 5.0%
24 5 45 50 24 10.0% 90.0% | 5.0%
SUM | 142 94 114 147 202 306 | 1005 | sum 14% 9% 11% 15% 20% 30%

Table 10. Distribution of bone ages and chronological ages across the neck-shaft angle population (1005
children and adolescents, 4-24 years old). [Reproduced from O’Sullivan et al. 2020].
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Analysis by multivariate linear regression found that changes in the NSA were predicted
most accurately when a combined model utilizing both chronological and bone age was
used (R%= 0.226, beta-coefficient=-0.322, p<0.001, standard error of the estimates (SE)=
3.809, VIF=0.875; vs. univariate linear regression values R>=0.101, 0.069).

After investigation by t-test, no significant difference was found in lower limb parameter
values between individuals with mild spinal deviation and those with other indications

(p>0.05).
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I1.4. DISCUSSION

I1. 4.1 Lower Limb Biomechanical Parameters in the Developing Child

The lower limb plays a vital role in locomotion and balance. A combination of factors
influence its function, and the actions needed for upright motion and balance require an
interplay between the dynamic elements of the neuromuscular system and the fixed
biomechanical parameters ie. the bony skeleton. The lower limb of the developing child
and adolescent is constantly changing and if the bony biomechanical parameters exceed

the range of normal it can be indicative of a developing disorder or pre-disease state>!22

In this study, the results showed clear differences in how many lower limb parameters
correlate with the chronological and bone age. Spearman correlation analysis with both
the chronological and cervical bone age yielded significant results in all parameters, with
bone age found to have a small but significant stronger correlation in five of the fourteen
measured parameters (p<0.005), specifically the NSA, femoral mechanical angle, femoral

torsion, tibial torsion and femorotibial torsion.

While current lower limb standards have been typically assessed with reference to
chronological age, our data may suggest that bone age should be included as a component
of lower limb orthopaedic evaluation of the child. For a deeper look at the lower limb
parameters assessed in this study, we can describe the parameter as being of one of two

types: (i) Longitudinal, or; (ii) Rotational / Torsional.

I1. 4.1.2 Longitudinal parameters

According to our findings, the longitudinal parameters of the lower limb showed a greater
correlation with the calendar age than with the bone age (Table 5). Although bone age also
correlated with these features, often exhibiting strong correlations, the chronological age
was stronger — notable are femoral length (CA vs BA p = 0.781 vs 0.747), tibial length
(0.766 vs 0.673), total lower limb length (0.763 vs 0.582) and femoral neck length (0.703
vs 0.691).
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While bone age might have been expected to more closely correlate with the longitudinal
parameters, indeed it used to assist in the management of leg limb discrepancys, it is perhaps
an informative and important lesson regarding the unpredictability of growth. While
Dimeglio recommends the use of more than one bone age method in addition to Tanner
staging, he still insists that serial measurement must be performed on each child as bone

age is still “the most impalpable and the most indiscernible parameter”!.

Little et al. found in their study that bone and chronological age were no better than each
other for predicting longitudinal growth in 120 patients’®. While some authors have since
disagreed with Littles’ conclusions, our findings do not, although rotation features were

not assessed in their study.

I1. 4.3 Rotational / Torsional parameters

In contrast to longitudinal features, rotational parameters measure were found to have a
stronger Spearman correlation to cervical bone age than the chronological age (Table 5).
‘Rotational’ parameters were femoral version (CA vs BA p= -0.153 vs. -0.292), tibial
torsion (0.146 vs. 0.240), femorotibial rotation (0.187 vs. 0.345) and femoral mechanical
angle (-0.080 vs. -0.082, N.S.)

Although a Spearman correlation coefficient of 0.2-0.4 is regarded as weak, these p values
were still significantly stronger than those with calendar age, so bone age could perhaps

assist with such difficult-to-assess parameters.

Reasons for the closer correlation of rotational parameters to the bone age were not clear.
However, as the developmental of rotational features is influenced by muscle contracture,
it might not be surprising to see this stronger correlation. Indeed, as epiphyseal plates close
during development, the force from the muscles is transmitted to a progressively more
rigid bony structure, and hence one with a progressively decreasing capacity for flexibility
within the bone, or even across the epiphyseal plate, such that more permanent remodelling
takes place, manifesting as increased rotation. Van der Linden states that “normal torsion
development is the result of muscle forces on the immature skeleton during normal gait”,

and indeed the torsions and rotations of the lower limb are the result of a “complex
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interaction between initial orientation of bony structures, muscle characteristics, and
muscle forces during gait, and in frequently adapted positions, especially in the non-
ambulatory phase”!?!. Similarly this is seen in torsional abnormalities found in cerebral
palsy patients who, in addition to gait abnormalities, have increased incidences of knee
pain and patellofemoral discomfort, the severity of which was found to be often associated

with external tibial torsion and increased femoral anteversion!?2.

When we went further and applied linear models using stepwise regression (Table 6), it
was found that mixed models combining both bone age and chronological age showed the
highest correlation coefficients for the rotational parameters of femoral torsion, tibial

torsion and femorotibial rotation (and also the mTFA and NSA).

I1. 4.4 Other features

The femoral offset parameter showed a good correlation with both bone age and
chronological age, though that of chronological age was superior (0.743 vs 0.664), similar

to the longitudinal-type parameters.

The neck-shaft angle showed a small but stronger correlation with the bone age (BA vs.
CA: -0.164 vs. -0.13) and the strongest correlation with a mixed bone age-chronological
age model (Beta coefficient -0.322, VIF =0.875). For an in-depth description of NSA

results, see below.

I1. 4.5 Neck-shaft Angle development and Skeletal Maturity

After the initial study of lower limb parameters was performed, the NSA was investigated
more deeply (see Tables 8,9) and linear and multivariate modelling carried out in the 1005-

individual population aged from 4-24 years old.

NSA in the studied population decreased from a mean of 131.89° at 4 years old and
plateaued at 127° at 16-18 years old, similar to the values seen by Gilligan et al. in their
study of 8,000 real femur specimens®. These findings agree with the results of Guenon et

al., supporting the theory that using the EOS and its’ software can prevent the false
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elevations of NSA caused by femoral anteversion that typically befall conventional

radiographs*.

A small but superior relationship was found with the bone age vs. NSA compared to that
of the chronological age: linear regression models presented an R? value of 0.101 vs. 0.069,
mean standard deviation was lower (4.39° vs. 4.70°), in addition to the previously reported

greater Spearman correlation (p = -0.164 vs. -0.130).

Next, multivariate linear regression analysis assessed a combination of bone and
chronological age data and presented a model using both, and showed a stronger
correlation than either alone (R?>= 0.226 vs. 0.101, 0.069), and best reflected the changes

of NSA during growth regardless of gender.

Looking closer at the data, several interesting patterns emerged when bone age stages were

subdivided by chronological age (figures 8, 9 and 10).

The majority of children at a similar chronological age presented were found to have
similar bone age stages. However, the range of values was quite wide (such that a 12 year-
old could have nearly any bone age stage from 1 or 6), and within each age-year there was
a sub-group of children who had a higher or lower bone age compared to their peers. We
termed these as ‘slow-maturing’ and ‘fast-maturing’ groups, depending on whether the
bone age stage of the cervical vertebrae of the child/ adolescent was below or elevated by
2 or more bone age stages compared to others of the same chronological age. Interestingly,
the mean NSA of these individuals was significantly higher than their peers, irrespective
of whether the child/ adolescent was slow-maturing or fast-maturing (see figure 9). On
average the NSA in the fast-maturing group was 3.16° higher than their peers (p<0.001),
and in slow-maturing individuals 4.45° higher (p<0.001). An elevated NSA in less mature
individuals might be expected as the value is typically understood to fall with increasing
development, however an elevated NSA in those with a higher bone age has not been

previously reported.

Similarly, when the chronological age within each bone stage was investigated, the same
relationship was seen again (see figure 10). At cervical bone age stage 1, children of older

chronological age were found to have higher NSA values than the others. In stage 3, while
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most children were of similar age, those children who were older or younger exhibited an
elevated NSA. Stages 4 and 5 showed a similar pattern of older and younger individuals
with higher NSA values. While in stages 5 and 6 the pattern in older individuals was less

clear, this bone age stage encompassed a large age group from 17 to 24 years old.

According to our findings a typical 15-year-old exhibited an NSA of 128. 3°, however if
they were slow-maturing or fast-maturing compared to their peers they would be expected
to show a higher values of 133.6 or 132.2°, respectively. Similar results associated with

bone age were found throughout all age groups.

‘Force x Time’

Our findings led us to hypothesize that femoral neck development may possess a period
of susceptibility during which biomechanical forces can act on the proximal femur to
determine the angle of the femoral neck. According to this concept, neck angle
morphology is an inverse product of ‘force x time’. A shortening of this susceptibility
period, as may occur in ‘fast-maturers’, would result in a higher NSA as the cartilage
ossifies earlier, before the neck has declined completely from the immature valgus
configuration. It is not clear whether these fast-maturing individuals will later undergo a
‘catch-up’ decrease in NSA value or will remain with higher values. Without a longitudinal

study, however, it is not possible for us to clarify.

Force. Proximal femoral geometry is known to be influenced by the biomechanical forces
applied®”!23. Upright gait, and the stresses associated, acting on the femoral head and
greater trochanter are responsible for the majority of childhood NSA and femoral version
changes as demonstrated in vivo by the direct relationship between activity levels and

40,124

proximal femoral parameters in children with cerebral palsy , and also by computer

models and stress modeling!2>:126,

Time. The timing of neck-shaft development has not been well studied, however. To
support our hypothesis that a shortened period of susceptibly could lead to a higher NSA,
it was considered that higher NSA values should then also be seen in individuals with

earlier epiphyseal closure for some other reason or in those with an advanced bone age.
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Precocious puberty, a condition of endocrinological origin, is associated with premature
epiphyseal closure and short stature, however is not typically associated with changes in
NSA. It could not be ruled out however, as reports on the NSA values were not found
except in the case of co-existent fibrous osteotic dysplasia, (in this case as part of so-called

McCune-Albright Syndrome) 127128,

Conversely, conditions leading to delayed bone age or a prolonged duration with open
epiphyses would be expected to be associated with lower NSA values. Again, reports of

proximal femur measurements in such conditions were very few and hard to come by,

129,130 131,132

however. Although both thyroid disease and growth hormone deficiency are
conditions known to delay epiphyseal development, no studies could be found describing
NSA of patients that could give supporting or opposing evidence. The association between
hypothyroidism and slipped capital femoral epiphysis (SCFE) has been reported many
times!33134 SCFE has been linked to a decreased neck-shaft angle, however!'**
Furthermore, while numerous studies have found that age at menarche has decreased
continuously over the last century, the NSA has not been reported to be falling. However,
reports on the age of menarche from recent decades have not agreed upon whether this

trend is ongoing, and the majority of NSA data are from this period 3%13-13%,

I1.4.6 Limitations

This study contained several limitations. The grouping of children during growth, a
notoriously individual and unpredictable process into ‘typical’ growth patterns is always
an oversimplification. Groupings based on any arbitrary data point (even if related to
distributions of a normal population) must always be regarded to be at risk of detecting
events occurring simply due to chance. By examining a large sized population, 449 boys

556 girls, we believe we have minimized this chance.
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11.4.7 Summary

We believe that our data indicates that the inclusion of cervical bone age assessment in a
paediatric orthopaedic evaluation may be valuable, especially when the neck-shaft angle
is in question. Bone age-based evaluation of NSA removed gender differences, and when
combined with chronological age yielded the most accurate characterization of its angle
during all stages of childhood and adolescence. Combined models using both bone age
and chronological age can give the most accurate and individualized assessment of a
child’s NSA taking into account gender, nutrition, socioeconomic status, disease status,
and could improve the definition of normal and diseased, and allow better indications for

intervention.
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II1. PART 2 -
Alternative Bone Age Assessment Methods

I11. 1. Introduction

II1.1.1 Introduction

In our previous results, a number of lower limb parameters including the NSA were
found to show lower variation and gender differences with cervical bone age
assessment, a method that can be included during evaluation of EOS image-pairs (see

Part 1).

Cervical bone age assessments have been popular with orthodontists, however, they are
not well known to most orthopaedic physicians. Furthermore, in settings where only
the lower limb is to be investigated a full body image is not required and the cervical
region is consequently not featured on the radiograph, so the cervical method of bone
age assessment may not always be possible. A multitude of alternative bone age
assessments have been described in the literature (see Table 1 or Appendix, Table 1)
that may be closer to the region of interest, or faster to apply, however few have entered
common use in modern orthopaedic medicine, and even fewer have been applied to
EOS images. Some authors have described hand-wrist assessment using modified
positioning during image capture, however such methods cannot be applied

retrospectively to EOS images in a database!.

II1.1.2 Aims of this study

The aim of this study was to identify and assess alternative bone age methods for use

with the EOS scanner, without the need for changes in position.
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I11.2. MATERIALS AND METHODS

I11. 2.1 Bone Age Assessment Alternative Methods Population

The studied population was based on that described in the Materials & Methods section
of Part 1 “NSA Assessment Population’. Due to the time differences and server transfers
between parts of this study, 59 individuals’ scans were lost to the study. As a result,
during bone age assessments of the 4-24 year-old population, the total population was

934 individuals.

I1I. 2.1.1 Bone Age Methods Literature Review

A literature review was conducted on March 30 2016 using the search terms “bone
age”, “skeletal age” and “skeletal maturity” in Pubmed and 6075 publications using
185 different methods were described (See Appendix, Supplementary Table 1.). All
methods requiring specialized positioning were excluded and after evaluation 9

promising methods, were selected:

Calcaneus (Nicholson 2015)°%;

Cervical vertebrae (Hassel & Farman 1995)%3;

Clavicle (Schmeling et al. 2004)'%%;

Shoulder (Shaefer et al. 2015)'4;

Elbow (Sauvegrain et al. 1962)!03;

First rib (Michelson et al. 1934, Garamendi et al. 2011)!06141;
Hip (pelvis and proximal femur) (Acheson 1957)%;

Iliac apophysis, Risser ‘plus’ method (Negrini et al. 2015)!'%7;
Knee (O’Connor et al. 2008)!!2,

A S AR AN o S

After discussion it was decided not to proceed with the clavicle, rib, and elbow methods
due to insufficient resolution on conventional radiograph (clavicle) or the presence of
severe shadowing preventing visualization of landmarks due to patient position in the

EOS (first rib, elbow). This left six promising methods (see figure 11 a-e).
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N

Figure 11.(a) Calcaneus. Adapted from Nicholson et al. 2015.
Stage 0: No ossification of the apophysis is evident;

Stage 1: The apophysis extends more quickly over the plantar than dorsal surface. The apophysis in this
figure covers < 50% of the metaphysis;

Stage 2: The apophysis covers > 50% of the metaphysis but has not extended to the plantar edge. The
radiolucent interval between the apophysis and metaphysis is wider near the areas of plantar and dorsal
extension than in the central region;

Stage 3: Complete extension over the plantar surface is seen when the apophysis extends within 2 mm of
the plantar edge of the calcaneal concavity, as shown by the black arrow. There is a narrow and relatively
uniform radiolucent interval between the apophysis and metaphysis;

Stage 4: Fusion of the apophysis is occurring, but there are still visible intervals between the apophysis and
metaphysis. Fusion begins in the central region of the interval between the apophysis and metaphysis;
Stage 5: Fusion of the apophysis is complete.

1. Initiation 2. Acceleration 3. Transition
\
4. Deceleration 5. Maturation 6. Completion

Figure 11 (b) Cervical Bone Assessment as per Hassel & Farman (1995) (Adapted from Schlégl et al.
2017). 1. Initiation: the inferior borders of C2, C3 and C4 are all flat. Upper borders taper from posterior to
anterior giving the body a wedge shape. 2. Acceleration: C2 and C3 develop concavities in their inferior
borders, while that of C4 remains flat. Bodies of C3 and C4 are almost rectangular in shape. 3. Transition:
Concavities in C2 and C3 are now deeper and distinct with C4 beginning to develop a concave inferior
border too. Bodies of C3 and C4 are rectangular in shape. 4. Deceleration: C2, C3 and C4 all have distinct
concavities in their inferior borders, and the bodies of C3 and C4 are becoming more square in shape. 5.
Maturation: Concavities of C2, C3 and C4 are more accentuated in the inferior borders, and C3, C4 bodies
are almost square or square in shape. 6. Completion: Deep concavities are found in the inferior borders of
C2, C3 and C4 and the bodies are square or column-like, with a vertical dimension greater than their
horizontal dimension.

58



Part 2 — Alternative Bone Age Methods

Figure 11 (c). Risser ‘Plus’ Method as per Negrini et al (2015). Risser 0-: Open triradiate cartilage;
Risser 0+: Fused triradiate cartilage; Risser 1: 0-25% coverage of iliac crest; Risser 2: 25-50% coverage;
Risser 3: 50-75% coverage; Risser 3/4: 75-100% coverage; Risser 4: Fusion started; Risser 5: Fusion
completed.

Stage 0 Stage 1 Stage 2

Figure 11 (d) Knee. Adapted from O’Connor et al. (2012)
Stage 0 — Non-Union: clear radiolucent strip between both sides of epiphyseal plate;

Stage 1 — Beginning Union: very narrow radiolucent strip, central hazy/ blurring as fusion starts (<50% of
gap);

Stage 2 — Active Union: ‘Capping’ as epiphysis overlap the metaphysis. Fusion line/ area of greater density
area where fusion is taking place. Some areas of radiolucency remain, but fusion area is >50% of gap.
Stage 3 — Recent Union: Fine line of fusion remains but epiphysis and metaphysis are united (so-called
‘complete capping’). May be small notches at margins of <2mm. Discontinuity of trabeculae between former
epiphysis and diaphysis.

Stage 4 — Complete Union: mature bone, with no notches at margins, and continuous trabeculae. A thin
terminal line or ‘epiphyseal scar’ may remain at the site of the epiphyseal plate.
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Figure 11. (¢) Oxford Hip Method. Adapted from Acheson (1957) Nine regions are assessed as per
pictorial below and values scores summed: femoral head, greater trochanter, lesser trochanter, iliac crest,
ischium, ischio-pubic junction, pubic bone, acetabulum and tri-radiate cartilage. The five regions assessed
in the abbreviated or ‘modified’ version of this method are marked with an asterisk (*) (Stasikelis et al.
1996).

Figure 11 (f). Shoulder (as per Shaefer et al. 2015). Three landmarks are assessed and stages (called
‘phases’) are summed for a score ranging from 1-9.
1. Proximal Humerus:

e Phase I Open union: A continuous radiolucent line is observed along the contours of the entire
epiphysis. The epiphysis itself may be slightly underdeveloped with some additional growth
still required along its edges.

e Phase 2 Fusing: Epiphyseal union has begun or is just about to start. In early stages, this is
indicated by a haziness that occurs centrally along the epiphysis. As union progresses,
radiolucency becomes less apparent, however evidence of faint black lines remain.

e Phase 3 Unfused notch: Union is complete other than in a small area along the periphery of
bone. This is typically evidenced by a blackened notch located under the greater tubercle.
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Phase 4 Complete union: No areas of radiolucency are identified. The line of fusion may still
be recognizable however as a ‘white’ radiopaque line.
2. Acromion:
e Phase 0 Not present. No apophysis is observed. The acromion is marked by a rounded and
perhaps billowed surface.
e Phase | Present; open or fusing: The apophysis is present and a radiolucent line is clearly
visible.
e Phase 4 Complete union: No line of radiolucency is evident.
3. Angle/apex:
Phase 1 Present, open or fusing: The apophysis is clearly visible sitting on top of, or at the tip
of, the coracoid process. A radiolucent line is clearly visible.

I1I. 2.1.2 Bone Age Methods Pilot Study — 6 methods

A pilot study was initiated to investigate the 6 possible methods. Three graders (one
resident and two PhD candidate medical doctors) were trained in each of the methods by
1 senior orthopaedic specialist and 1 senior radiologist, and given text and pictorial
descriptions of each method. 13 normal children aged 3-16 were randomly selected from
the population database and their images were evaluated 3 times by 3 observers on separate
days, with each of the methods. Bone assessment estimates and any difficulties or factors

affecting the application of the methods were noted.

After Literature Review After Pilot Study Main Study
1  Calcaneus®? Calcaneus Calcaneus
2 | Cervical vertebrae” Cervical Cervical
3 | Oxford Hip *° Oxford Hip Oxford Hip
4  Iliac apophysis, Risser ‘plus’ ' Risser ‘plus’ Risser ‘plus’
5 Knee!'!? Knee Knee
6  Shoulder ' Shoulder
7  Clavicle '%
8 | Elbow!®
9

First rib 106141

Table 11. Schematic of potential bone age methods. After literature review 9 possible methods were
identified, however after discussion three (the clavicle, elbow and first rib) were rejected. Six methods

entered the pilot study, after which the shoulder method was then discontinued (see text for more).
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I1I. 2.1.3 Bone Age Methods Main Study — S methods

After pilot study the shoulder method was excluded, and the calcaneus method was applied

without assessment of first appearance of plantar sesamoid assessment (used to assist

discrimination between certain stages), see results for more information. The five

remaining methods were assessed based on:

1.

Reliability: 30 images were randomly selected from the population and
assessment performed 3 times by each of the 3 observers, on 3 separate
occasions, separated by more than 24 hours. Intra- and interobserver reliability
of each method was assessed by calculating intraclass correlation coefficient

(ICC), with evaluation based on Winer’s criteria'?°,

. Difficulty of Assessment: methods were assessed based on a four-point Likert

scale:

e ‘1’ easy - the method was easy to apply;
e ‘2’ moderate - some minor exposure problems or minor obstruction
were encountered, but evaluation could confidently be made;
e ‘3’ (difficult - moderate obstruction encountered, such that an
assumption must be made. Image was partially cut off eg 1/3 or less of
a landmark obscured or cut off by radiograph edge;
e ‘4’ impossible — landmark of interest was not in the image or totally
obstructed.
For the hip and knee methods, which use multiple landmarks, difficulties with
individual landmarks were noted and if the sum of landmarks encountering
difficulty exceeded 2 or 3, respectively, then the rating ‘3’ (‘difficult’) was
applied to the whole image. Note was made of the reasons for difficulties and
grouped as: (i) technical reasons — difficulty caused by landmark(s) lying
outside of the edge of an image; (ii) resolution issues — resolution insufficient
to easily assess the image; (iii) positioning - a landmark that is not visible, or
less clearly visible as a result of limb rotation or due to shadowing from other

regions.
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Reasoning: to find a method that can be used retrospectively on previously taken
EOS images, and that can be performed without the need to modify the current
EOS protocol.

3. Speed: Two observers used digital timers with each of the methods during the
final 200 of the randomized images, to calculate mean evaluation time.
Reasoning: as time constraints are a real and practical factor in the clinic, time

taken to carry-out any new grading system should be considered seriously.

Chronological age, step-length were also measured and descriptive statistics and Spearman

correlations with difficulties performed.

Several authors have applied the Oxford Hip method in an abbreviated or ‘modified’
format in which just 5 landmarks are assessed: femoral head, greater trochanter, lesser

trochanter, triradiate cartilage and the iliac crest 808!

. Due to its’ reported use in the
assessment of slipped femoral capital epiphysis, assessment was also applied of this

method based on the gradings made with the Oxford Hip method.

Cervical bone age assessment records from our previous report were re-evaluated and each
scan assessed for difficulties as per the present study. 200 of these images were re-assessed

for the purposes of timing only.

I11.2.2 Statistical Analysis

For randomization and selection, the RAND.BETWEEN formula of the Microsoft Excel
v14.0.6112.5000 (Microsoft Corp., Redmond, WA) software was used. All statistical data
was processed by the SPSS v22 (IBM Corp., Armonk, NY, USA) and by the Microsoft
Office Professional Plus v14.0.6112.5000 (Microsoft Corp., Redmond, WA, USA)

software packages. A p-value <0.05 was accepted as significant.
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I11.3. RESULTS

I1I. 3.1 Bone Age (Pilot Study)

After discussion, due to the high level of inter-observer disagreement the decision was
made not to proceed with the shoulder method. Observers found difficulties evaluating the
region in 54-62% of the scans. Only one of the three required landmarks were found to be
assessable in 23-38% of scans (3-5 of 13 scans), the apex/ angle of the coracoid process
was not visible in 15-38% (2-5 of 13 scans) and observers reported low satisfaction using

the method.

The calcaneal method includes the supplementary identification of plantar sesamoids
however sesamoids could not be clearly identified in any of the 13 scans and in four of 13
scans (30.8%) were reported as ‘possibly present’. Reported difficulties were due to the
use of AP images in the original description of the method by Nicholson et al., in addition
to overlap from contralateral foot and a lower image quality often encountered at the

inferior image edge.

Identification of sesamoids is secondary to the evaluation of the calcaneal apophysis in
this method, however, so the calcaneus method was included in the main study without
accessory evaluation of the presence of the plantar sesamoids.

All other methods could be applied satisfactorily.

I11. 3.2 Bone Age (Main Study)

Figure 12 (a-e) shows the bone age and chronological age of individuals with each method.

For clarity, scores from the Oxford hip method are shown grouped in 5-point intervals.
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Figure 12 (a-e). Box plot representation of bone age values with respect to chronological age across the

934-individual population (4-24 years old), separated by gender.
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1. Reliability

Intra- and interobserver reliability values are shown in Table 12. Excellent values, greater
than >0.9 were found for the calcaneus, cervical, Oxford hip and Risser ‘plus’ methods.
The knee method received a ‘good’ rating of 0.865 for interobserver reliability and

intraobserver values ranged from good (0.841) to excellent (0.956).

Calcaneus Cervical Knee Oxford Hip Risser Plus
L OE0 EERGE 0.945 0.976 0.865 0.902 0.94
reliability
Intra-observer | 553 999 | (.949-0.950 | 0.841-0.956 0.949-0.993 0.982-0.969
reliability

Table 12. Intra- and interobserver reliability values as estimated by intraclass correlation coefficient.
‘Excellent’ reliability values are marked in bold - values were interpreted as per Winers’ criteria'?® where
0.9-1.0 is regarded as ‘excellent’, 0.7-0.89 as ‘good’, 0.50-0.69 ‘fair-to-moderate’, 0.25- 0.49 ‘low’, and 0-
0.24 “absent-to-poor’. [Reproduced from O’Sullivan et al. 2018].

2. Difficulties with assessment

Reported difficulties in assessment and their causes are shown in Figure 13. a-e.

After assessment of all 934 scans, the Risser ‘plus’ method had the greatest number of
‘easy’ ratings (89.5%, 836/934), followed by the cervical (79.0%, 738/934), Oxford hip
method (78.6%, 734/934), calcaneus (70.8%, 661/934) and the knee (68.2%, 667/934).
The calcaneus method could not be applied at all in 6.2% of scans (58/934), followed by
4.2% with the cervical method (39/934), Risser ‘plus’ and both Oxford hip methods 0.2%
of scans (2/934) and finally the knee 0.1% (1/934).

Images could be confidently evaluated, or with only mild difficulty, (rated 1 or 2) in the
majority of scans: Risser ‘plus’ method, 98.7% of scans; modified Oxford hip 95.4%;
Oxford hip 92.2%, knee 91.9%, cervical 90.1% and calcaneus 84.9%. However, 23.7% of
images with the knee method were rated as ‘difficult (‘2°) (221 images) and 14.1% of

calcaneal images (132 images).

Evaluation around the knee received the lowest number of ‘easy’ ratings — just 68.2% of

scans (637/934) — and moderate difficulty was recorded for 23.7% of scans (221/934).

66



Part 2 — Alternative Bone Age Methods

When problems with knee assessment are looked at closer, difficulties encountered were
spread equally between each region: in 39.6% of cases to be due to the femur, 36.5% the
tibia, and 23.9% at the fibula. The causes reported behind the 297 problematic images were
predominantly: resolution (36.4%, 108/297), uncertainty (25.6%, 76/297), position
(20.2%, 60/297) or other (16.8%, 50/297). When ‘uncertainty’ was reported (76 images)
it was due to a lacking in precise differentiation between the stages in the original the

original description, particularly between Stages 3 and 4.

Positi Mixed
osition
39 (14%) 20(T%) Data Missing

6(2%)

Unsure
2 (1%)

Technical

142 (52%)
Easy Moderate | Difficult | Not possible SUM

Total 661 (70.8%) | 132 (14.1%) | 83 (8.9%) | 58 (6.21.%)

Technical - 30 63 49 142
Position 27 5 7 39
Resolution 60 4 - 64
Unsure 2 - 2

Data Missing 5 1 6
Mixed 3 11 1 2

SUM 27

Fig 13 (a) Calcaneus

Figure 13 (a-e). Ratings and reported causes of difficulty for applying bone age assessment methods to
EOS images. Reasons for difficulty were grouped as those due to (i) technical reasons — difficulty caused
by landmark(s) lying outside of the edge of an image; (ii) resolution issues — resolution insufficient to
easily assess the image; (iii) positioning - a landmark that is not visible, or less clearly visible as a result of
limb rotation or due to shadowing from other regions. Furthermore general “unsure’ ratings were collected,
related to original description of the method, and ‘mixed’ when more than one cause was present (eg the

simultaneous presentation of a resolution and positioning problem).
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Mixed Data Missing Data Missing ~ Technical
503%) 2 (1%) 3(3%) 1(1%)
Mixed =
Position 49 (16%)
74 (38%)

Resolution
19 (10%) Resolution

108 (36%)

Unsure
39 (20%) :

Technical Unsure
57 (29%) 76 (26%)
I_ Easy Moderate | Difficult | Not possible |  SUM '_ Easy Moderate | Difficalt | Not possible | SUM
Total 738 (79.0%) | 104 (11.1%) | 53 (5.7%) | 39 (4.2%) Total 637 (68.2%) | 221 (23.7%) | 75 (8.0%) 1.(0.1%)
I'_l‘echnical - 10 19 28 57 Technical 2 = 2 1
Position - 40 25 9 74 |Position - 52 8 - 60
Resolution - 16 3 - 19 Resolution - 73 33 - 108
Unsure - 34 5 - 39 Unsure - 65 11 - 76
Data Missing - 1 - 1 2 Data Missing - 3 - - 3
Mixed - 3 1 1 S Mixed - 21 28 - 49
[SUM 196 [SUM 297
Fig 13 (b) Cervical Fig 13 (c) Knee
Position Technical Other -1 Problem
8 (4%) _5 (3%) o 303%) 3G%
- Data Missing .
Data Missing 4(4%) Resolution

0,
12¢6%) Resolution

72(36%)  Technical
10 (10%)

(63%)
Mixed/
“Two or more
Reasons for
Problems
38 (19%),

Unsure
16 (17%)

Unsure
65 (32%)
Easy Moderate | Difficult | Not possible | SUM Easy Moderate | Difficult | Not possible | SUM

Total 734 (78.6%) | 127 (13.6%) | 71 (7.6%) | 2 (0.21%) Total 836 (89.5%) | 86(9.2%) [ 9(1.0%) | 3(032%)
Technical - 3 2 - 5 Technical - 5 3 2 10
Position - 5 3 - 3 Position - 3 - - 3
Resolution - 30 42 . 72 Resolution . 59 3 - 62
Unsure - 57 [ - 65 Unsure - 15 1 - 16
Data Missing - 10 - 2 12 Data Missing - 3 - 1 4
Mixed - 22 16 - 38 Mixed - 1 2 R 3
SUM 200 SUM 98

Fig 13 (d) Oxford Hip Fig 13 (e) Risser
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3. Evaluation time

Values regarding time taken for evaluation are shown in Figure 14. Shorter evaluation
times were seen in methods with fewer stages. With a mean 17.7 seconds, the six-stage
calcaneus method was found to fastest, significantly quicker than the second fastest, the
cervical method, also a six-stage method, which was found to have a mean of 26.5s per
scan (independent t-test, p<0.05). The slowest evaluation time was seen with the Oxford
hip method, at times taking more than four minutes — principally due to the nine regions
of interest to be evaluated, for total of 45 stages, in addition to uncertainty caused by

frequent lesser trochanter visibility problems (see discussion).

250

200 o

[eXe o}

150

Time (in seconds)

100

(o201 o}

.,
- 5 |

}—H]—{m X A% ¥ ¥

Calcaneus | Risser ‘plus’ Cervical Knee Oxford Hip
Mean 17.7s 30.1s 26.5s 80.9s 82.0s
Range 3-75s 8 - 90s 9-70s 17 - 190s 20 - 280s
95%Cl 16.0-19.38| 27.49-32.71 22.16-30.75| 76.09- 85.66 76.12- 87.88

N 192 203 200 225 200

Figure 14. Box plots present the time taken per evaluation with the different bone age assessment methods.

Timing data was collected using a digital timer over the last 200 evaluations by one observer (I0S).
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I11.4. DISCUSSION

I11.4.1 Alternative Methods for Bone Age Assessment with the EOS Scanner

The biological age of a child is a related but distinct entity to chronological age. While the
chronological age increases linearly with the passing of years, months and days, the
biological age refers to the maturity of a particular tissue or system, and is influenced by
genetics, hormones, diet and disease (eg. hypothyroidism, growth hormone insufficiency,
dwarfism, celiac disease etc.), in addition to time. The bone age is an indicator of the

biological age of the skeletal system.

Familiar stages are passed through by each child and adolescent as developing ossification
centres of the apophyses and epiphyseal plates enlarge and carve out typical shapes at
predictable intervals. Radiographs easily reveal these features and give us a snapshot of
this process, a ‘still image’ of dynamic continuous events. While an increasing frequency
of imaging allows us to follow the process more closely, the X-ray radiation burden

similarly increases, and subsequent associated health risks*-#6-48,

After extensively reviewing the literature we identified 185 different methods (see
Appendix, Supplementary Table 1). Methods dated as far back as 1931 and ranged from

dental assessment, to hemiskeleton and whole-body investigations.

From the literature 9 methods appeared compatible with the EOS scanner, however after
discussion 3 methods were rejected: the clavicle, as radiographs lacked sufficient clarity
at the medial clavicle for the very fine landmarks requiring evaluation; the first rib, due to
severe shadowing by the upper limb obscuring landmarks; and the elbow methods as the
upper limb position means the elbow region is generally overshadowed by the contralateral

limb, patients trunk or outside of the anterior limit of the scan.

Finally, the 6 methods were entered into a pilot study, in which difficulties were

encountered with the calcaneus method and shoulder methods.
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Observers reported problems in assessing one or more landmarks with the shoulder method
in 54-62% of scans. Schaefer et al. themselves drew attention in their description of the
method!" to the difficulty of identifying the fine structure of the apex and angle of the
coracoid, and indeed these were unidentifiable by some observers in up to 46% of scans.
The shoulder method in it’s original description was based on multiple views of the
shoulder, and most patients also had Y- and axillary views providing additional views
when AP or lateral images were not sufficient. While the majority of landmarks were
thought to be sufficiently visible for application to EOS images, it was clear that the

absence of Y- and axillary views make it inappropriate and so this method was rejected.

The calcaneus method is primarily based on the assessment of the ossification centre of
the calcaneal tuberosity, but also features additional evaluation of the plantar sesamoids
around the hallux to define the entrance to stage 3. However, difficulty was reported in
identifying the sesamoids on the EOS images, with none clearly identified on the scans,
and a ‘possible’ presence reported in 4 of the scans (30.8%). In one case, in which an
individual had received a conventional radiograph at the same visit as the EOS image, the
EOS image reviewed was reported as negative, but a sesamoid was clearly visible on the

conventional X-ray (see figure 15). The calcaneus method was included, but for this reason

sesamoid evaluation was not included.

Figure 15. Lateral view of the foot in the same patient, taken with EOS (left) and conventional X-ray (right).
While the plantar sesamoid was clearly visible on conventional X-ray (red arrow), due to overlap with the

contralateral foot it was not clear on the EOS image. Images were taken within 24 hours of each other.
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Five methods were then evaluated in our large population of children and adolescents. In
assessing which of the methods could be ‘best’ or most valuable to the clinician using the

EOS, we identified several important characteristics for each evaluation:

(1) Reliability: reflecting how reliably different examiners assign the same stage to
the EOS images (inter-observer) and how easily a method could be learned and
reproduced by each examiner (intra-observer);

(2) Assessability of scans: what proportion of standard EOS images taken previously
can be assessed, and how easily. Furthermore if there is difficulty what are the
causes of these difficulties?;

(3) Speed: the time required for each method to be applied has clear influence on how

appropriate a method may be for clinical vs. research use.

I11.4.2 Alternative Bone Age Methods
I1I. 4.2.1 Calcaneus Method

The calcaneus method is the newest of the applied methods. First described in 2015 by
Nicholson et al.??, it is based on observations in the historical ‘Brush’ population, a broad
group of children investigated in Cleveland, Ohio and starting in 1926, the same

population from which the Greulich and Pyle atlas was established’!4,

Based on difficulties previously reported in the pilot study, the main population was
evaluated for development of the calcaneal apophysis without accessory assessment of

plantar sesamoids.

Images rated with the calcaneus method received an ‘easy’ rating in 70.8% (661/934) of
scans and 58 of all scans could not be evaluated at all (6.2%). A total of 273 (29.2%) scans
were reported to have some difficulty, however 52% (142) of these were specifically a
result of the calcaneus lying partially or totally outside of the range of the scan. As the

scans were not taken with the intention to investigate foot pathology, the inferior or

72



Part 2 — Alternative Bone Age Methods

posterior margin of the scan was calibrated at the discretion of the radiographer or
requesting physician in our clinic — as such, difficulties may arise when applying
retrospective analysis of bone age with the calcaneus method, however prospective studies
could easily employ it by ensuring sufficient image inferior margins (but without any
necessary modifications to patient position). Foot positioning was the second most
frequent cause of difficulty and was reported as the cause in 22.7% of ‘moderate difficulty’
ratings. Narrower step length was subjectively reported to lead to overlap of the
contralateral heel and difficulty identifying the presence and extent of ossification or

fusion, however a statistically significant difference was not seen (p=0.202).

As this method is based on the ‘Brush’ population from the early 20" century, some
authors have recommended mild corrections for interpretation with modern children - Li
et al. found that Stage 3 and 4 girls were delayed by 0.64 and 0.58 years, respectively,
compared to this historical population'**. Our study showed similar delays, 0of 0.94 and 2.2
years in Stage 3 and 4 females, and even Stage 4 boys of 1.61 years, however as both our
study and the investigation by Li et al. were retrospective, this may possibly be in part an
artificial elevation of values compared to serial studies in which the earliest scan at each

bone age stage can be identified.

I11. 4.2.2 Cervical Method

Cervical bone age evaluation of the second to fourth vertebraec is popular with
orthodontists as the upper vertebrae lie both within the range of a typical lateral
cephalogram and above the shadow of a thyroid shield®. The first such method was
described by Lamparski in 1975% and though multiple alternate but similar systems have
since been described, methods predominantly evaluate height-to-width ratio, inferior curve

development and slope of the superior margin 93-101,144-148,

The Hassel-Farman method was selected as it is one of the most popular methods, and has
been shown by Imanimoghadam et al. to have a higher correlation to Tanner-Whitehouse
TW3 than other methods (such as Mito’s and Lamparski’s), with a spearman correlation
coefficient of p =0.995, similar to that of Roman (0.997)!'. Furthermore, Uysal et al. also

found a strong spearman correlation with hand-wrist evaluation (p =0.86, p<0.001), using
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Bjork and Grave & Brown methods, in a large population of 503 Turkish children'#, as
did Roman et al. in a population of 958 Spanish five to eighteen year-olds (p = 0.79 in

males, =0.85 in females), with Grave & Brown hand-wrist method''.

In our study, the Hassel-Farman cervical method received the second highest number of
‘easy’ ratings 738/934 (79.0%), with just 39 scans unevaluable (4.2%). Overall, problems
were most commonly caused by positioning (74 images or 38% of all problematic scans),
most typically asymmetrical positioning of the neck and overshadowing of the upper
cervical vertebrae by the hands during imaging and technical reasons (57 images, or 29%
of all problematic scans) caused by the scan not extending superiorly enough to include

the upper vertebrae.

Interobserver reliability values reported with the cervical method were excellent, indeed
the highest of all methods (0.976), with equally excellent intra-observer reliabilities from
0.949-0.959. The cervical method was also the second fastest of all methods, at just 26.5
seconds (95% CI 22.16 — 30.75s).

I1I. 4.2.3 Risser ‘plus’ System

The Risser ‘plus’ system is a unified system made by combining the European and
American Risser scales, along with triradiate cartilage assessment. The 2014 Consensus
Report from the Society on Scoliosis Orthopedic and Rehabilitation Treatment
(SOSORT), and Scoliosis Research Society — Non-Operative Management Committee
recommended its’ use due to ongoing confusion in reporting of Risser system scores!'?’.
European and American systems both consist of 6 stages from 0 to 5, but differ in their
assessment of progression along the iliac crest. The European system starts with no
ossification (0), and grades excursion of the iliac crest by thirds (1: less than one third
ossified; 2: one to two thirds ossified; 3: more than 2/3 ossified), followed by the initiation
(4) and completion of fusion (5). In contrast the American system starts with no
ossification (0), and grades excursion by quadrants (1, 2, 3, 4), and stage 5 begins with the
initiation of fusion (a process that may take up to 2 years)'*. The unified system adds an

intermediate ‘Stage 3/4' resulting in seven stages that are more clearly relatable to both.
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Furthermore, the addition of triradiate cartilage evaluation results in the an 8-stage system
that may confer more useful predictive information about curve progression and time to
peak height velocity at younger ages, a consistent point of criticism for the traditional

Risser system 92130.151,

In our main study, images rated with the Risser ‘plus’ system saw the greatest number of
‘easy’ ratings (89.5%, 836/934 scans) in addition to excellent interobserver (0.94) and
intraobserver reliability ratings (0.982 - 0.969). Mean evaluation time was relatively fast
at 30.1s (95% CI 27.49-32.71s), likely related to most orthopaedics physician’s familiarity

with the basics of the method and its’ simple well-described stages.

The effect of the inclusion of triradiate cartilage evaluation can be seen in Figure 16. The
average age at Stage 0- was 8.69 years and Stage 0+ 11.70 years old in comparison with a
mean 9.23 years of age in the traditional Stage 0. A clear difference in sensitivity can be
seen by the addition of just one more stadium, as Stage 1 was not seen on average until
13.53 years of age. In line with previous reports, the biggest drawback of the Risser method
is Stage 1 arrives after the onset of peak height velocity, greatly limiting its value, whereas

triradiate inclusion increases it’s potential use!#31°!,

Stage 0-  Stage 0+ Stage | Stage 0 Stage 1

10

Chronological age
(in years)
L]

Risser ‘plus’ system Traditional Risser system
(with triradiate cartilage evaluation)

Figure 16. Boxplots presenting the Risser score of children with respect to chronological age of children
when evaluated by the Risser ‘plus’ system and by the traditional Risser system (for clarity of comparison,

only the lower Risser scores are shown, see figure 13e for Risser scores 2-5).
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The most commonly reported problem with Risser ‘plus’ evaluation in the study was
resolution, seen in 62 (6.6%) images leading to ‘moderate’ and ‘difficult’ ratings in 59 and
3 images, respectively. The most common cause was difficulty in the upper stages related
to identification of the end of fusion of the iliac crest, and 40 of these images with

resolution difficulties were in stages 4 or 5.

I11. 4.2.4 Knee Method

As a frequent site of trauma, the knee is a commonly imaged but less commonly used
region for bone age evaluation. In a 2016 survey of 410 American Society for Pediatric
Radiology members, Pyle & Hoerrs’ atlas method of knee evaluation was reported as the
method of choice for use in infants (14.4% of respondents) and young children less than 3
years old (7.1% of respondents), but no respondents favoured it (0.0%) for use in those 4
years and over’?.

Methods are based on systems developed in 1955 (Acheson”’, Pyle & Hoerr'*?) or in 1975
(‘RWT’ / Roche-Wainer-Thissen method!>?). In 2008, O’Connor et al. described an
updated method of the RWT method with more stages, consisting of evaluation of the
distal femur, proximal tibia and proximal fibular epiphyses, each on a 0-4 point scale,

112

using lateral and anteroposterior images' '“. As this was the greatest number of stages

defined to date, this method was selected for the present study.

In the present study, the knee method received the lowest reported number of ‘easy’ ratings
at 68.2% (637/934) of scans. While only 1 scan could not be evaluated, moderate difficulty
was reported in 23.7% (221/934) of scans. Overall, problems were most often related to
resolution difficulties in identifying the progression of fusion across the margin of the
epiphysis and of distinguishing recent fusion with complete fusion (108 or 36% of all
problematic scans). These factors also contributed to “unsure’ reports (76 or 26% of all
problematic evaluations). Patient positioning associated with shadowing from the
contralateral limb further contributed to difficulties (60 or 20% of all problematic scans)
which was thought to be influenced by patient step length. Although subjective reports of
lower step length causing problems, a Spearman correlation found only a weak inverse

correlation (-0.100, p<0.05) with ratings. However, step length was found to be
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significantly lower in image-pairs in which the lateral image could not be evaluated, with

amean 58.31cm £ 46.95 vs. 78.45cm + 53.5, (p<0.05, independent t-test).

Interobserver reliabilities with the knee method were the lowest at 0.865 (albeit still a
rating of ‘good’ by Winer’s criteria), intraobserver reliabilities were as low as 0.841 and
as high as 0.956. The knee method was one of the slowest methods, at mean 80.9s (95%
CI76.09s — 85.66s). Interestingly, similar mean evaluation times were found to the Oxford
hip method (82.0s, 95%CI 76.12 — 87.88s), despite a significantly lower number of
evaluated regions, the fine differences between each knee stage combined with the need
to evaluate each region from two directions before selecting the lower likely contribute to

this elevated assessment time.

I11. 4.2.5 Oxford Hip Method

The Oxford hip method was first described by Dr. Roy Acheson in 1957°°, and though of
English origin is similarly predominantly based on the Brush population from Ohio.
Assessment consists of the evaluation of nine different regions around the pelvis and

proximal femur, for a total of 45 stages.

While just 7.6% (71/934) had ‘difficult’ ratings and only 0.20% (2/934) of EOS image
pairs could not be assessed using the Oxford hip method, this was influenced by the larger
number of landmarks to evaluate. As described in the Materials & Methods, difficulty with
just one landmark was not recorded as ‘difficulty’, but rather only if 2 landmarks had some
level of difficulty then ‘moderate’ rating was awarded, and if 3 or more, then ‘difficult’
rating assigned. However if scans are counted that had any difficulty reported from even
one landmark, an additional 334 scans would be included — predominantly due to
difficulties assessing the lesser trochanter, which were encountered in 40.9% of all scans
(382/934), accounting for 248 (74.3%) of single landmark difficulty scans, but also the
ischium (30/334, 8.9%), femur head (15/334, 4.5%) and greater trochanter (15/334, 4.5%).

Omission of the lesser trochanter has been previously suggested by other authors®” as the

apophysis is a small delicate structure that can be easily overshadowed, and often totally
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hidden depending on rotation of the femur. Our results reporting difficulty in 40.9% of
EOS scans would support its omission from evaluation methods. With this modification,
the Oxford method may be quite suitable, if time can be invested to familiarise oneself

with the technique.

Excellent reliability values were returned particularly for the intra-observer values (ICC =
0.949-0.993), although inter-observer reliability value was slightly lower at 0.902, further

pointing towards the importance of adequate teaching and familiarisation of the method.

While the relatively high number of stages is advantageous - conferring a finer gradation
of maturity and potentially lowering its sensitivity to observer error — multiple landmarks
with unique evaluations make the method cumbersome, steepening the learning curve and
increasing time required per scan. As a result, the Oxford method was the slowest of
assessment systems evaluated, with mean time taken per scan of 82.0s (95% CI 76.12 —
87.88s) ranging from as low as 20 seconds, especially in easy evaluations such as the very
young, but going up as high 280 seconds. However, this mean time required by an
experienced observer was still significantly swifter than the two most popular hand-wrist
methods: the Tanner-Whitehouse TW2 method has a reported mean 7.8 minutes
assessment time!!”, while Greulich-Pyle’s faster atlas method still is estimated at 1.4

minutes per image!>.

Several authors have described a ‘modified Oxford hip method’8®#:155 an abbreviated
system consisting of evaluation just 5 landmarks: femoral head, greater trochanter, lesser
trochanter, the iliac crest and the ischium. When our measurements for the full Oxford hip
method were abbreviated to just these five landmarks, the number of ‘easy’ ratings rose
from 78.6% (734/934) to 83.9% (784/934). The lesser trochanter is still included in this
method, however, so many images still had difficult landmark evaluations. As the
modified Oxford hip method was not assessed separately, no separate timing data was
collected, however the omission of 4 landmarks should clearly result in shorter evaluation

time.
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I1I. 4.3 EOS & Bone Age Evaluation: Common Problems Encountered

The retrospective application of any evaluation method to images not specifically taken
for such purposes, will almost inevitably encounter problems. Several types of difficulty
were commonly reported and will be discussed in turn, most notably: (i) step length, (ii)

resolution, (iii) image size and (iv) patient position.

I1I. 4.3.1 Step Length

A lower step length was reported by observers to cause problems when using calcaneus
and knee methods. However when evaluated by Spearman correlation, only a minor
correlation was found between ratings of the knee and step length (-0.100, p<0.05) and no

significant correlation found in the case of calcaneal evaluation (p=0.202).

When investigated further, however, a significantly lower step length was found in cases
which had a lateral knee image that was reported as unevaluable, due to the presence of
the overlapping contralateral knee 58.31cm + 46.95 vs. 78.45cm =+ 53.5, (p<0.05,
independent t-test).

I11. 4.3.2 Resolution

EOS image resolution has been shown to be satisfactory for morphological and structural
evaluations®* however some bone age assessment methods require staging of very fine
features, some of which yielded difficulty. Specific reports of difficulties related to
evaluating continuity of trabeculae in the knee, and defining the end of fusion of the
calcaneal apophysis (Stage 4 vs. 5), knee (Stage 3 vs. 4) and the femoral head (Stage 6 vs.
7).

The extreme inferior edge appeared to have reduced resolution causing some of these
problems with the calcaneal method, resulting in a doubled or multi-layered shadow on the
inferior cortex giving an ‘onion-skin’ appearance (reported in 25 of stage 4 and 5 calcanei,

or 7.1% and 3.3% of stage 4 and 5 images).
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I1I. 4.3.3 Image size

Although EOS scans are so-called ‘full body’ images, a number of the image-pairs in our
database did not encompass the full extent of the patient from head to sole. In our clinic,
physician or radiographer preference resulted on occasion in an altered superior or inferior
image margin such that part or all of a region lay outside of the radiograph. Examples of
excluded regions included:
- Lower superior image margin resulting in upper cervical vertebrae lying partly (20
cases) or completely outside of the image (26 cases);
- Higher inferior margin leading to the calcaneus partly (95 cases) or totally lying
outside of the image;
- Posterior margin lying more anterior / or posterior foot lying posteriorly, leading to

the posterior calcaneal pole lying outside of the image (16 cases).

While such problems cannot be solved retrospectively, it is easily achievable to avoid in

future scans without modifying any protocols.

111. 4.3.4 Position

Cervical vertebral assessment was affected by variations in head and hand position during
imaging in 77 scans. The most common causes were: lateral head tilt (seen in 37 images)
leading to moderate (24), difficult (11) or impossible evaluations (2); patients hand and/or
finger placement partially covering the upper cervical vertebrae in 30 images (patients
standing with an open hand often extended their thumb posteriorly, resulting in a shadow
covering C2 and even C3 vertebrae) — this led to moderate (13), difficult (11) or impossible
evaluations (6); head rotation in the transverse plane (6 cases); posterior head tilt (2 cases)

and hands positioned on either side of the head (2 cases).

I1I. 4.4 Limitations of this Study
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This study has a number of limitations, particularly (i) subjectivity associated with rating
systems; (ii) lack of direct comparison with a ‘gold standard’; (iii) multi-landmark methods

were perhaps favoured.

- () Any rating-based system that aims to describe what method is ‘better’ or ‘more
suitable’ such as that used as part of this study, relies on the subjective judgements of
observers in both the establishing of the rating system and in its’ application. Every
effort was made, however, to ensure consistency and include experiences with the

methods — both good and bad — to be of maximum benefit to the reader.

- (i1) Bone age assessment is traditionally performed on conventional radiographic films
or their digital representations. While a comparison with the ‘gold standard’ would be
of clear use, due to the ethical implications of exposing large numbers of children and
adolescents to unnecessary ionising radiation, however, we were unable to perform a
direct comparison. Furthermore, our population was retrospectively selected such that
not one, but fwo new images would required for such a prospective study. During the
initial steps of this investigation, medical records were investigated to locate any
individuals who may have had conventional radiographs taken of one or more regions
at the same or similar date to their EOS image, however only very few cases were found
such that no useful evaluation could be performed (total 31 cases, of which 9 foot
radiographs, 19 hip or lower back images such as the oblique spinal Dittmar view, in

which all hip parameters could not be evaluated, 2 cervical and 1 knee radiograph).

- (ii1) As discussed earlier, the rating system used may also have favoured methods that
use more than one landmark. An ‘impossible’ rating was less likely to occur with such
systems, however it was felt that if just one landmark led to a ‘moderate’ or ‘difficult’
rating it was not representative of the observers experience. Efforts were made to
describe all associated difficulties and causes to supplement the ratings and give the

reader a better insight into each method.
Note must be made of a recent study by Jackson et al., who reported on the use of hand-

wrist evaluation methods with the EOS scanner by modification of the upper limb

position'*. However in their study the effect of upper limb position changes on spinal
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position were neither controlled nor directly measured, indeed they noted that position
“may alter the spinal alignment and affect sagittal balance or shoulder height”. We find
that to be a grave omission as in our department attempts to alter upper extremity position
were trialled but quickly abandoned due to clear alterations in thoracic and cervical spine

position (unpublished data).
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I1I. 4.5 Summary - EOS & Bone Age Evaluation

The results of this study support the use of the Risser system with EOS scans but with the

inclusion of tri-radiate cartilage assessment as recommended by the guidelines of the

Scoliosis Research Society. While the Oxford hip method had the highest mean time per

evaluation, its’ large number of stages and broad age range coverage suggests it is an

appropriate choice for research settings — however omission of the lesser trochanter may

be considered, as recommended by other authors®®. The calcaneus method may not be

appropriate for retrospective evaluation, as in our clinic not all images included the full

extent of the foot. However, if efforts are made to image the foot and calcaneus during

image capture, it may prove a very useful tool — especially in a clinical setting - due to its

speed, ease of use and clear description.

Calcaneus Cervical Knee Oxford Hip Risser Plus
T Excellent Excellent
Excellent (0.976 - Good (0.865 Excellent (0.902

Reliability 0.945) xcellent ( ) ood ( ) xcellent ( ) (0.940)

Readability 70.8% of scans 79.0% of scans easily 68.2% of scans 78.6% of scans 89.5% of scans
easily assessed, assessable easily assessable easily assessable easily assessed
6.2% of scans (highest rated)
unassessable
Image length Image length - Step length: can - Complicated:
affected affected readability: influence large number of
readability: EOS image must readability of regions must be
Image must cover entire length of lateral evaluated.
cover entire cervical spine or not radiographs. - Modified
length of lower possible - Resolution: Oxford:
limb or not Positioning: harder to assess simplified 5-
possible (1) Head tilt can lead features region method
Resolution: can to mild difficulties. important in more may be superior
be difficulty (i1)Hand position can mature stages for the clinician —
distinguishing obscure vertebrae (trabecular note: omission of
the timing of making evaluation continuity, end of lesser trochanter
end of fusion difficult or position fusion) may be required.

(stage 4 vs. 5). (strict EOS protocol
must be applied!)

Speed Fastest Fast (26.55) - Slower (80.9s) Slowest method Fast (30.1s)
method (17.1s) (82s)

Age Range Broad age Broad age range - Broad age range Broadest age Stages start
range: (4.32 - (4.73 - 13.57y) (5.07 - 15.02y) range (4.0 - later than other
11.03y) 15.08 y) methods

(6.55-15.27y)

Other Simple & Easy High rater - Low rater High rater High rater
to learn satisfaction satisfaction satisfaction satisfaction
High rater though time Familiar to
satisfaction consuming. orthopaedists

Table 13. Summary of main features of each bone age assessment method based on results of evaluation in

934 individuals 4-24 years old.
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We hope that the findings presented reveal that rather than a limited range of options, the
orthopaedist and paediatric radiologist have a broad palette from which to choose for
maturity assessment. Bone age assessment method selection can be based not just on
tradition but upon consideration of:
- Setting/ time constraint: clinical (Risser ‘plus’/calcaneus) vs. experimental (Oxford
hip);
- Region of Interest: Upper (cervical), Trunk/ Proximal Lower Limb (Risser +‘plus’),
Lower body (calcaneus);

- Retrospective vs. prospective: Risser ‘plus’ vs calcaneus.
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IV. SUMMARY OF THE THESIS

Bone age is a metric describing the progression of a child towards skeletal maturity, and
reflects the state of epiphyseal and/or apophyseal development rather than merely the
passing of years and months. The biomechanical parameters of the developing lower limb
play an important role in normal function and their alteration may be a component or cause
of disease or pre-disease states, such as limb length discrepancy, gait deviation and torsion,
however reference values are typically compared to chronological age alone. The EOS
scanner has shown an increasing role in paediatric orthopaedics over the past decade due
to its’ capability for high accuracy, full-body imaging with a low radiation dose burden,
however bone age assessment of the hand-wrist cannot be performed without modification

of body position, which likely affects spinal posture.

In this study, we aimed to retrospectively assess the lower limb parameters of 1005 children
aged 2-24 years old and evaluate the correlations with cervical bone age in addition to
chronological age, using a large EOS database. Additionally, our goal was to identify and
assess alternative bone age methods that can be applied to EOS images, without the need

for modification to the positioning protocol.

Summary of Results:

1. The EOS scanner was demonstrated to show great potential for lower limb
assessment with low radiation and accurate assessment.

2. While the majority of lower limb parameters showed greater correlation with
chronological age, significantly stronger correlation was found with bone age and
rotational parameters (femoral version, tibial torsion, femorotibial rotation) and the
neck-shaft angle.

3. Combined models showed even higher correlations for NSA and the rotational
parameters, suggesting bone age assessment may be of value to include during

lower limb assessment.
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. Neck-shaft angle decreases with increasing maturity, which we first measured at
131.89° £ 6.07° at 4 years old, falling to mean 127.81° &+ 3.84° at the age of 20, in
contrast to that still reported in some Anatomy textbooks.

. A higher NSA angle seen in children/adolescents may be normal in those who have
an advanced or delayed cervical bone age compared to their peers.

. Four alternative bone age assessment methods were identified which can be
applied to EOS images: the best results were seen in three - the cervical, Oxford
hip, and Risser ‘plus’ methods.

. The calcaneus method also showed promise as a quick and convenient tool,
although analysis of images in our database was not possible in many EOS images
as due to physician preference the radiograph did not include the full foot. While
this problem is easily solved in future scans, it may be problematic when applied
for retrospective purposes.

. Bone age evaluations can be performed on EOS scans without the need for further
scans, reducing radiation dose and administrative & financial burden on the health

system and family.
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NEW FINDINGS OF THIS THESIS

1. The lower limb parameters and cervical bone age were assessed in a population of 1005
individuals aged 2-24, the largest reported population to be found in the literature.

2. The Hassel-Farman cervical bone age method was applied for the first time in EOS
images. This method was found to be effective and showed excellent inter- and intra-
observer reliability values.

3. Some biomechanical parameters were found to associated with the cervical bone age
more than the chronological age — the femoral version, tibial torsion, femorotibial
rotation, and neck-shaft angle.

4. Combining cervical bone age and chronological age assessments during neck-shaft
angle assessment revealed that those with bone ages >1 stage higher or lower than those
of similar chronological age, showed significantly higher neck-shaft angles (3.16° and
4.45° higher, respectively), a novelty in the literature.

5. Furthermore, combined cervical bone age and chronological age assessments of neck-
shaft angle assessment were found to correlate greater with neck-shaft values and
remove gender difference.

6. The bone age was measured with multiple methods in a large population of 941
individuals aged 2-24 years old.

7. Five methods were found to be applicable to EOS images— cervical, Risser ‘plus’,
Oxford hip, calcaneus and knee methods. Best results were seen with cervical, Risser
‘plus’ and Oxford hip methods, while the calcaneus method is effective if the foot is

visible on the image.
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APPENDIX

Supplementary Table 1. Table shows all bone age and dental age assessment methods found
during our literature review. Literature review was performed via the website pubmed.gov
[accessed 2016.03.30]. A search performed using keywords "bone age", "skeletal age" and
"skeletal maturation" with no language or date restrictions yielded 4758 publications, after
removal of 433 duplicates. All abstracts were investigated and articles accessed if promising,
or information not available in the abstract. Types of assessment methods can be described as
atlas type (“Atlas’) or scoring types (‘Scoring’) methods, Scoring methods are described in
this table by the format of scoring i.e. number of stages, linear equation, continuous scale,
counting appearance of ossification centres etc. The number of citations of each paper (as per
scholar.google.com) were collected time of preparation of the present table (2019.10.09).
'Article not found': describing article could not be located, despite our best efforts; 'Foreign
Language [language]': some lesser known methods were described in languages other than
English, and the original article could not be located. Three methods included were described
after the original search date (marked *), however they have been included due to potential
future interest. One method was included that was found indirectly during the review, it has
been included for the sake of completeness and marked with a cross (1) symbol. (AP:
Anteroposterior, CT: Computed tomography, GP: Greulich-Pyle Atlas, HF: Hassel-Farman
method, mo: months, MR: Magnetic resonance, y: years)
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Region Author Year of  Type Citations Modality Image type No. of Stages ~ Summary of Method Reference
Pub.
Ankle & Hoerr, Pyle, 1962  Atlas 5 X-ray Lateral & AP 31 ages Atlas method of ankle and foot. Hoerr NL, Pyle SI, Francis CC. Radiological Atlas of the Foot and Ankle.
Foot Francis Foot Charles C Thomas, Springfield,. 1962.
Calcaneus Nicholson 2015  Scoring 20 X-ray Lateral foot 6 stages Calcaneal apophysis is scored based ~ Nicholson AD, Liu RW, Sanders JO, Cooperman DR. Relationship of
on presence, extent and state of Calcaneal and Iliac Apophyseal Ossification to Peak Height Velocity Timing in
fusion. Children. J Bone Jt Surg. 2015;97(2):147-154.

Sherif 2003  Scoring 3 Ultrasound ~ Ultrasound Linear scale Normal range of calcaneal volume Sherif H, Noureldin M, Bakr AF, Mahfouz AE. Sonographic Measurement of
values in a 0-6 year old Egyptian Calcaneal Volume for Determination of Skeletal Age in Children. J Clin
population have been presented, as Ultrasound. 2003;31(9):457-460.
measured by ultrasound.

Cervical Alhadlag & 2013 Scoring 6 X-ray Lateral 5 stages Angular based method: user traces Alhadlaqg AM, Al-shayea EI. New method for evaluation of cervical vertebral

Al-shayea cephalogram C2-C3-C4 and calculates the angles maturation based on angular measurements. Saudi Med J. 2013;33(4):388-394.
between a line running along the
base, and the highest point of the
inferior concavity. 5 stages were
identified correlating to Baccetti's
method. Only males.

Baccetti: 6- 2002  Scoring 655 X-ray Lateral 6 stages Second to fourth cervical vertebrae Baccetti T, Franchi L, McNamara Jr JA. An improved version of the cervical

stage cephalogram are assessed by morphology: height,  vertebral maturation (CVM) method for the assessment of mandibular growth.
inferior curvature and shape. “CS” Angle Orthod. 2002;72(4):316-323.
or “cervical stage” method.

Baccetti 2012 Scoring 11 X-ray Lateral 6 stages User selects 13 landmarks on C2-C4  Baptista RS, Quaglio CL, Mourad LMEH, et al. A semi-automated method for

modified: cephalogram indicating anterior inferior, bone age assessment using cervical vertebral maturation. Angle Orthod.

Semi- posterior inferior, anterior superior 2012;82(4):658-662.

automated (C3 & C4 only) and posterior
superior points (C3 & C4 only), and
the highest point of the inferior
concave. Stages as per Baccetti are
then applied using computer
software.

Baccetti 2015  Scoring 29 CT Cone-beam CT 6 stages Lateral cephalogram generate from Angelieri F, Franchi L, Cevidanes LHS, McNamara Jr JA. Diagnostic

modified: CT CBCT and evaluated. performance of skeletal maturity for the assessment of midpalatal suture

maturation. Am J Orthod Dentofac Orthop. 2015;148(6):1010-1016.

Baccetti 2006  Scoring 23 X-ray Lateral 5 stages Sixth stage is not included. Santos ECA, Bertoz FA, Arantes FDM, Reis PMP, Bertoz APDM. Skeletal

modified: 5 cephalogram maturation analysis by morphological evaluation of the cervical vertebrae. J

stage Clin Pediatr Dent. 2006;30(3):265-270.

Caldas 2007  Scoring 42 X-ray Lateral Linear Based on a formula, reader traces Caldas M de P, Ambrosano GMB, Haiter Neto F. New formula to objectively

cephalogram regression and then measures height, width, evaluate skeletal maturation using lateral cephalometric radiographs. Braz Oral
equation angle etc. Res. 2007;21(4):330-335.

Caldas 2010  Scoring 25 X-ray Lateral Linear Based on a formula, selects Caldas M de P, Bovi Ambrosano GM, Neto FH. Computer-assisted analysis of

modified: cephalogram regression landmarks indicating cervical vertebral bone age using cephalometric radiographs in Brazilian

Semi- equation anterior/posterior and subjects. Braz Oral Res. 2010;24(1):120-126.

automated superior/inferior poles, and software
calculates bone age based on
Caldas' equation.

Chen 2008  Scoring 64 X-ray Lateral 4 stages So-called "Quantitative cervical Chen L-L, Xu T-M, Jiang J-H, Zhang X-Z, Lin J-X. Quantitative cervical

cephalogram morphology" or QVCM. Tracings vertebral maturation assessment in adolescents with normal occlusion: a mixed
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of C3, C4: ant height, posterior
height, middle height and
superior/midline/inferior
anteroposterior length. Formula
made based on these can calculate
SMI (as used in Fishman maturity)

longitudinal study. Am J Orthod Dentofac Orthop. 2008;134(6):720-e1.



Franchi

Harfin

Hassel-Farman
Hassel-Farman
modification:
C3 only
Hassel-Farman
modification:
Semi-
automated
Hassel-Farman
modification:
3D-CT
Lamparski

Mito

Rhee

San Roman

Santiago

Su

Varshosaz

Yang

2000

2008

1995

2005

2015

2016

1972

2002

2015

2002

2014

2006

2012

2014

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

420

713

26

180

254

X-ray

X-ray

X-ray

X-ray

X-ray

CT

X-ray

X-ray

CT

X-ray

X-ray

X-ray

CT

Lateral
cephalogram

Lateral
cephalogram

Lateral
cephalogram
Lateral
cephalogram

Lateral

cephalogram

Lateral image
3DCT

Lateral
cephalogram
Lateral
cephalogram

Cone-beam CT

Lateral
cephalogram

Lateral
cephalogram

Lateral
cephalogram

Cone-beam CT

6 stages

6 stages

6 stages

6 stages

6 stages

6 stages

Linear
regression
equation

Linear
regression
equation

Linear
regression
equation

4 stages

Linear
regression
equation

Linear
regression
equation
Linear
regression
equation
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Cervical vertebral morphology are
assessed at C2-C6. Baccetti et al.
method is based on a abbreviated
system.

Not found - foreign language
[Polish]

C2-C4 morphology based on shape,
inferior curve depth, and height.
HF method, only assessing C3.

Software assisted. Physician traces
the vertebrae, and it helps estimate.

HF method, using lateral aspect as
generated from 3D CT images.

First cervical morphology method
described.

C3 & C4 tracings made and
measurements of anterior height,
posterior height, midpoint height
and anteroposterior length. Equation
made based on these.

C2-C4: 8 points per vertebra, 6
points on odontoid process. Linear
regression generated equations

C3 & C4: equation based on stages
of 3 features: inferior concavity (6
stages), vertebral shape (6 stages)
and height vs. width (6 stages).
User selects 13 landmarks on C2-C4
indicating anterior inferior,
posterior inferior, anterior superior
(C3 & C4 only) and posterior
superior points (C3 & C4 only), and
the highest point of the inferior
concave. Stages as per Baccetti are
then applied using computer
software. Stages correlated to
Fishman SMI 1:1-3, 2: 4-7, 3: 8-9,
4:10-11.

Description in Chinese: Abstract -
equation based on vertebral anterior
height, height, anteroposterior
length of C3 and C4.

Anterior height of C4 measured and
used as part of equation. 91 Iranian
individuals aged 8-18 years

C1-C4: Axial images generated and
23 points selected across the
vertebrae, (most anterior point,

Franchi L, Baccetti T, McNamara JA. Mandibular growth as related to cervical
vertebral maturation and body height. Am J Orthod Dentofac Orthop.
2000;118(3):335-340.

Harfin, J.F., Kahn de Gruner, S.E., Porta, G. and Kaplan, A., 2008. Nowy
sposob okreslania wieku szkieletowego oparty na wtornych osrodkach
kostnienia kregdéw szyjnych. In Forum Ortod (Vol. 4, No. 2, pp. 33-43).

Hassel B, Farman AG. Skeletal maturation evaluation using cervical vertebrae.
Am J Orthod Dentofacial Orthop. 1995;107(1):58-66..

Seedat AK, Forsberg CD. An evaluation of the third cervical vertebra (C3) as a
growth indicator in Black subjects. SADJ. 2005 May;60(4):156,158-60

Dzemidzic, V., Sokic, E., Tiro, A. and Nakas, E., 2015. Computer based
assessment of cervical vertebral maturation stages using digital lateral
cephalograms. Acta Informatica Medica, 23(6), p.364.

Bonfim MAE, Costa ALF, Fuziy A, Ximenez MEL, Cotrim-Ferreira FA,
Ferreira-Santos RI. Cervical vertebrae maturation index estimates on cone
beam CT: 3D reconstructions vs sagittal sections. Dentomaxillofacial Radiol.
2016;45(1):20150162.

Lamparski DG. Skeletal age assessment utilizing cervical vertebrae.
1975;67(4):458-459.

Mito T, Sato K, Mitani H. Cervical vertebral bone age in girls. Am J Orthod
Dentofac Orthop. 2002;122(4):380-385.

Rhee CH, Shin SM, Choi YS, et al. Application of statistical shape analysis for
the estimation of bone and forensic age using the shapes of the 2nd, 3rd, and
4th cervical vertebrae in a young Japanese population. Forensic Sci Int.
2015;257:513.e1-513.e9.

Roman PS, Palma JC, Oteo MD, Nevado E. Skeletal maturation determined by
cervical vertebrae development. Eur J Orthod. 2002;24(3):303-311.

Santiago RC, Cunha AR, Junior GC, et al. New software for cervical vertebral
geometry assessment and its relationship to skeletal maturation-a pilot study.
Dentomaxillofacial Radiol. 2014;43(2).

SuL, Lii Y, Wang HM. Cervical vertebral bone age during puberty. Zhonghua
kou giang yi xue za zhi= Zhonghua kougiang yixue zazhi= Chinese J Stomatol.
2006;41(12):728-729.

Varshosaz M, Ehsani S, Nouri M, Tavakoli MA. Bone age estimation by
cervical vertebral dimensions in lateral cephalometry. Prog Orthod.
2012;13(2):126-131.

Yang Y, Lee J, Kim Y, Cho B, Park S. Axial cervical vertebrae-based
multivariate regression model for the estimation of skeletal-maturation status.
Orthod Craniofac Res. 2014;17(3):187-196.



Clavicle

Cranial

Kreitner

Schmeling: 5
stage

Schmeling
modified: 4
stage

Schmeling
modified: MR

Schmeling
modified: 4
stage

Schmidt

Schulz

Lottering

Lottering

Bassed

Shirley &
Jantz

Franklin &
Flavel

1998

2004

2015

2010

2010

2007

2008

2015

2016

2010

2011

2014

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

249

296

87

179

133

99

22

74

78

34

CT

X-ray

CT

MR

CT

MR

Ultrasound

CT

CT

CT

CT

CT

Multi-slice CT

Chest X-ray

Multi-slice CT

MR

Thin slice CT

MR

Ultrasound

Multi-slice Head
CT

Cranial/ cervical
multi-slice CT

Multi-slice CT

Cone-beam head
CT

Multi-detector CT

3 stages

5 stages

4 stages

5 stages

9 stages

4 stages

4 stages

6 stages

24 stages,

different region:
(total 19).

5 stages

3 stages

4 stages
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posterior point etc). Linear
regression derived equations could
then be applied to establish bone
age. Equations not shown in paper,
though they find several regions
alone were correlated well with
maturation.

Appearance, partial fusion and
complete fusion of medial
epiphyseal ossification center.
Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused, in addition to a further
fifth stage when no scar can be
seen.

Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused (independent of
presence or absence of scar) some
studies such as Zhang et al. have
used this 4 stage method.

Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused, in addition to a further
stage 5 when no scar can be seen.
Second and third stages are
expanded with 3 substages each.

Presence of ossification at the
secondary center, extent and
completion are assessed at the
medial clavicle.

Appearance and fusion of medial
clavicle ossification centre are
assessed, in addition to epiphyseal
plate shape and state of ossification.
6 stages based on Spheno-Occipital
Synchondrosis ossification.

6 fontanelles & osteosynchondrosis
regions are assessed. The time of
closure of each region is described
by as few as 2 or as many as 4
stages.

Ossification extent from superior to
inferior of the spheno-occipital
chondrosis. (Staging modified from
Powell and Brodie, 1963 - forensic
study with X-ray).

The open/fusing/fused state is
assessed at the spheno-occipital
osteochondrosis.

Spheno-occipital osteochondrosis is
evaluated for open/fusing/fused
with scar/ fused with no scar.

Kreitner K-F, Schweden FJ, Riepert T, Nafe B, Thelen M. Bone age
determination based on the study of the medial extremity of the clavicle. Eur
Radiol. 1998;8(7):1116-1122.

Schmeling A, Schulz R, Reisinger W, Miihler M, Wernecke K-D, Geserick G.
Studies on the time frame for ossification of the medial clavicular epiphyseal
cartilage in conventional radiography. Int J Legal Med. 2004;118(1):5-8.

Zhang K, Chen X, Zhao H, Dong X, Deng Z. Forensic Age Estimation Using
Thin-Slice Multidetector CT of the Clavicular Epiphyses Among Adolescent
Western Chinese. J Forensic Sci. 2015;60(3):675-678.

Hillewig E, De Tobel J, Cuche O, Vandemaele P, Piette M, Verstraete K.
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Enhanced possibilities to make statements on the ossification status of the
medial clavicular epiphysis using an amplified staging scheme in evaluating
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closure in modern Western Australians. Am J Phys Anthropol.
2014;153(1):132-138.



Ertiirk

Dental Cameriere

Demirjian

Demirjian
modified:
Chaillet
Demirjian
modified:
Third Molar
only
Demirjian
modified:
Willems
Demirjian
modified: Four
Tooth
Modification
Gat

Gleiser &
Hunt

Gleiser &
Hunt
modification:
Kullman
Gleiser &
Hunt
modification:
Liversidge

Gustafson &
Koch

1968

2006

1973

2005

1993

2001

1989

1972

1995

1992

2008

1974

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

247

2031

158

500

417

70

251

157

432

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Lateral
cephalogram

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Lateral
mandibular
Panoramic X-ray

Panoramic X-ray/
Supplementary
apical in some
cases

Panoramic X-ray

No stages

Linear
regression
equation

63 stages

63 stages

8 stages

63 stages

36 stages

84 stages

15 stages

7 stages

15 stages

90 stages
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Frontal sinus maximum dimension
height and width measured are
measured and can be compared
against standards.

Open root apices of the teeth are
measured, and summed. Data can be
entered into linear regression
equation.

Seven left mandibular permanent
teeth are rated in the order of the
second molar, first molar, second
premolar, first premolar, canine,
lateral incisors and central incisor
into eight stages [A-H] of tooth
mineralization, stage 0 marks
absence/ non-appearance of a tooth.
All ratings are compared against a
table to give a maturity score per
tooth, which are summed, and then
overall maturity score can be
compared against a developmental
percentile chart for each gender.
"Multi-ethnic weighted score" chart,
that allows use independent of
knowledge of ethnicity.

Third molar only. All 4 evaluated
and averaged.

Updated chart for Belgian children
to avoid overestimation of bone age.

Using just 4 teeth. Based on Finnish
standards.

Fourteen permanent teeth on
mandible and maxilla are scored
from 1-5, excluding the third molar,
and the sum of the values is the
'dental age'.

First right mandibular permanent
molar evaluated.

Third molar root development is
evaluated.

Third molar evaluated based on
progressive stages described by
changes in the crypt, cusp, crown,
cleft, root and apex: applicable on
from 16 years and above.
Emergence and 3 maturation stages
for right lower and left upper teeth
are shown in their diagrams. Values
are compared against a reference

Ertiirk, N., 1968. Teleroentgen studies on the development of the frontal sinus.
Fortschritte der Kieferorthopadie, 29(2), pp.245-248.

Cameriere R, Ferrante L, Cingolani M. Age estimation in children by
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Clinicians. J Forensic Sci. 2005;50(5):1-11.

Mincer HH, Harris EF, Berryman HE. The A.B.F.O. Study of Third Molar
Development and Its Use as an Estimator of Chronological Age. J Forensic Sci.
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Biol. 2008;35(3):294-321.

Gustafson G, Koch G. Age estimation up to 16 years of age based on dental
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Elbow

Face

Haavikko

Leinonen

Liljeqvist &
Lundberg

Moorrees

Moorrees
modification:
Anderson

Moorrees
modification:
London Atlas

Nicodemo

Nolla

Schour &
Massler

Sauvegrain

Sauvegrain
modified:
Dimeglio
Sauvegrain
modified:
Dimeglio
(Simplified)
Braga

1974

1972

1971

1963

1976

2010

1974

1960

1941

1962

2005

2001

2007

Scoring

Scoring

Scoring

Scoring

Scoring

Atlas

Atlas

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

203

172

2148

332

577

73

1129

340

53

117

76

58

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

CT

Panoramic X-ray

Panoramic X-ray

Full oral series

Lateral & intraoral
radiographs (two
population
samples combined
therefore differing
radiograph types)
Panoramic Xray

Panoramic X-ray

Panoramic X-ray

Full oral series

Panoramic X-ray

Elbow: AP and
Lateral

Elbow: AP and
Lateral

Elbow: Lateral
only

CT

6 stages

8 stages

8 stages per
tooth

14 stages

14 stages

Atlas

Foreign

Language
[Chinese]
70 stages

21 chronologica
ages

27 points
30 point

8 points

Linear Equation
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chart which gives weighting, and
corresponding dental age.

Upper and lower first molar, canine,
Ist incisor and lower 2nd molar, 1st
premolar and 2nd incisor are scored,
and averaged. This can then allow
division into 6 groups.

Staging applied 0-7 of each
mandibular tooth, the two sides
were averaged.

8 weighted stages applied based on
dental morphology of crown, root
etc, all teeth evaluated excepting
upper pre-molar and molars.
Mandibular teeth evaluated based
on progressive stages described by
changes in the crypt, cusp, crown,
cleft, root and apex.

Mandibular and maxillary teeth
assessed, applied to as many teeth
as possible and the score averaged.
They provided alternative tables
that some authors prefer.

"London Atlas" combining
emergence data and the Moorress
method, applicable from the first
prenatal trimester to 23 years old.
Foreign Language [Chinese]

Each permanent tooth the left
mandible is rated as per
calcification stage (1-10) and values
summed.

21 stages identified: 2 prenatal
followed by 0 months, 6mo , 9mo, 1
year, 16mo, 2y, 3y, 4y, 5y, 6y, 7y,
8y, 9y, 10y, 11y, 12y, 15y, 21y,
35y.

Lateral condyle, trochlea, olecranon
apophysis and proximal radial
epiphysis evaluated.

Intermediate scores added between
3 points, for a total of 30 points.

Simplified method in which only
olecranon apophysis assessed.

8 foramina identified, computer
applies a cage/ mesh made and the
shape is related to maturity via
linear regression equation.

Haavikko K. Tooth formation age estimated on a few selected teeth. Proc Finn
Dent Soc. 1974;70:15-19.

Leinonen A, Wasz-Hockert B, Vuorinen P. Usefulness of the dental age
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In: Annales de Radiologie. Vol 5. ; 1962:542.

Accuracy of the Sauvegrain Method in Determining Skeletal Age During
Puberty. 2005:1689-1696.

Diméglio A. Growth in pediatrics orthopaedics. In: Lovell, Winter, eds. Vol. I
chapter II, 5th ed. Lippincott; 2001 (in press).

Braga J, Treil J. Estimation of pediatric skeletal age using geometric
morphometrics and three-dimensional cranial size changes. Int J Legal Med.
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Femur

Foot

Hand-
wrist

Castriota-
Scanderbe &
De Micheli
Stull

Whitaker

Whitaker

Bjork & Helm

Cameriere

Cameriere
modification:
De Luca

Chang et al.

Chinese
National
Sports
Committee
Choi et al.

DeRoo
&Schroder

Luk

1995

2014

2002

2002

1967

2006

2016

1990

1992

2018

1976

2014

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Foreign
Language
[Chinese]

Scoring

Atlas

Scoring

32

32

27

27

563

76

34

22

Ultrasound

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Hip Ultrasound

Femur: AP

Foot AP & Lateral

Foot AP & Lateral

Right Hand

Left Hand

Left Hand

Hand (side not
found)

Foreign Language
[Chinese]

Left or Right

Hand (side not
found)

Distal Radius-
Ulna

Continuous
Scale

Linear
Equation

10 stages

10 stages

8 stages

Linear Equation

Linear Equatior

9 stages

Foreign
Language
[Chinese]
Continuous

Atlas

11 & 9 stages
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Femoral head cartilage thickness
measured, decreases with increasing
age and can be compared to table.
Based on femoral measurements,
diaphyseal length can be correlated
reliably with age until 6 years old,
or with multivariate models
entailing predominantly diaphyseal
width for older individuals.
Calcaneus primary and secondary
ossification centers are rated 0-4,
and on their fusion state from 0-4.
All three scores are summed.

All distal phalangeal and proximal
phalangeal primary and secondary
ossification centers are rated 1-4,
and on their fusion state from 1-4.
All three scores are summed and
converted to a 10 point scale.
Uniquely, images were marked with
a special score if ossification was
not visible or obscured due to image
quality or obstruction.

Key events are recorded at the
second finger, third finger, thumb
sesamoid and radius are evaluated.
The ratio of the area occupied by
the carpal bones versus the total
area of the radial and ulnar
epiphysis and carpals is calculated
and compared against a reference
line.

Updated formula for greater
accuracy.

"National Taiwan University
Hospital Skeletal Maturity Index".
Five locations on the thumb, index
finger, middle finger and radius are
evaluated.

So-called 'Chinese Standard'
method. Metacarpal, phalanges and
carpal bone developmental stages
are assessed.

Area of the capitate and hamate is
measured and summed. Value can
be input to regression equation.
Similarities to Greulich-Pyle atlas,
though initiated in Dutch European
children.

"DRU" (distal radius ulna) method,
in which the radius epiphysis is
scored from 1-11 stages and the
ulna from 1-9 stages, each can be

Castriota-Scanderbeg A, De Micheli V. Ultrasound of femoral head cartilage: a
new method of assessing bone age. Skeletal Radiol. 1995;24(3):197-200.

Lodox Statscan, invented in South Africa for mining industry . Simiilar to
EOS.

Whitaker JM, Rousseau L, Williams T, Rowan RA, Hartwig WC. Scoring
system for estimating age in the foot skeleton. Am J Phys Anthropol Off Publ
Am Assoc Phys Anthropol. 2002;118(4):385-392.

Whitaker JM, Rousseau L, Williams T, Rowan RA, Hartwig WC. Scoring
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Bjork A, Helm S. Prediction of the age of maximum puberal growth in body
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De Luca S, Mangiulli T, Merelli V, et al. A new formula for assessing skeletal
age in growing infants and children by measuring carpals and epiphyses of
radio and ulna. J Forensic Leg Med. 2016;39(January):109-116.
doi:10.1016/j.jflm.2016.01.030

Chang HF, Wu K-M, Chen KC. A cross-sectional study on the skeletal
development of the hand and wrist from preadolescence to early adulthood
among Chinese in Taiwan. Zhonghua ya yi xue hui za zhi. 1990;9(1):1-11.

Committee NS. Assessment of development of metacarpals, phalanges and
carpals of Chinese people: national standard of People’s Republic of China.
Beijing Natl Sport Comm. 1992.

Choi JA, Kim YC, Min SJ, Khil EK. A simple method for bone age
assessment: The capitohamate planimetry. Eur Radiol. 2018;28(6):2299-2307.

de Roo T, Schroder HJ. Pocket Atlas of Skeletal Age. Springer Science &
Business Media; 2012.

Luk KDK, Saw LB, Grozman S, Cheung KMC, Samartzis D. Assessment of
skeletal maturity in scoliosis patients to determine clinical management: a new
classification scheme using distal radius and ulna radiographs. Spine J.
2014;14(2):315-325.



Ebri

Eklof &
Ringertz

Eklof &
Ringertz
modification:
3 bone method
Eklof &
Ringertz
modification:
5 bone method
Engstrom

Fishman

Flory

Gilsanz &
Ratib

Grave &
Brown

Gretych

Greulich &
Pyle

1993

1967

2009

2009

1983

1982

1936

2005

1976

2007

1950/
1959

Scoring 1
Scoring 94
Scoring 1
Scoring 1
Scoring 189
Scoring 664
Atlas 155
Atlas 216
Scoring 382
Atlas 117
Atlas 7699

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Left Hand Linear Equatior

Left Hand Linear Equation

Left Hand Linear Equatior

Left Hand Linear Equation

Left Hand 5 stages

Left Hand 11 stages

Right Hand Atlas: newborn
19 years old

Left Hand Atlas

Hand (side not 14 stages

found/listed)

Left Hand Atlas

Left Hand Atlas
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individually compared to
chronological age.

Maximum dimensions of carpal and
phalangeal epiphyseal are measured
and evaluated compared to a linear
regression equation.

Distances are measured that
correspond to the width and length
of the hand and wrist bones, in ten
ossification centers.

Abbreviated version for only 3
ossification centers.

Abbreviated version for only 5
ossification centers.

Only 4 key events at specific
regions are noted: epiphysis of the
2nd proximal phalanx is wide as the
diaphysis; the epiphysis of the 3rd
middle phalanx caps its diaphysis;
complete epiphyseal fusion of the
distal phalanx of 3rd finger;
complete union of the distal
epiphysis of the radius.

Key events are recorded at the third
finger, fifth finger, radius and
thumb sesamoid appearance.
Fishman described these as 'skeletal
maturity indicators' for correlation
with mandibular and maxillary
development, therefore favoured by
orthodontists.

Phalangeal and carpal atlas.

A digital hand atlas for assessment
of phalanges, metacarpals and
carpals.

Fourteen ossification events are
assessed first, second and third
fingers in addition to the pisiform,
hamate and distal radial epiphysis.
Events are also correlated with peak
growth velocity.

Second, third and fourth phalanges
in addition to the carpals are
evaluated with computer assistance
in with reference to Caucasian,
African-America, Asian and
Hispanic children.

The most well-known phalangeal
and carpal atlas, first published in
1950, updated and expanded in
1959.

Ebri BT. New method for evaluating ossification of the carpal bone. From a
study with 5225 Spanish children. Pediatrie. 1993;48(11):813-817.

Eklof O, Ringertz H. A method for assessment of skeletal maturity. In: Annales
de Radiologie. Vol 10. ; 1967:330-336.

Olivete CJ, Rodrigues ELL. ER5 and ER3: bone age assessment by
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estimagdo por simplificagdes do método de Eklof e Ringertz. Rev Odonto
Ciéncia. 2009;24(4):361-366.

Olivete CJ, Rodrigues ELL. ERS and ER3: bone age assessment by
simplifications of the Eklof and Ringertz method = Maturidade 6ssea:
estimagdo por simplificagdes do método de Eklof e Ringertz. Rev Odonto
Ciéncia. 2009;24(4):361-366.
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Springer Science & Business Media; 2005.

Grave KC, Brown T. Skeletal ossification and the a adolescent growth spurt.
Am J Orthod. 1976;69(6):311-619.

Gertych A, Zhang A, Sayre J, Pospiech-Kurkowska S, Huang HK. Bone Age
Assessment of Children using a Digital Hand Atlas. Comput Med Imaging
Graph. 2007;31(4-5):322-331.

Greulich WW, Pyle SI. Radiographic Atlas Of Skeletal Development Of The
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Greulich &
Pyle
modification:
Individual
Scoring
Greulich &
Pyle
modification:
Weighted
Modification
Greulich &
Pyle
modification:
Weighted
Modification
Greulich &
Pyle
modification:
Weighted
Modification
Greulich &
Pyle
modification:
Line Drawings
Greulich &
Pyle
modification:
Shorthand
Bone Age
Greulich &
Pyle
modification:
Ultrasound
Greulich &
Pyle
modification:
'Segmented’

Greulich &
Pyle
modification:
Thumb
Sesamoid only
Gu's method

Haavikko

Hagg &
Taranger

1971

1972

1986

1971

1950

2013

2003

2001

2008

1974

1980

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Scoring

Scoring

53

23

90

30

56

51

325

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Ultrasound

X-ray

X-ray

X-ray

Left Hand

Right or Left

Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

Right Hand

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

2 stages

10 stages
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All bones are scored individually
and then average bone age
calculated.

All bones are scored individually
and summed by region (carpals,
phalanges-metacarpals or forearm),
and weighting is performed based
on each region.

Regions are scored individually and
summed according to a weighted
formula.

Higher weighting to metacarpals
and phalanges IT to V.

Greulich-Pyle Atlas converted to
line drawings for easier use.

Abbreviated version of Greulich-
Pyle atlas in which 10 specific
events at the first and second digit,
hamate, and radial epiphysis are
assessed.

Tracings are made from ultrasound
evaluations to represent the full
hand and wrist, which can then be
evaluated as per the GP atlas.
Seven regions are scored as groups -
the carpals, metacarpals, proximal,
medial and distal phalanges, radius,
and ulna - and the sum divided by
seven.

Binary staging of presence or
absence of ulnar sesamoid of the
first digit. Not recommended by the
authors for use alone.

Foreign Language [Chinese]

Original article could not be
obtained.

First and third finger are assessed in
addition to the radial distal
epiphysis. First finger ulnar
sesamoid (presence/absence), 3rd
finger distal phalangeal fusion/non-
fusion, 3rd finger middle phalangeal
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Higg &
Taranger
modification:
MP3 method
Hagg &
Taranger
modification:
Modified MP3
Method

Helm

Kopczynska-
Sikorska
Li Guozhen -

Liaokawa =

Mackay

Marti-
Henneberg

Martins &
Sakima

Mentzel

Modi

Rachmiel

Roche

1982

2002

1971

1969

1952

1974

1977

2005

1957/
1969
2013

1988

Scoring

Scoring

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Atlas

Scoring

Scoring
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76

154

22

105

46

93

58

379

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Ultrasound

X-ray

Ultrasound

X-ray

Right Hand

Right Hand

Right Hand

Left Hand

Left & Right
Hand

Left Hand

Right or Left
Hand

Ultrasound

Left Hand

5 stages

6 stage

7 stages

Atlas

21 stages

18 stages

Atlas-like
result (score
correlated to
GP bone age)

Linear

Continuous
Scale

109

fusion progression; distal radial
epiphyseal fusion progression.
"MP3" Method: Third middle
phalanx only evaluated, based on
distal epiphyseal plate morphology.

"Modified MP3" Method: Third
middle phalanx only evaluated, with
1 additional intermediate stage.

Only 7 key events at specific
regions are noted. Sesamoid
presence in the thumb, 2nd finger
proximal phalanx, and distal,
middle and proximal phalanges of
the third finger are evaluated.
Atlas of Polish children.

Li Guozhens' "Percent Numeration"
No description found, only
references in Chinese language
journals.

Hiégg U, Taranger J. Maturation indicators and the pubertal growth spurt. Am J
Orthod. 1982;82(4):299-309.

Rajagopal R, Kansal S. A comparison of modified MP3 stages and the cervical
vertebrae as growth indicators. J Clin Orthod JCO. 2002;36(7):398.

Helm S, Siersbaek-Nielsen S, Skieller V, Bjork A. Skeletal maturation of the
hand in relation to maximum puberal growth in body height. Tandlaegebladet.
1971;75(12):1223-1234.

Kopczynska-Sikorska J. Atlas Radiologiczny Rozwoju Kos$éca Dtoni i
Nadgarstka. Panstwowy Zaktad Wydawnictw Lekarskich; 1969.

Zhang Z, Li K, Yu RJ, Zhang Q. Preliminary study on the applying value of
two measurements for bone age in the cases of minors. Fa Yi Xue Za Zhi.
2004;20(4):212-214.

No description found, only references in abstract of Chinese language journals.

Appearance of ossification centres
of each carpal & phalanx in East
Africans

Original article could not be
obtained.

Carpal ossification evaluated which
can be compared to pubertal growth
spurt.

BonAge' ultrasound device allows
evaluation of the change in speed of
waves across the distal radial and
ulnar epiphyses which returns a
skeletal age value correlated to the
G-P atlas.

Original article could not be
obtained.

The distance across and speed of
soundwave travel across the third
phalanx, carpal region and wrist are
measured. A linear equation gives
output correlated to the GP atlas.
Ninety-eight 'maturity indicators'
across the radius, ulna, carpals,
metacarpals and phalanges are
recognised or measured, with
different indicators assessed at
different ages. Computer software
returns a skeletal age with standard
error and confidence limits.

Mackay DH, Service CM, Development C, Acts W. Skeletal maturation in the
hand: a study of development in East Africa children. 1952.

Marti-Henneberg C, Patois E, Niiranen A, Roy MP, Masse NP. Bone
maturation velocity. Compte Rendu la XIle Reun des Equipes Charg des
Etudes sur la Croissance le Développement I’Enfant Norm Paris, Cent Int
I’Enfance, Paris. 1974:107-112.

Martins JCR, Sakima T. Consideragdes sobre a previsdo do surto de
crescimento puberal. Ortodontia. 1977;10(3):164-170.

Mentzel H-J, Vilser C, Eulenstein M, et al. Assessment of skeletal age at the
wrist in children with a new ultrasound device. Pediatr Radiol. 2005;35(4):429-
433.

Modi JP. Modi’s Textbook of Medical Jurisprudence and Toxicology. NM
Tripathi; 1969.

Rachmiel M, Naugolani L, Mazor-Aronovitch K, Levin A, Koren-Morag N,
Bistritzer T. Bone age assessment by a novel quantitative ultrasound based
device (SonicBone), is comparable to the conventional Greulich and Pyle
method. Horm Res Pediatr. 2013;80(Suppl 1):35.

Roche AF, Thissen D, Chumlea W. Assessing the Skeletal Maturity of the
Hand-Wrist: Fels Method. Thomas; 1988.
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Assessment is converted to a
'Skeletal Maturity Level'
corresponding to 0 at birth to 999 at
full maturity.

Semi-automated method in which
twenty-two maturity indicators are
considered and the user selects
between one of 3 software-
suggested ratings for each region,
depending on chronological age.
Computer aided skeletal maturity
system (CASMAS). Third phalanx
is extracted automatically and
epiphyseal, metaphyseal widths
measured, in addition to the width
of the overlapping regions, and a
multiple regression equation reports
the bone age.

All hand bones, with specific
attention in the early stages to
several events in the pisiform,
hamate, ulna, second proximal
phalanx, third middle and third
distal phalanges.

Original article could not be
obtained.

Appearance and ossification of 29
centers in the hand wrist are
evaluated.

Original article could not be
obtained.

Scoring of hand and wrist centers,
based on Japanese population.
Carpal, metacarpal and phalangeal
assessment.

Radius, ulna, capitate, trapezium
and the proximal epiphysis of the
first phalanx of the fifth finger are
evaluated individually as per TW1
and summed.

Carpal, metacarpal and phalangeal
assessment. Alternative methods
included carpals only or radius-
ulna-short (RUS) bone
modifications.

TW?2 radius-ulna-short bones
method applied to MR images from
an open compact MR.

Fully automated method in which
3D MR images are are assessed by
computer using the TW2 method.

Sempé M, Pédron G, Roy-Pernot M-P. Auxologie: Méthode et Séquences.;
1979.

Bouchard M, Sempé M. “MATUROS 4.0” CD: un nouvel outil d’évaluation de
la maturation squelettique. Biométrie Hum Anthropol. 2001;19(1-2):9-12.

Sato K, Ashizawa K, Anzo M, et al. Setting up an automated system for
evaluation of bone age. Endocr J. 1999;46(Suppl):S97-S100.

Singer J. Physiologic Timing of Orthodontic Treatment. Angle Orthod.
1980;50(4):322-333.

Speyer. Betekenis En Bepaling van de Skeletleeftijd. Leiden: Sijthoff; 1950.

Stuart HC, Pyle SI, Cornoni J, Reed RB. Onsets, completions and spans of
ossification in the 29 bone-growth centers of the hand and wrist. Pediatrics.
1962;29(2):237-249.

Sugiura Y, Nakazawa O, Kunishima Y, Aoki M, Ito H. A method of assessing
skeletal age (2nd report). J Japanese Orthop Assoc. 1961;35:429-439.

Sugiura Y, Nakazawa O. Bone Age. Roentgen Diagnosis of Skeletal
Development. Tokyo: Chugai-Igaku; 1968.

Tanner JM. A new system for estimating skeletal maturity from the hand and
wrist, with standards derived from a study of 2600 healthy British children.
Part II Scoring Syst. 1959.

Guimarey L, Morcillo AM, Orazi V, Lemos-Marini SH V. Validity of the use
of a few hand-wrist bones for assessing bone age. J Pediatr Endocrinol Metab.
2003;16(4):541-544.

Tanner JM, Whitehouse RH, Healy MJR, Goldstein H. A revised system for
estimating skeletal maturity from hand and wrist radiographs with separate
standards for carpals and other bones (TW II system). Stand Skelet Age. 1972.

Terada Y, Kono S, Tamada D, et al. Skeletal age assessment in children using
an open compact MRI system. Magn Reson Med. 2013;69(6):1697-1702.

Stern D, Ebner T, Bischof H, Grassegger S, Ehammer T, Urschler M. Fully
automatic bone age estimation from left hand MR images. In: International
Conference on Medical Image Computing and Computer-Assisted
Intervention. Springer; 2014:220-227.
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T1 weighted 3D VIBE sequence
used and hand-wrist evaluated as
per TW2 - RUS.

Computer Assisted Skeletal
Assessment System (CASAS). User
must position the radiograph under
a camera, the computer then creates
a digital representation which is
scored automatically and can be
output as per British or other
populations. The process must be
repeated individually for each bone.
Carpal, metacarpal and phalangeal
assessment. Alternative methods
included carpals only or radius-
ulna-short bone modifications.
TW3 - RUS system scoring is
applied to the second to fifth
phalanges and metacarpals, in
addition to the distal radius
epiphysis. Stages were made with
specific emphasis on their
correlation with event in scoliosis
curve progression.

Atlas of German children.

Automated method in which fifteen
bones are identified by software and
each is scored individually - first to
fifth metacarpals, phalanges of the
first, third and fifth digits, and the
distal radial and ulnar epiphyses.
Bone age can then be output as per
Tanner-Whitehouse or GP Atlas
values.

Atlas method.

Radius, ulna, capitate, hamate,
pisiform and first and third proximal
phalanges and metacarpals are
evaluated and scored.

Method is not separated by genders.

"Oxford method": 9 regions of the
hip are evaluated - iliac, triradiate
cartilage, ischiopubic junction,
pubis, ischium, acetabulum, femoral
head, greater trochanter and lesser
trochanter.

Modified Oxford: only head of
femur, greater trochanter, lesser
trochanter, iliac crest and triradiate
cartilage are evaluated.

Urschler M, Krauskopf A, Widek T, et al. Applicability of Greulich-Pyle and
Tanner—Whitehouse grading methods to MRI when assessing hand bone age in
forensic age estimation: A pilot study. Forensic Sci Int. 2016;266:281-288.

Tanner JM, Gibbons RD. A computerized image analysis system for estimating
Tanner-Whitehouse 2 bone age. Horm Res Paediatr. 1994;42(6):282-287.

Tanner J, Healy M, Goldstein H, Cameron N. Assessment of Skeletal Maturity
and Prediction of Adult Height (TW3 Method). 3rd ed. London: WB Saunders,
Harcourt Publishers Ltd; 2001.

Sanders JO. Maturity indicators in spinal deformity. J Bone Jt Surg - Ser A.
2008;89(SUPPL. 1):14-20.

Thiemann H, Nitz I. Roentgenatlas Der Normalen Hand Im Kindesalter.
Leipzig: Thieme; 1986.

Thodberg HH, Kreiborg S, Juul A, Pedersen KD. The BoneXpert method for
automated determination of skeletal maturity. IEEE Trans Med Imaging.
2009;28(1):52-66.

Todd TW. Atlas of skeletal maturation. 1937.

Tomei E, Semelka RC, Nissman D. Text-Atlas of Skeletal Age Determination:
MRI of the Hand and Wrist in Children. Wiley Online Library; 2014.

Wilkins L. The diagnosis and treatment of endocrine disorders in childhood
and adolescence. Charles C. Thomas, Springf. 1950;2.

Acheson RM. The Oxford Method of Assessing Skeletal Maturity. Clin Orthop
Relat Res. 1957;10:19-39.

Stasikelis PJ, Sullivan CM, Phillips WA, Polard AJ. Slipped capital femoral
epiphysis: prediction of contralateral involvement. JBJS. 1996;78(8):1149-
1155.
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Open or closed stages

Proximal humeral epiphyseal
closure assessed from open plate
until fusion. Peak height velocity
correlation possible.

Forensic specimen derived method,
the proximal humerus ossification
centers appearance, fusion with
each other and the developing
epiphysis are assessed.

Proximal humerus are evaluated by
relative lucency.

Full excursion of the iliac crest
apophysis is correlated with the
ending of spinal growth (no stages
described at this time).

Presence, extent of excursion
divided into quarters and initiation
of fusion of the iliac crest apophysis
are evaluated.

Presence, extent of excursion
divided into thirds, initiation and
completion of fusion of the iliac
crest apophysis are evaluated.
Combined method in which stages
2-4 are altered and one intermediate
stage "3/4" is added.

Triradiate cartilage evaluation is
included as an additional "-1" stage.

Triradiate cartilage is evaluated in
addition to the iliac crest in a
method combining EU and US
systems. Recommended by
SOSORT guidelines, 2015.

US Risser method applied by
comparing presence of apophysis to
the extent of iliac crest as palpated
by clinician.

The extent of excursion is not
scored, such that stages describe the
absence of the apophysis, it's
presence, ongoing fusion, or
completed fusion. First described in
forensic reports.

The absence, presence, ongoing
fusion and complete fusion of the
left iliac crest apophysis are
evaluated.

Alternative method described in
forensic evaluation, evaluating iliac
crest apophyseal presence/absence,

No original publication could be found. For a useful reference however see,
Dimeglio A. Growth in Pediatric Orthopaedics. 2001:549-555.

Li DT, Cui JJ, Devries S, et al. Humeral Head Ossification Predicts Peak
Height Velocity Timing and Percentage of Growth Remaining in Children. J
Pediatr Orthop. 2018;38(9):e546-e550.

Ogden JA, Conlogue GJ, Jensen P. Radiology of Postnatal Skeletal
development: The proximal humerus. Skeletal Radiol. 1978;2(3):153-160.

Walker RA, Lovejoy CO. Radiographic changes in the clavicle and proximal
femur and their use in the determination of skeletal age at death. Am J Phys
Anthropol. 1985;68(1):67-78.

Risser JC. The Iliac apophysis; an invaluable sign in the manage- ment of
scoliosis. Clin Orthop. 1958; 11: 111-119.

First reference could not be found, as also noted by Bitan et al. For description
of this method see: Bitan FD, Veliskakis KP, Campbell BC. Differences in the
Risser grading systems in the United States and France. Clin Orthop Relat Res.
2005;(436):190-195.

First reference could not be found, as also noted by Bitan et al. For description
of this method see: Bitan FD, Veliskakis KP, Campbell BC. Differences in the
Risser grading systems in the United States and France. Clin Orthop Relat Res.
2005;(436):190-195.

Stagnara P. Les Déformations Du Rachis: Scolioses, Cyphoses, Lordoses.
Masson; 1985.

Nault M-L, Parent S, Phan P, Roy-Beaudry M, Labelle H, Rivard M. A
modified Risser grading system predicts the curve acceleration phase of female
adolescent idiopathic scoliosis. JBJS. 2010;92(5):1073-1081.

Negrini S, Hresko TM, O’Brien JP, et al. Recommendations for research
studies on treatment of idiopathic scoliosis: Consensus 2014 between SOSORT
and SRS non-operative management committee. Scoliosis. 2015;10(1):1-12.

Wagner UA, Diedrich V, Schmitt O. Determination of skeletal maturity by
ultrasound: a preliminary report. Skeletal Radiol. 1995;24(6):417-420.

Webb PAO, Suchey JM. Epiphyseal union of the anterior iliac crest and medial
clavicle in a modern multiracial sample of American males and females. Am J
Phys Anthropol. 1985;68(4):457-466.

Schmidt S, Schmeling A, Zwiesigk P, Pfeiffer H, Schulz R. Sonographic
evaluation of apophyseal ossification of the iliac crest in forensic age
diagnostics in living individuals. Int J Legal Med. 2011;125(2):271-276.

Wittschieber D, Vieth V, Domnick C, Pfeiffer H, Schmeling A. The iliac crest
in forensic age diagnostics: Evaluation of the apophyseal ossification in
conventional radiography. Int J Legal Med. 2013;127(2):473-479.
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extent of excursion, extent of
fusion, and completion of fusion.
Femur and tibia are scored from 0-5
based on epiphyseal morphology
(though not on the presence of
fusion), patella and fibular
epiphyses presence is scored 0 or 1.
Femur and tibial epiphyses are
scored separately I-V and can be
compared against age charts.
Developing tibial tuberosity is
described by 3 events adapted from
Ehrenberg's radiographic
description (1962) :increased
cartilage, the presence of ossifying
island, or connection by bone bridge
to the tibial epiphyses.

Epiphyses of the long bones around
the knee are scored 0-4 and
summed. Modified from McKern
Stewart 1957 report from a forensic
sample.

Cross-sectional atlas using sagittal
and coronal slices used to evaluate
femur, tibia, fibula and patella based
on ossification, shape and specific
features of the regions such as tibial
spine development and subchondral
epiphyseal cartilage.

Femur, tibia, fibula and patellar are
assessed by atlas method.

Thirty four maturity indicators at
the knee are evaluated.

Foreign Language [Chinese]

Foreign Language [German]

Antegonial notch depth is measured
and rated whether "deep" (>3mm
depth) or not.

Second metacarpal is measured to
establish the ratio between
epiphysial diameter and metaphysial
diameter. This value can be
correlated to chronological age.

The longitudinal length of nineteen
tubular bones of the hand are
measured and compared against age
standards. Prospective standard
based on FELS population.
Ischiopubic synchondrosis is
evaluated. Foreign Language
[Russian]

Acheson RM. A method of assessing skeletal maturity from radiographs; a
report from the Oxford child health survey. J Anat. 1954;88(4):498-508.

Dedouit, F., Auriol, J., Rousseau, H., Rougé, D., Crubézy, E. and Telmon, N.,
2012. Age assessment by magnetic resonance imaging of the knee: a
preliminary study. Forensic science international, 217(1-3), pp.232-¢el.
Nakase J, Aiba T, Goshima K, et al. Relationship between the skeletal
maturation of the distal attachment of the patellar tendon and physical features
in preadolescent male football players. Knee Surgery, Sport Traumatol
Arthrosc. 2014;22(1):195-199.

O’Connor JE, Bogue C, Spence LD, Last J. A method to establish the
relationship between chronological age and stage of union from radiographic
assessment of epiphyseal fusion at the knee: an Irish population study. J Anat.
2008;212(2):198-209.

Pennock AT, Bomar JD, Manning JD, Diego S, Diego S. The creation and
validation of a knee bone age atlas utilizing MRI. JBJS. 2018;100(4):e20.

Pyle SI, Hoerr NL. A Radiographic Standard of Reference for the Growing
Knee. CC Thomas; 1955.

Roche AF, Wainer H, Thissen D. Skeletal Maturity: The Knee Joint as a
Biological Indicator. Plenum Medical Book Company; 1975.

Wang YH, Zhu GY, Ying CL, Fan LH, Wan L. The trend of epiphyseal
development of knee and ankle joints in teenagers and age estimation. Fa Yi
Xue Za Zhi. 2010;26(2):91-96.

von Harnack, G. A. "Determination of skeletal maturation in childhood
(author's transl)." Zeitschrift fur Geburtshilfe und Perinatologie 178, no. 4
(1974): 237.

Singer CP, Mamandras AH, Hunter WS. The depth of the mandibular
antegonial notch as an indicator of mandibular growth potential. Am J Orthod
Dentofac Orthop. 1987;91(2):117-124.

Faruch-Bilfeld M, Dedouit F, Soumah M, et al. Value of radiographic
evaluation of the second metacarpal in the determination of bone age. J Radiol.
2008;89(12):1930-1934.

Garn SM, Hertzog KP, Poznanski AK, Nagy JM. Metacarpophalangeal length
in the evaluation of skeletal malformation. Radiology. 1972;105(2):375-381.

Omel’chenko RM, Sukhomlinova OP. Duration of synostosis of the
ischiopubic synchondrosis. Arkh Anat Gistol Embriol. 1976;70(4):91-95.
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Distal radial growth plate is
evaluated and initiation, extent or
completion of fusion is graded I-VI.
The width of the hypoechoic growth
plate is measured along the long
radius' axis and compared to tables.
Only cut-off points for the majority
16, 17 and 18 years old were
investigated.

Distal radius evaluated for
absence/presence of secondary
center, the initiation of fusion, and
the completion of fusion. (based on
4 stage ossification template as per
Schulz et al, similar to many
methods)

Sternal end of the right first rib is
imaged and virtual reconstructions
created, and assessed based on
Kunos et al. macroscopic ratings,
which yielded 5 stages around 15-
30 years old, based on shape,
surface topography and form of the
margin, and on the presence of
osseous bridges in the sternocostal
cartilage.

Medial side of first rib is evaluated
as first described in German by
Ernst (1920), based on presence,
extent and completion of epiphyseal
ossification.

Proximal humerus , coracoid
process and acromion are evaluated
separately (on 4-, 3- and 2-point
scales respectively).

Vertical fusion between three or
four ossification centers of the
sternal body and manubrium are
assessed, and fusions proceeds
superiorly with increasing maturity.
(Measured in individuals up to 30
years old)

Tracings made of ossification center
numbers and area calculated. Fusion
is completed by 6-7 years old.
(Method only described in forensic
studies of excised sterna)

Five 'developmental stages' were
applied for the radius and the ulna.
No more information available -
foreign Language [Chinese]

Distal radius epiphyseal fusion is
evaluated from no fusion, partial
fusion, near total fusion leaving
only a thin line to complete fusion.

Dvorak J, George J, Junge A, Hodler J. Age determination by magnetic
resonance imaging of the wrist in adolescent male football players. Br J Sports
Med. 2007;41(1):45-52.

Karami M, Moshirfatemi A, Daneshvar P. Age determination using
ultrasonography in young football players. Adv Biomed Res. 2014;3(1):174.

Schmidt S, Schiborr M, Pfeiffer H, Schmeling A, Schulz R. Age dependence of
epiphyseal ossification of the distal radius in ultrasound diagnostics. Int J Legal
Med. 2013;127(4):831-838.

Moskovitch G, Dedouit F, Braga J, Rougé D, Rousseau H, Telmon N.
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The first and second stages are
combined, as are the third and
fourth, resulting in 2 stages: 'not
fused' and 'fused'.

Ossification center appearances of
17 regions from humerus to iliac
crest, sesamoids etc presented from
6-15 years old

Based on the appearance of
ossification centers, the wrist,
elbow, shoulder, spine, hip, knee,
ankle can be evaluated depending
on age.

Turkish atlas of boys aged 11-22
based on the epiphyses of the
shoulder, elbow, hand-wrist, and
pelvic bones.

Original article could not be
obtained.

Hand, wrist, elbow, skull, hip, iliac
crest, spine and knee are assessed.
No further description found.
Foreign Language [German]
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compound uptake bone scans are
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centers is summed and this value is
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indicators of age such as the greater
trochanter.
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Femoral neck-shaft angle and bone age in 4- to 24-year-olds
based on 1005 EOS three-dimensional reconstructions
lan R. O’'Sullivan, Adam T. Schégl, Péter Varga, Péter Than and Csaba Vermes

The aim of the study was to assess the correlation
between femoral neck-shaft angles (NSAs) and skeletal
maturity in EOS reconstructions from a large population of
children. Full-body three-dimensional (3D) reconstructions
were generated from 1005 children and young adults (4-
24 years old; 449 male, 556 female) using the EOS three-
dimensional/3D scanner, with images taken during routine
clinical practice. The true NSAs were measured and
assessed for correlation with individuals’ chronological
age and bone age, based on cervical vertebral
morphology. Statistical analysis was performed using
Spearman correlation, independent t-test and multiple
linear regression. NSAs of older and younger individuals
within each bone age group and chronological age were
further assessed by t-test. NSA values fell from mean
131.89°+6.07° at 4 years old to 128.85°+4.46° at the age
of 16, with only minor decreases thereafter. Significantly
higher NSAs (3.16° and 4.45°, respectively) were found

in those with a bone age advanced or delayed by more
two or more stages compared to their peers of the same

Introduction

The neck-shaft angle (NSA) of the femur is a key actor
in the transfer of mechanical forces from the trunk to the
lower extremity. Altered loading from childhood can lead
to later pathology, and the NSA has been shown to be
associated with a number of orthopaedic diseases such as
patellar subluxation and hip osteoarthritis [1,2].

The NSA is still regarded by some medical school text-
books to be 135° [3]; however, the true value is likely
closer to 127° [4]. Evaluations based on conventional
anteroposterior radiographs for example give an arti-
ficially elevated NSA due to the confounding effect of
femoral anteversion [5,6], in contrast to cadaveric or com-
puted tomography/MR-based ‘true’ NSA measurements.
While the consensus is that the NSA falls with increasing
age, there is still debate about the exact values, and about
sex, geographic, climate influences [4,7].

The comparison of any skeletal changes to the age alone
may be conceptually flawed, however. Orthopaedic sur-
geons DiMeglio and Canavase wrote that ‘age is a difficult
notion to define’, and recommend the use of chronologi-
cal age, bone age estimates and Tanner signs together in
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appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal's website, www.jpo-b.com.
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chronological age (P<0.001; P<0.001). Similarly, within
most bone age stages, individuals of advanced or delayed
chronological age exhibited elevated values (mean
difference ranged from 2.9° to 8.9°, P<0.05). Incorporation
of bone age assessment into proximal femoral evaluation
allowed identification of ‘fast maturing’ and ‘slow maturing’
sub-categories in developing children, with different
expected NSAs. The earlier ossification seen in faster-
maturing individuals may lead to the NSA becoming fixed
in a more immature valgus conformation. J Pediatr Orthop
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planning treatment for skeletal growth disorders such as
scoliosis [8].

The present study aimed to evaluate the changes in the
NSA and the relationships with both chronological age
and bone age in a population of 1005 4- to 24-year-olds,
using an EOS scanner. The EOS is a biplanar ultra-low
dose X-ray scanner capable of generating 3D reconstruc-
tions which can be used for the measurement of bony
structures, independent of vertical distortion and the
effect of femoral version, to generate a ‘true’ measure-
ment of the NSA [9-12].

Materials and methods

Images were reviewed from our database of 7108 EOS
image-pairs collected during routine clinic work between
2007 and 2012. The population was narrowed to include
only those 4-24 years old, resulting in 3473 image-pairs,
and patients were excluded if they had any biomechani-
cal pathology of the lower limb, history of previous lower
limb surgery, previous disease influencing growth or any
limb or body asymmetry. Due to the higher number of
older patients collected, a limit of 50 cases per year in
the ages from 17-24years old was placed. Data on this
population were previously reported in another study of
individuals aged 2-24years old [13]. Twelve individuals
aged 2 and 3 (six boys and six girls) were replaced in this

DOI: 10.1097/BPB.0000000000000776
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study as the EOS software is not recommended for NSA
measurements in individuals younger than four. Six boys
and six girls from ages 4-9 were randomly selected from
our database from 2013 to return the total number to
1005 (449 male and 556 female). The diagnoses of those
involved are shown in Table 1.

All imaging was performed with orthopaedic indication,
in the ‘step-forward’ position, in which the subject stands
upright with left foot approximately 10cm forward. Due
to the nature of this positioning, the Hassel-Farman
method of bone age estimation was selected, which
describes six different stages of skeletal maturity based
upon the cervical vertebral morphology [14] (Fig. 1).
This method has been found to be reliable and compat-
ible with EOS images, as reported in Schlégl ez al. [13].
Bone age estimation was performed by three independ-
ent observers (two PhD candidate medical doctors and
a PhD-MD orthopaedic resident) after special training

with two senior orthopaedic surgeons and a specialist
radiologist).

The NSA was measured using the sterEOS three-di-
mensional (2D)/3D software package (V1.4.4.5297, EOS
Imaging, Paris, France) in which a model of the femur
is first automatically generated from an image-pair, and
then verified by a technician (in this case, a medical
resident under guidance from a senior orthopedic sur-
geon) who must check that 16 different landmarks are
aligned on the femur, to ensure accuracy of the model.
Landmarks for proximal femoral alignment consisted
of: centre of femoral head, diameter of femoral head,
middle of femoral diaphysis, intercondylar fossa, inter-
condylar line, and femoral neck (at the narrowest point)
in addition to points on the femoral shaft, as per EOS
protocol. NSA was then automatically calculated as the
angle between the femoral neck axis and the axis of the
proximal diaphysis using the bundled sterEOS software.

Table 1 Data on the studied population
Calendar age (years) Sex n Suspected scoliosis (Cobb angle <10°) Mild functional Kyphosis Joint pain of Un. Orig. Other
4 Male 8 5 0 0 3
Female 14 13 0 1 0
5 Male 15 11 0 1 3
Female 19 17 0 1 1
6 Male 14 11 0 1 2
Female 15 14 0 0 1
7 Male 16 10 0 1 5
Female 19 14 0 0 5
8 Male 17 10 0 2 5
Female 21 15 0 3 3
9 Male 19 7 1 5 6
Female 18 12 0 3 3
10 Male 21 12 0 7 2
Female 20 16 0 2 2
11 Male 21 11 2 6 2
Female 23 12 1 9 1
12 Male 21 12 2 5 2
Female 40 32 1 4 3
13 Male 24 11 1 10 2
Female 39 30 3 5 1
14 Male 25 10 1 12 2
Female 40 32 2 4 2
15 Male 22 12 1 6 3
Female 51 29 3 13 6
16 Male 26 19 0 5 2
Female 37 21 2 13 1
17 Male 25 3 1 19 2
Female 25 3 1 20 1
18 Male 25 5 1 19 0
Female 25 5 0 14 6
19 Male 25 4 2 17 2
Female 25 6 1 17 1
20 Male 25 4 0 20 1
Female 25 7 1 16 1
21 Male 25 2 2 19 2
Female 25 3 0 20 2
22 Male 25 1 0 23 1
Female 25 1 1 21 2
23 Male 25 2 0 21 2
Female 25 1 0 23 1
24 Male 25 2 0 21 2
Female 25 1 0 21 3
SUM Male 449 164 14 220 51
Female 556 284 16 210 46

After imaging, all cases of suspected scoliosis had a normal or <10° Cobb angle. (Other disorders: mild degenerative signs, bone cysts of various types, juvenile aseptic

bone changes such as osteochondritis of the upper limb).

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 1

Neck-shaft angle development O'Sullivan et al. 3

No. Name of the Line Sketch of the C3
Stage Vertebra's Shape

Description of the Stage

1 Initiation

2  Acceleration

shape.

3 Transition

4  Deceleration

5 Maturation

6 Completion

) VY

The inferior borders of C2, C3, and C4 are all flat, and upper borders
taper from posterior to anterior, giving a the body a wedge shape.

C2 and C3 develop concavities in their inferior borders, while that of
C4 remains flat, and bodies of C3 and C4 are almost rectangular in

Concavities in C2 and C3 are now deeper and distinct, with C4 begin-
ning to develop a concave inferior border too, bodies of C3 and C4 are
rectangular in shape.

C2, C3, and C4 all have distinct concavities in their inferior borders,
and the bodies of C3 and C4 are becoming more square in shape.

Concavities of C2, C3, and C4 are more accentuated in the inferior
borders, and C3, C4 bodies are almost square or square in shape.

Deep concavities are found in the inferior borders of C2, C3, and C4
and the bodies were square or were column like, with a vertical dimen-
sion greater than their horizontal dimension.

Cervical Bone Age Assessment, as described by Hassel and Farman (1995). Second, third and fourth cervical vertebrae are assessed by mor-
phology, based on shape, superior border and inferior border together [reproduced from Schiégl et al. (2017) [13]].

For a more detailed description of the EOS protocol, see
Supplementary Figure 1, supplement digital content 1,
hitp:fllinks. low.com/JPOB/A39. Fifty-five cases were ran-
domly selected and evaluated on three different days by
the three observers and intraclass correlation coefficient
calculated to assess intraobserver and interobserver reli-
ability of the reconstructions due to the user verification
step and for the bone age estimation method.

Although many subjects included in the study possessed
some mild spinal curvature deviation (Cobb angle <10°),
a study of 10 subjects at each bone group and at chrono-
logical ages 9-24 was performed to investigate the pres-
ence of any significant differences in their lower limbs
compared to the others.

The mean NSA value and SDs at each chronological age
and bone age were subsequently calculated and means
were compared using the independent #test. The cor-
relation between change in NSA and chronological age
and bone age was assessed using the Spearman correla-
tion and linear regression. The influence on the NSA of

chronological age and bone age, together and separately,
was also assessed using Stepwise Multivariate Regression
Analysis. Multicollinearity was examined with the
Variance Inflation Factor (VIF) test. When VIF <1 mul-
ticollinearity was said to be excluded, in 1 <VIF <2 mild
multicollinearity was believed to be present but does not
influence significantly the results, over 2 the multicollin-
earity was deemed incongruent and the model rejected.
Sex differences were also assessed using independent
7-test and general linear modelling, with sex input as a
dummy variable.

All statistical evaluations were performed with IBM SPSS
(IBM Corp., Armonk, New York, USA), version 22. For
randomized selection the RAND.BETWEEN formula
of the Microsoft Excel v14.0.6112.5000 (Microsoft Corp.,
Redmond, Washington, USA) software was used. P-value
<0.05 was accepted as significant. At the time of initial
radiological evaluation, written consent was collected for
future retrospective studies. This study was approved by
our Institutional Review Board.

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Results

NSA values compared to bone and chronological age are
shown in Tables 2 and 3. Bone age stage 1 exhibited an
average value of 130.91°£4.26° falling to 128.07° £3.36°
by stage 6. Compared to chronological age NSA fell
from 131.89°+6.07° at 4years old, to an average of
128.85° £4.46° at 16, and exhibited a slowing decline until
20vyears old, (mean: 127.81°+3.84°). Univariate linear
regression found statistically significant models between
NSA and both bone age and chronological age, with bone
age exhibiting a slightly higher R* value (R*=0.101 vs.
0.069, beta-coefficient —0.286 vs. —0.264, standard error of
the estimate 4.001 vs. 4.176, respectively). The spearman
test also found the correlation between NSA and bone
age to be stronger than that with chronological age but
was small in magnitude (bone age —0.164 vs. chronologi-
cal age -0.130). Distribution of subjects across bone and
chronological ages is shown in Table 4.

Gender-based NSA differences were found by ztest
when included in chronological age comparisons
(P=0.035), but no statistically significant difference was
found with bone age-based analysis (P=0.265). Similarly,
when general linear modelling was performed the effect
of gender was small but statistically significant compared
to chronological age (R2=0.082, P<0.001) but NS when
compared to bone age (R2=0.073, P=0.12).

NSA values of all individuals and the bone age across all
chronological ages as shown in boxplot in Fig. 2.

Significant differences were seen between those individ-
uals with an elevated or delayed bone age compared to
those of the same age — the NSA values of those with
bone ages 2 or more stages above their peers were on
average elevated 3.16°, (P<0.001), while those with a
delayed bone age (2 or more stages below their peers)
showed an average elevation of 4.45° (P<0.001), see
Fig. 3. ‘Elevated’ and ‘delayed’ categories corresponded
to those outside of at least one SD or 68% of the pop-
ulation, with the exception of 65.5% at age 12, due to
the wide range of bone ages at this age-year. On average
83.38% of individuals at each chronological age-year were
found at or <1 stage from the ‘typical’ bone age.

At most bone age stages, the older and younger indi-
viduals also showed significantly elevated NSAs com-
pared to the others in that stage (Fig. 4a—f). In stage 1,
11 and 12-year olds had significantly higher NSAs than
the younger individuals in that stage (133.1°, 134.8°
vs. 130.9°, P=0.002, P=0.032). In stages 3 and 4, both
younger and older individuals showed higher NSA angles
with stage 3 values of 131.9°, 130.6° and 129.3°, 130.6°
vs. 127.2° (P=0.041, <0.001, 0.029, 0.039), respectively,
and in stage 4, 132.2°,130.0° and 131.1°,133.3° vs. 128.1°

Table 2 Maximum, minimum and SD values recorded with respect to bone age (values in degrees)

Bone age (stage) N Minimum Maximum Mean SD
1 142 121 143 130.91 4.259
2 94 117 145 129.17 6.061
3 114 120 143 129.91 4.374
4 147 119 144 130.40 4.140
5 202 118 142 128.90 4174
6 306 120 143 128.07 3.358
Overall 1005 4.394
Table 3 Maximum, minimum and SD values recorded with respect to chronological age (values in degrees)

Calendar age (years) N Minimum Maximum Mean SD
4 22 121 140 131.89 6.072
5 34 121 140 129.91 5.627
6 29 123 137 130.50 4.076
7 35 117 143 130.46 6.265
8 38 118 141 129.81 5171
9 37 121 143 131.52 6.070
10 41 122 145 131.40 6.434
11 44 117 138 129.82 4.956
12 61 121 142 129.85 5.167
13 63 121 143 130.68 5.195
14 65 120 143 130.58 6.146
15 73 120 140 129.25 4.704
16 63 119 135 128.85 4.464
17 50 123 132 128.43 3.485
18 50 121 133 128.40 3.273
19 50 123 135 127.96 3.454
20 50 120 135 127.81 3.842
21 50 121 133 127.70 3.472
22 50 118 134 127.88 3.822
23 50 122 136 127.75 3.910
24 50 124 132 127.31 3.179
Overall 1005 4.704
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Table 4 Distribution of the calendar age within the bone age stages

Bone age stage Bone age stage

Age (years) 1 2 3 4 5 6 Sum Age (years) 1 2 3 4 5 6 Sum
4 22 22 4 100.0% 2.2%
5 30 4 34 5 88.2% 11.8% 3.4%
6 22 5 2 29 6 75.9% 17.2% 6.9% 2.9%
7 17 12 6 35 7 48.6% 34.3% 17.1% 3.5%
8 19 12 7 38 8 50.0% 31.6% 18.4% 3.8%
9 10 19 7 1 37 9 27.0% 51.4% 18.9% 2.7% 3.7%
10 13 13 11 4 41 10 31.7% 31.7% 26.8% 9.8% 4.1%
11 6 10 15 7 6 44 11 13.6% 22.7% 34.1% 15.9% 13.6% 4.4%
12 3 13 19 8 12 6 61 12 4.9% 21.3% 31.1% 13.1% 19.7% 9.8% 6.1%
13 6 21 15 13 8 63 13 9.5% 33.3% 23.8% 20.6% 12.7% 6.3%
14 12 18 27 8 65 14 18.5% 27.7% 41.5% 12.3% 6.5%
15 11 17 33 12 73 15 15.1% 23.3% 45.2% 16.4% 7.3%
16 3 20 32 8 63 16 4.8% 31.7% 50.8% 12.7% 6.3%
17 14 13 23 50 17 28.0% 26.0% 46.0% 5.0%
18 8 18 24 50 18 16.0% 36.0% 48.0% 5.0%
19 8 5 37 50 19 16.0% 10.0% 74.0% 5.0%
20 7 11 32 50 20 14.0% 22.0% 64.0% 5.0%
21 7 12 31 50 21 14.0% 24.0% 62.0% 5.0%
22 7 8 35 50 22 14.0% 16.0% 70.0% 5.0%
23 6 7 37 50 23 12.0% 14.0% 74.0% 5.0%
24 5 45 50 24 10.0% 90.0% 5.0%
SUM 142 94 114 147 202 306 1005 SUM 14% 9% 11% 15% 20% 30%

Absolute values are shown on the left and the incidence (in percent) within each age group, on the right.
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NSA and bone age within each chronological age. When the NSA and bone age of all individuals are shown, younger and less mature individuals
were seen to have higher NSA values; however, elevated values can also be seen in those exhibiting higher bone ages at a younger age. The
earliest individuals in stages 3 (in green), 5 (orange) and 6 (red), for example, show elevated NSA values compared do their peers of the same
chronological age. NSA, neck-shaft angle.

(P<0.001, 0.022, 0.004, 0.011), respectively. In stages 5 13-23 exhibiting values of 135°,131.7° vs. 128° (P < 0.001,
and 6, NSA was clevated if individuals were younger, <0.001), and in stage 6, younger individuals showing
with stage 5 individuals 11 and 12 years old vs. those aged 134.9°, 131° vs. 126° (P<0.001, <0.001). Stage 2 values
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differed from the average bone age within the group by >2 bone age stages (NSA). * indicates statistical significance, P<0.05. NSA, neck-shaft

angle.

had statistical significance between younger and older
age groups but did not show a clear trend.

Multivariate linear regression models generated indi-
cated that NSA changes are predicted most accurately
when both chronological and bone age are used together
(R*=0.226, beta-coefficient=-0.322, P<0.001, standard
error of the estimates=3.809, VIF =0.875; vs. univariate
linear regression values R?=0.101, 0.069).

No significant difference in proximal femur values was
found between those with and without mild orthopae-
dic disorders in our population, based on calendar age or
bone age (P>0.005). Interobserver and intraobserver reli-
abilities were all excellent, [CC >0.9 (see Supplementary
Table 1), supplement digital content 2, zup://links.lew.
com[JPOB[A40.

Discussion

Chronological age reflects the passing of years, months
and weeks. Bone age on the other hand is influenced by
sex, race, nutrition, genetics, sickness or health and socio-
economic status, and so may possess a better relationship

with the physiological state, and hence provide a better
yardstick for development. We considered that compari-
sons between a child’s proximal femur morphology and
their bone age may yield interesting results and give a
more reliable basis for comparing growth between groups
of children.

Our results found that bone age demonstrated a small but
superior relationship with the NSA compared to that of
the chronological age — linear regression models showed
an R? value of 0.101 vs. 0.069, SD was lower (4.39° vs.
4.70°) and Spearman correlation was higher (-0.164 vs.
-0.130). However, our multivariate linear regression anal-
ysis found that a model using both bone age and chron-
ological age was the most accurate (R*=0.226 vs. 0.101,
0.069) and best reflected the changes of NSA in boys or
girls, throughout growth and development.

When bone age stages were subdivided by chronological
age, several interesting patterns emerged.

While the majority of children at a similar chronological
age had similar bone age scores, at each age there was

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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a subset of children who showed a delayed or advanced
bone score compared to the group, which we termed
‘slow-maturing’ and ‘fast-maturing’ groups. A child or
adolescent was considered ‘slow-maturing’ or ‘fast-ma-
turing’ if the cervical vertebrae differed by two or more
bone age stages from others of the same chronological
age (see Fig. 3). In these cases, irrespective of whether
the individual was slow-maturing or fast-maturing, their
NSA was significantly higher than that of their peers.
On average, the value seen in the fast-maturing was ele-
vated by 3.16°, (P<0.001), and in slow-maturing individ-
uals by 4.45° (P<0.001). While this might be expected
in the case of a lower bone age stage, the presence of
younger children with higher bone scores exhibiting a
higher NSA than their less-developed peers has not been
reported before.

Conversely, when the age distribution was examined
within each individual bone age group, a similar relation-
ship was seen again (Fig. 4a—f). Within bone age stage 1,
those children who were of older age had a higher NSA
than the others. In stage 3, the majority of children were
of similar age; however, if they were older or younger
than the ‘typical’ stage 3 children their NSA was ecle-
vated. A similar pattern was also seen in stages 4 and 5
individuals. In stages 5 and 6, the pattern was less clear
in older individuals; however, this is likely as the range of
ages within the group was much broader, encompassing
17- to 24-year-olds.

These findings meant that while a typical 15-year-old was
found to have an NSA of 128.3°, those who were slow-ma-
turing or fast-maturing had higher values (133.6° and
132.2°, respectively, see Fig. 3), and similar results were
present throughout all age groups. Our results suggested
to us that femoral neck development undergoes a period
of susceptibility during which biomechanical forces may
act on the proximal femur to determine the NSA — such
that proximal morphology is determined by ‘force x time’.
If this period is shortened, as it is in ‘fast-maturers’, then
the NSA remains elevated as the cartilage ossifies earlier
before the neck has fallen completely from the immature
valgus configuration. It is not clear whether these fast-ma-
turing individuals finally undergo a ‘catch-up’ decrease in
NSA or remain with elevated values; however, without a
longitudinal study, it is not possible for us to clarify.

Biomechanical forces have long been regarded as the
drivers of proximal femoral geometry [15]; however,
the effect of timing on the geometry has not been well
studied. To support our hypothesis, we considered that
patients with advanced bone age or a shortened dura-
tion with open epiphyseal plates for other reasons would
likely have higher NSA values also. Precocious puberty
results in premature epiphyseal closure and short stat-
ure; however, it is not typically associated with changes
in NSA, though it has not been explicitly described by
reports on the disease except in the case of co-existent

fibrous osteolytic dysplasia, as part of McCune-Albright
syndrome [16,17].

Similarly, we considered that patients with delayed bone
age or a prolonged duration with open epiphyseal plates
for other reasons should have lower NSA values. However,
reports of proximal femur measurements in conditions in
which bone age is delayed are few. Despite the known delay
of epiphyseal development associated with such conditions
as thyroid discase [18,19] and growth hormone deficiency
[20,21], we could find no studies describing NSA of patients
that could give supporting or contradicting evidence
although the association between hypothyroidism and
slipped capital femoral epiphysis has been described many
times [22,23]. However, the pathogenesis of slipped capi-
tal femoral epiphysis has been linked to a decreased NSA
[23]. While studies have found that the age at menarche fell
continuously since the 19th century, the NSA has not been
reported to be on the decrease. The majority of menarche
data from recent decades; however, has not been in agree-
ment about the continuation of this trend and the majority
of NSA values are from this time [24-28].

The strengths of our study lie in its large population size,
one of the largest living cohorts studied for proximal
femur assessment, and the use of the EOS 2D/3D scan-
ner to eliminate anteversion associated artifacts. There
were several limitations to our study. Our study was a
cross-sectional study, rather than prospective; however,
the unnecessary exposure of children to radiation raises
difficult ethical questions. It must also be noted that our
study population was not completely free of minor skel-
etal deformities; however, the results of our small control
study previously performed and reported, found no dif-
ference in the lower limbs of those included with mild
orthopaedic disorders and those without, so we feel sat-
isfied all values can be taken as normal [13]. The most
commonly used bone age estimation methods assess the
hand and wrist; however, due to patient positioning in the
EOS images, the cervical method was chosen. Although
this also prevented us from comparing the results with
the hand-wrist and the cervical method, numerous stud-
ies have previously validated the Hassel-Farman method
in comparison to hand-wrist [14,29,30]. Furthermore, the
grouping of growing children into ‘typical’ growth pat-
terns or otherwise based on a somewhat arbitrary data
point (in this case, slow-maturer or fast-maturer catego-
ries were based on those exhibiting bone age stage dif-
ference of 2 or more than those at the same chronological
age) and so must always be regarded as at risk of detect-
ing events that occurred simply due to chance; however,
due to the size of our population, we feel this is less likely.

In conclusion, while NSA development is known to be
the result of biomechanical forces acting across the proxi-
mal femur, it may be possible to define a period of suscep-
tibility in which the neck-shaft undergoes these changes.
Combined models using both bone age and chronological
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age can give a more accurate and individualized assess-
ment of a child’s NSA development, taking into account
gender, nutrition, socioeconomic status, disease status,
and could improve diagnosis and better define indica-
tions and goals of intervention in the treatment of NSA
disorders such as coxa vara and in developmental dyspla-
sia of the hip with coxa valga.
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Csontkor — a csontrendszeri érettség
meéresének lehetosége EOS késziilekkel
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Beyezetés: Az EOS 2D /3D rendszerrel késziilt felvételeken nem dbrazolédik megfelel§en a csontkor megallapitisira
leggyakrabban hasznalt kéz és csuklé.

Célkitiizés: Kutatdsunk célja, hogy alternativ csontkormérési lehetGségeket keressiink EOS-felvételeken val6 alkalma-
zasra.

Modszer: 9 mérési médszer bevondsival pilotvizsgilatot végeztiink, amely alapjin 5 médszert vilogattunk be: nyaki
csigolydt (Hassel-Farman), csipSlapédtot (Risser ’plus’), térdet (O’Connor), sarokcsontot (Nicholson), csip6t (Ox-
ford) értékelve. 114 egészséges, 2-21 éves eset EOS-felvételein intra- és interobszerver megbizhatdsigi vizsgalatot
végeztiink, valamint Spearman-korrelacidval 6sszevetettiik a csont- és kronolégiai kort.

Eredmények: A megbizhatdsigi vizsgilatok minden mddszer esetében kivald eredményt adtak (csoporton beliili kor-
relicié >0,9), kivéve az O’Connor-médszert (0,865 — jé). A Nicholson- és a Hassel-Farman-médszer bizonyult a
leggyorsabbnak (dtlag: 17,5 mp és 33,4 mp), viszont a sarokcsontok 14%-a nem volt vizsgilhaté (a cervicalis esetén
1%). Minden médszer szignifikins Osszefiiggést mutatott a korral (korrelacids koefficiens >0,829). Az értékelésnél
nehézséget jelentettek a nem dbrazolédé (12%) vagy egymasra vetiils (23%) csontrészek.

Kovetkeztetés: Csontkor-megdllapitds mind az 5 médszer alkalmazdsival lehetséges, de kiemelkedett a nagy megbiz-
hatésaggal, gyorsan, kozel az 6sszes felvételen alkalmazhaté Hassel-Farman-maodszer.

Orv Hetil. 2019; 160(16): 619-628.

Kulcsszavak: EOS 2D /3D, csontkor, biolégiai kor, kronolégiai kor, Risser-jel

Bone age — alternatives for skeletal maturity assessment for the EOS scanner

Introduction: Hand and wrist bone age assessment methods cannot be performed when using the recommended
patient position within the EOS scanner.

Aim: We aimed to assess alternative methods for use with the EOS.

Method: After investigating 9 alternatives, five methods were selected — cervical vertebra (Hassel-Farman), iliac crest
(Risser ‘plus’), hip (Oxford), knee (O’Connor), calcaneus (Nicholson) — and applied to EOS scans of 114, 2-21-year-
old normal individuals. Intraclass correlation coefficient tests for reliability and Spearman correlation with calendar
age were assessed.

Results: Intra- and interobserver reliabilities were all excellent, except with the knee method (0.865 — ‘good’). Cal-
caneal and cervical methods were the fastest to apply (mean 17.5 s, 33.4 s per evaluation), however, calcanei were
unassessable in 14% of scans (versus 1% of cervical). All methods correlated significantly with calendar age (r>0.829,
p<0.05). Difficulties were principally absent (12%) or obscured (23%) landmarks.

Conclusion: Bone age assessment is possible with all 5 methods, however, the Hassel-Farman method proved to be
casily useable, fast and reliable.

Keywords: EOS 2D /3D, bone age, biological age, calendar age, Risser sign
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Roviditések

2D = kétdimenzids; 3D = hiromdimenziés; CT = (computed
tomography) szamitdégépes tomogrifia; EOS = sztereo-ront-
genfelvételi rendszer, mely 4ll6 vagy ilé helyzetben készit
képet a teljes testrdl; ICC = (intraclass correlation) osztilyon
beliili korrelicio; kk = korreliciés koefficiens, korrelacios
egyttthatdé; MRI = (magnetic resonance imaging) magnesesre-
zonancia-vizsgalat

A csontkor a vizrendszer érettségi dllapotinak j6 indika-
tora. Egy vagy tobb csont masodlagos csontosodasi
magjanak elemzésével lehetéségiink nyilhat megbecsiilni
a teljes csontviz bioldgiai kordt. A névekedés allapotinak
és ttemének megallapitiasa fontos timpontot nyajthat
endokrinolégiai, fogorvostani és ortopédiai betegségek
diagnosztizalasihoz és beavatkozasok id6zitéséhez [1].

1. tiblazat

EREDETI KOZLEMENY

Emellett fontos informacidkat nyajthat az igazsagiigyi
orvoslds és az antropoldgia vonatkozasaban.

A XIX. szazad vége 6ta szimos csontkormérési méd-
szert publikaltak — egyes mddszerek mar a méhen beliili
fejlédést is értékelik, mig mis mérGszamok nem mutat-
nak jelentds valtozdsokat a késdi serdiilSkorig; egyesek
az epiphysisporcokat elemzik, mig masok az apophysisek
csontosoddsdanak valtozasait; sokan csak hosszi csoves
csontokat értékelnek, masok csak lapos vagy szabalytalan
csontokat, mig egyesek egy érintett régié kiilonbozé
tipust csontjait veszik figyelembe (1. tdblizat) [2-30].
A kilonbozé régidk vizsgilatihoz szamos képalkotd
modszert hasznaltak, a hagyomanyos rontgenképalko-
tastol (ez a legdltalinosabban haszndlt) az ultrahangon
és a CT-n 4t az MRI-ig [31].

A témakor régota kiterjedt vizsgalata ellenére tovabbra
is maradtak valaszra varé kérdések, amelyek a novekedés

| Népszer(i csontkormérési médszerek — az atlasz- és az *egyrégié’-modszer [2-30]

Atlaszmédszer

Egyrégio-modszer

Kéz és csuklod Greulich-Pyle

Greulich & Pyle, 1959 [2] Bjork

Bjork, 1967 [3]

Fishman'

Fishman, 1982 [4]

Grave & Brown

Grave & Brown, 1976 [5]

Oxford Hand-Wrist

Acheson, 1954 [6]

Sanders

Sanders, et al. 2008 [7]

Singer®

Singer, 1980 [8]

Tanner—Whitehouse

Tanner et al., 1976 [9]

Nyaki csigolya Hassel & Farman Hassel & Farman, 1995 [10]
Lamparski Lamparski, 1975 [11]
Mito Mito et al., 2002 [12]
Roman Roman, et al. 2002 [13]
Felkarcsont Walker & Lovejoy Walker & Lovejoy, 1985 [14]
Konyok Sauvegrain Sauvegrain, 1962 [15]
Sauevegrain (modositott): Charles et al., 2007 [16]
csak Olecranon
Vill Schaefer Schaefer et al., 2015 [17]
Kulcscsont Schmeling Schmeling et al., 2000 [18]
Els6 borda Michelson Michelson et al., 1934 [19]
Csipd, csipSlapat Risser Risser, 1958 [20]

Risser ’plus’

Negrini et al., 2015 [21]

Symphysis McKern & Stewart McKern & Stewart, 1957 [22]

CsipS Oxford-csips Acheson, 1957 [23]
Modositott Oxford-csip§ Stasikelis et al., 1996 [24]

Femurdiaphysis Stull Stull et al., 2014 [25]

Szarkapocscsont Tsai Tsai et al., 2016 [26]

Térd Pyle & Hoerr Pyle & Hoerr, 1969 [27] McKern-Stewart O’Connor et al., 2008 [28]
Oxford-térd Acheson, 1954 [6]

Boka Hoerr, Pyle & Francis Hoerr et al., 1962 [29]

Sarokcsont Nicholson Nicholson et al., 2015 [30]

TJellemzGen ortodontologiiban és fogorvosldsban hasznalt modszerek.
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— amely dinamikus, valtozé jelenség — nehéz szamszert-
sithet&ségébdl és magas egyéni kiilonbségeibdl is adod-
nak: egy adott régiéban tapasztalhat6 csontkorbdl egye-
nesen kovetkezik-e a vizsgalt egyén bioldgiai kora? Egy
adott egyén novekedési iiteme megbizhatéan Gsszeha-
sonlithaté-e mésokéval? Szdmos szerz§ figyelmeztet a
talzott egyszer(isités veszélyeire, illetve az egyetlen mu-
taté alapjan torténd novekedésbecslés megbizhatatlansa-
géra. Biztosabb becslést lehet végezni a magassiggorbék,
a Tanner-stadiumok (a pubertis fejlédési szakaszai) és
egy vagy tobb csontkormérési médszer kombindlasaval
[32].

A rontgenalapt csontkorbecslési médszerek két cso-
portba oszthatdk, ezek az atlaszmédszer és az egyrégio-
modszer.

— Az atlaszalapt modszerek olyan referenciaképeket
hasznalnak, amelyekhez a paciens rontgenfelvétele ha-
sonlithaté. A vizsgilt csont(ok)nak a referenciaképek-
hez val6 illesztése utin meghatirozhaté a csontviz
érettségi szintjének megfelel6 kronolégiai kor, azaz a
csontkor. A fenti médszerek népszertiségét az adja,
hogy konnyd 6ket megtanulni és haszndlni, azonban
konnyen téves eredményt adhatnak a novekedést egy-
séges folyamatként kezel§ megkozelitések. Ezen ok-
bdl az atlaszmddszerek pontossiga elmarad az egyré-
gi6s mbdszerekétsl. Példaként emlithetS a Greulich—
Pyle-féle kéz- és csuklbatlasz [2].

— Az egyrégids megkozelités egy kiszemelt régié fejls-
dését elemzi, és fejlédési szakaszok formajiban vagy
szazalékos formdban kapunk eredményt. Az értékek
csak az adott régid fejlédését irjk le; a test tobbi ré-
szének fejlédésétd] fliggetleniil eltérd idSpontban érik
el a legfejlettebb stadiumot, vagyis a 100%-ot. Ezek a
modszerek altaliban pontosabbak, de gyakran hosz-
szabb id6t vesz igénybe a begyakorlasuk, és a kapott
eredmények nem kapcsolédnak kozvetleniil a krono-
l6giai korhoz, ami az értelmezésiiket megneheziti. A
kronolégiai korhoz valé lazabb kapcsolat kovetkezté-
ben kevésbé jellemz6 a tilegyszer(sités és a teljes test-
re valo6 talzott altalanositas. Ezt a megkozelitést hasz-
nidlja a Tanner-Whitehouse-, az Oxford-csips-, a
calcaneus- és a Hassel-Farman-modszer is [6, 10, 30,
33].

A leggyakrabban hasznalt technikik a kéz és a csukld
felmérésén alapulnak, dgymint a Greulich-Pyle- vagy a
Tanner—Whitehouse-maédszer. Ezek soran a bal oldali al-
karrol és csuklorol torténik hagyomanyos anteroposteri-
or rontgenfelvétel. A bal oldalt antropolégusok egyez-
ményesen valasztottak ki az 1900-as években, mivel
altalaban ez a nem dominans kéz, ezért a sériilése kevés-
bé valdszind [2].

Klinikanknak tobb mint 13 éves tapasztalata van az
EOS 2D /3D rendszerrel [34-37], mely kétirinyt tel-
jestest-rontgenfelvételt lehetévé tévs képalkotd, amely
utdlagos 3D-rekonstrukciéra is alkalmas. A technika
tobbek kozott hozzajirult az alsé végtagok biomechani-
kajanak megértéséhez a novekedésben 1évé gyermekek-
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nél. A képalkotds soran a paciensek a bal labukkal 5 cm-
rel elGrelépve allnak, a karok pedig elol, konyokben és
csukléban hajlitva vannak. Ez a testtartas nem teszi lehe-
t6évé a csontkor-meghatirozas tipikus alkar- és csukloala-
pt moédszereinek hasznalatat, igy sziikségessé valt EOS-
kompatibilis alternativ médszerek keresése.

Klinikank korabbi vizsgalataiban igazoltuk a fogorvo-
sok altal széles korben hasznélt nyakicsigolya-morfologi-
an alapulé Hassel-Farman-moédszer EOS-képalkotassal
kompatibilis magas megbizhatosigit [35].

Korabbi vizsgilatunkra alapozva a jelen tanulmdny
célja, hogy felmérjiik az EOS 2D /3D felvételeken alkal-
mazhaté csontkormérési modszereket, elemezziik alkal-
mazhatésigukat, majd elvégezziik megbizhat6sagi vizs-
galatukat.

Moébdszer

Klinikdnkon 2007 és 2017 kozott a rutin ambuléns elld-
tas soran 7127 EOS-teljestest-felvétel késziilt. EbbdI ki-
valogattuk azokat az eseteket, amelyek a 2-21 éves kor-
osztalyt abrazoltak, és nem szerepelt az anamnézisiikben
olyan betegség vagy miitét, mely a csontviz novekedését
befolyisolhatta, illetve a beteg a vizsgilat sorin nem
mozdult meg (ami elmosddotta tette a képet), és megfe-
lel6en poziciondltik. Az igy megmaradt 1005 esetbdl
véletlenszertien, az életkor egyenletes eloszlasit szem
elétt tartva kivélasztottunk 114-et (57 férfi, 57 né).

Az irodalom dttekintését kovetSen kivilogattuk azo-
kat a csontkormérési mddszereket, melyek a legnagyobb
eséllyel alkalmazhaték EOS-felvételeken: nyaki csigolya
[10], vall [17], kulcscsont [18], elsé borda [19, 38], ko-
nyok [15], csipblapat — Risser *plus’ [20], csip6 (meden-
ce és proximalis combcesont) [23], combcsontdiaphysis
[25], térd [28] és sarokcsont [30] (1/a—e. dbra).

Egy pilotvizsgalat soran 13 véletlenszer(ien valasztott
eseten, 3 vizsgalé bevonasaval teszteltiik a modszereket.
A kulcscsonton, els§ bordan, konyokon és combesont-
diaphysisen alapulé méréseket kivitelezhetetlennek talal-
tuk, majd a vizsgalatot kovetSen, a vizsgalok szubjektiv
benyomasa alapjan a véllalapt moédszert is kizartuk (rész-
letek az Eredmények cimf fejezetben).

A pilotvizsgalat eredményei alapjan mind a 114 eset-
ben elvégeztiik a mérést a nyakicsigolya-, a csipSlapat-, a
csip6-, a térd- és a sarkcsontalapt médszereket alkalmaz-
va. Ahhoz, hogy meghatirozzuk, melyik médszer lenne
a legmegfelel6bb, leghasznosabb a klinikai gyakorlatban
EOS-képek értékelésénél, felmértiik az aldbbiakat:

1) A modszerek megbizhatisign
Kiilonboz6 vizsgalok milyen eséllyel értékelik ugyantagy
a csontkorérési stidiumot (interobszerver), valamint a
modszer milyen konnyen tanulhaté és reprodukalhaté a
vizsgalok dltal (intraobszerver).

30 eset bevonasaval is elvégeztiik a vizsgilatot, mely-
nek soran 3 vizsgdld 3 kiilonboz8 napon 3 alkalommal
clvégezte a felvételek értékelését mind az 5 megmaradt
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I

1/a-e ibra A pilotvizsgilatba bevont csontkormérési médszerek (A nyaki-
csigolya-modszer lefrdsa a Schlégl et al. 2017-ben megjelent
cikkben taldlhat6)

1/a ibra Vall (Shaefer et al., 2015). A vall 3 régidjat értékeli anteroposte-

rior rontgenfelvételeken. 4 stidiumot kiilonit el, igaz, nem
mindegyik dbrizolodik rontgenfelvételeken. A régiok értékelé-
sének Gsszege adja a végsS beosztist.

Proximalis humerus

1. stidium — nyitott: az epiphysis mentén folyamatos radiolu-
cens vonal figyelhet6 meg. Az epiphysis éretlennek ttinik, a szé-
li részek még nem fejlédtek ki teljesen.

2. stidium - egyesiilés: elkezd6dott az Gsszecsontosodds. Az
epiphysisporc centrilis teriiletén homaly/clmosédottsig jelenik
meg. A csontosodas el6rehaladtaval a teljes vonal elmosédottd
vilhat, de még egyértelmtien azonosithato.

3. stadium — széli bevagds: kozel teljes Osszecsontosodis, csak a
széles részeken marad vissza radiolucens *bevigis’. Jellemz&en a
tuderculum majus alatt figyelhet§ meg.

4. stadium — teljes egyesiilés: teljes Gsszecsontosodds, nincs radi-
olucens teriilet. A ftzids vonal esetenként még felismerhetd.

Acromion

0. stadium — hidnyzik: nem figyelhet6 meg apophysis. Az acro-
mion feliilete lekerekitett, esetleg hullimos.

1. stidium — megjelent: megfigyelhetS apophysis, de még hatd-
rozott radiolucens vonal vélasztja el.

4. stadium - teljes egyesiilés: teljes Osszecsontosodds, nincs
radiolucens teriilet.

Apex
1. stidium — megjelent: megfigyelhetd, az apophysis jol lathatd,
de egyértelm( radiolucens vonal vilasztja el

modszer alkalmazdsival. A megbizhatdsigot osztilyon
beliili korrelacids vizsgalattal elemeztiik, az eredménye-
ket a Winer-kritériumok alapjan értékeltitk (0-0,24:
nincs vagy gyenge; 0,25-0,49: alacsony; 0,50-0,69: ko-
zepes; 0,70-0,89: jo; és 0,90-1,00: kivalé) [39]. Egyut-
tal rogzitettiik a vizsgalok tapasztalatait és a mérés kivite-
lezhetGségét.

2) A vizsgilatok értékelhetisége

Az adott mddszer milyen aranyban és mennyire nehezen
alkalmazhat6 EOS-felvételeken, tovibbd az esctleges
problémaknak mi az oka.

Risser ’plus’ (Negrini et al., 2015). Az apophysis megjelenése és
mérete alapjan kiiloniti el a stdidiumokat:

0- stddium: nyitott Y-porc, apophysis nem abrazolddik.

0+ stadium: az Y-porc elcsontosodott, apophysis nem dbrazol6-
dik.

1. stadium: 0-25%-os fedettség.

2. stidium: 25-50%-os fedettség.

3. stadium: 50-75%-os fedettség.

3/4. stadium: 7-100%-os fedettség.

4. stadium: elkezd8dott az Gsszecsontosodds.

5. stidium: teljes Gsszecsontosodds

Ehhez a vizsgalok értékelték a modszer szubjektiv
alkalmazhatésagat egy 4 pontos skilan: ’1’ — konnyd:
konnyen alkalmazhaté; °2° — kozepes: néhany kisebb ne-
hézség, azonban a mérés hatarozottan kivihets; >3’ — ne-
héz: kozepes nehézségek, az értékelendd teriilet egy
része (1/3-a vagy kevesebb) nem dbrizolédott megfele-
16en, a mérés nem volt teljes biztonsaggal kivitelezhetd;
’4’ — lehetetlen: az értékelendd teriilet nem abrazolédott
megfeleléen. Azokndl a médszereknél, amelyekkel tobb
régiot kellett értékelni, a vizsgalok kiilon-kiilon allapitot-
tak meg az alkalmazhatdsagot, melyet Osszesitettiink.
Abban az esetben, ha legalabb 2 régiora kozepes értéke-
1és érkezett, nehéznek mindsitettiik az alkalmazhatdsa-
got, és ha legalabb 2 nehéz értékelést kapott, akkor lehe-
tetlennek.

Lejegyeztiik az alkalmazhat6sag nehézségeinek okit,
amelyeket 3 csoportra osztottunk: technikai okok (a
vizsgilando régié nem jelent meg a felvételen), felbon-
tasi problémadk (példaul nehézséget jelentett annak meg-
allapitasa, hogy az epiphysisporc teljesen zirdédott-e,
vagy vannak még radiolucens régiok), pozicionalsi
problémidk (a vizsglt régi6é nem a megfeleld irinybdl ab-
rizolodott, vagy mds csontrész belevetiilt).

3) A kivitelezés gyorsasiga

A vizsgalat elvégzéséhez sziikséges id6 egyértelmien be-
folyasolja annak klinikai és kutatdsi célra torténd alkal-
mazhatdsagat.
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0
1/c dbra Oxford-csipS (Acheson, 1957). 9 régié értékelésével és a kapott eredmények osszegzésével ad 045 kozotti értéket. A modositott Oxford-csip8-mod-
szer (Stasikelis et al. utdn) csak 5 régiot értékel (*-gal jelolve) (Az dbrit az Acheson 1957-es cikkben megjelent képek alapjin készitettiik)
Stage 0 Stage 1 Stage 2 Stage 3 Stage 4

> et
\\\\\ A

XA
SECE LR T

1/d ébra Térd (O’Connor et al., 2008). Anteroposterior és oldalirinyl rontgenfelvételek alapjin értékeli a femur distalis, illetve a tibia és a fibula proximalis
epiphysisét, majd 6sszegzi a kapott pontszamokat.

0. stddium — nyitott: tiszta radiolucens sdv az epi- és a metaphysis kozott.

1. stadium — kezd8d§ egyesiilés: nagyon vékony radiolucens sdv, a centralis rész elmosodott/elhomalyosodott a kezd6d6 6sszecsontosodas miatt
(a feliileti kevesebb mint 50%-4n).

2. stadium — aktiv egyesiilés: ‘sapkaképz8&dés’ (capping), az epiphysis talnyulik a metaphysisen. A csontosodasi zéna meghaladja az 50%-ot, de még
vannak teljesen radiolucens teriiletek.

3. stddium — nemrég lezajlott egyesiilés: finom fazids vonal még megfigyelhets, de az epi- és a metaphysis egyesiilt. A széleken még el6fordulhat 2
mm-nél kisebb bevigas’. A trabeculavonalak nem folytonosak az epi- és a metaphysis kozott.

4. stadium — teljes egyesiilés: érett csont, nincsenek bevigasok a széleken, folyamatosak a trabeculdk. Vékony ,,epiphysisheg” megmaradhat az epiphy-
sisporc vonalianak megtelelGen

A statisztikai analizis sordn Spearman-korrelaciét al-
kalmaztunk a naptari és a csontkor Osszefiiggésének vizs-
galatdra, valamint fuggetlen mintds t-probat a csoportok
kozti kiillonbség megdllapitisira (IBM SPSS v23, IBM

Eredmények

A vill értékelésén alapulé mddszert a pilotvizsgilat sorin
nem taldltuk az EOS-technikdval kompatibilisnek, és ki-

Corp., Armonk, NY, USA). A randomizaldshoz a Micro-
soft Excel v14.0.6112.5000 (Microsoft Corp., Red-
mond, WA, USA) VELETLEN.KOZOTT fiiggvényét
alkalmaztuk. A p<0,05-6t tekintettiik szignifikinsnak.

zartuk a vizsgilat tovabbi részébdl, mivel a megfigyel6k
a vizsgilatok 54-72%-dban a régié értékelését ellehetet-
lenit6 nehézségeket tapasztaltak. Az esetek 23-38%-
dban hirom vizsgilt régid koziil csak egy abrizolédott
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Stage 0 Stage 2

o - I A

1/e dbra Sarokesont (Nicholson et al., 2015). A sarokcsont oldalirinya
felvétele alapjin értékel.

O. stadium: nincs csontosodds az apophysis teriiletén.

1. stadium: megjelenik csontosodds az apophysis teriiletén, de
nem haladja meg a metaphysis feliiletének 50%-4t.

2. staddium: az apophysis teriiletének tobb mint 50%-dt boritja
csontosodott teriilet, de nem ér talpi felszint. A radiolucens te-
riilet az apophysis és a metaphysis kozott szélesebb a talpi és a
dorsalis részen, mint a centrdlis teriileten.

2+ stadium: a tdvolsig az apophysis talpi csticsa és a metaphysis
processus medialis /lateralis tuberis calcaneinek megfeleld szog-
lettorése kozott 2-5 mm.

3. stddium: az apophysis teljesen fedi a metaphysist (a 2+ stadi-
umban leirt tdvolsig 2 mm-nél kisebb — fekete nyil az dbrn), de
hatdrozott radiolucens teriilet vilasztja el téle. Az apophysis és a
metaphysis kozotti tivolsdg egységes a teljes felszinen.

4. stddium: megjelentek az apophysis és a metaphysis dsszecson-
tosoddsanak jelei, de még egyértelmden elkiilonithetS a két
struktdra. A csontosodds a centrilis régidban kezd6édik, és foko-
zatosan halad a sz¢li részek felé.

5. stadium: teljes dsszecsontosodds

megfelelén (13-bdl 3-5 vizsgalatban), a processus cora-
coideus csticsa/szoge nem volt lathaté 15-38%-ban (13-
bél 2-5 esetben), tovabba a megfigyelSk alacsony clége-
dettségrdl szamoltak be a médszerrel kapcsolatban.

gy 5 moédszer esetében végeztiik el a klinikai alkal-
mazhatésig értékelését.

Megbizhatosiy

Az intraobszerver megbizhatdsigi pontszimok mind-
egyike kivil6 volt a térd vizsgalatin alapulé modszer ki-
vételével, ahol a 2-es vizsgdl6 csak jo eredményt ért el
(1. vizsgild: 0,945; 2. vizsgild: 0,841, 3. vizsgilo:

2. tablazat | Az inter- és intraobszerver megbizhatésigi vizsgilat eredményei
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0,956). Az interobszerver megbizhat6sigi vizsgalat so-
rian minden maédszer ,,kivalo” értékelést kapott, kivéve a
térd- és a modositott Oxford-csip§-mobdszert, amelyek a
,,j0” kategéridba estek. Az értékek csokkend sorrend-
ben: nyakicsigolya- (0,976), sarokcsont- (0,945), Risser
’plus’- (0,940), Oxford-csip6- (0,902), méddositott Ox-
ford-csip6- (0,887) és térd- (0,865) mddszer (lasd bs-
vebben a 2. tdblazatban). A Winer-kritériumok alapjin
0,7 felett a megbizhatdsig jonak mondhaté, ugyanakkor
a vizsgilok a térdmddszer esetében alacsony elégedett-
ségrdl szamoltak be, ezért agy éreztiik, a kapott megbiz-
hat6sigi érték magasabb az elvartnal. Ez a magas érték
adédhat ugyanakkor abbdl is, hogy a vizsgalt populicié
jelent8s része a konnyen értékelhetd 0. stidiumba keriilt,
mivel a térd korili epiphysisek értékelhetd valtozdsai
csak serdiil6korban kezd&dnek.

A vizsgilatok értékelbetiosége

A vizsgilatba bevont 114 személy esetén a legtobb
csontkorbecslési modszert a megfigyelSk ,,egyszertien
elvégezhet6nek” mindsitették a Risser plus’ (111,/114,
97%), a térd- (110/114, 96%), a nyakicsigolya- (a vizs-
galatok 98,02%-dban — a kordbbi vizsgilataink alapjan,
részletek: [35]) és az Oxford-csip6- (102,/114, 89%)
modszer esetén. A sarokcsonti modszerrel 114 vizsgalat-
bol 72 ,konnyd”, 13 ,kozepes” mindsitést kapott,
ugyanakkor 29 vizsgalatot (25%) volt ,,nehéz” vagy ,,le-
hetetlen” értékelni. A megfigyelSk értékeléseinek ered-
ményeit a 3. tablazatban részleteztik, illetve a 4. tabla-
zatban a vizsgilati nehézségek okait tiintettiik fel.

Idofaktor

Az utols6 30 képelemzés soran mért vizsgalati id6 alap-
jan a leggyorsabban értékelhet6 modszernek a sarok-
csont megitélése bizonyult (dtlagosan 17,5 mp), mig a
Risser ’plus’- (26,3 mp), a nyakicsigolya- (35,4 mp), a
térd- (58,9 mp) és az Oxford-csips- (149,0 mp) mod-
szert lassabban elvégezhetSnek taldltuk. A moédositott
Oxford-csip6-moédszert az Oxford-csipS-értékekbdl sza-
mitottuk ki, igy kiilon mérési id6vel kapcsolatos adatokat
nem gydjtottiink.

A csontkorértékelések legfontosabb eredményeit az
egyének kronologiai koraval 6sszehasonlitva a 2. dbrin
(a—c) mutatjuk be. A kronoldgiai kor és a csontkor ko-

Sarokcsont Nyaki csigolya Térd Moébdositott Oxford-csip8 Risser ’plus’
Oxford-csip6
Interobszerver megbizhat6sig 0,945 0,976 0,865 0,887 0,902 0,940
Intraobszerver megbizhatésig 0,953-0,999 0,949-0,959 0,841-0,956 0,975-0,993 0,949-0,993 0,982-0,969

A megbizhatdsigot osztalyon beliili korreldcié alapjan vizsgaltuk. Az osztilyon beliili korreliciés koefficienseket (ICC) a Winer-kritériumok alap-
jan értékeltiik: ICC20,90 - kivil6; ICC: 0,70-0,89 —j6; ICC: 0,50-0,69 — kozepes; ICC<0,49.
Az intraobszerver megbizhatdsignal a harom vizsgald éltal elért legmagasabb és legalacsonyabb értéket adtuk meg.
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3. tablazat | A vizsgildk szubjektiv értékelése

= 2= 3= 4 -
konnyd kozepes nehéz lehetetlen

Sarokesont 72 13 15 14
Nyaki csigolya! - - - -
Térd 110 4 0 0
Modositott - - - -
Oxford-csip&?
Oxford-csip6* 102 3 9
Risser *plus’ 111 3 0

A vizsgdlok értékelésének osszesitése: ’1” — konny(: konnyen alkalmaz-
hat6; °2’ — kozepes: néhany kisebb nehézség, azonban a mérés hatiro-
zottan kivihetd; ’3” — nehéz: kozepes nehézségek, az értékelendd terii-
let egy része (1,/3-a vagy kevesebb) nem dbrizolédott megfelelen, a
mérés nem volt teljes biztonsiggal kivitelezhet8; *4> — lehetetlen: az
értékelendd teriilet nem dbrazolédott megfeleléen. Azoknal a modsze-
reknél, amelyekkel tobb régiot kellett értékelni, a vizsgalok kiilon-kii-
16n allapitottik meg az alkalmazhatésigot, melyet Osszesitettiink. Ab-
ban az esetben, ha legalibb 2 régiéra kozepes értékelés érkezett,
nehéznek mindsitettiik az alkalmazhatdsigot, és ha legalibb 2 nehéz
értékelést kapott, akkor lehetetlennek.

*17 esetben az Oxford-csipG-mddszer konnyd értékelést kapott, bar a
vizsgalok nehézségekrdl szimoltak be a kistrochanter értékelésekor.
'A nyaki csigolydra vonatkozé eredményeket kordbbi vizsgilatunk tar-

talmazza [9].
2A moédositott Oxford-csipS a hagyomanyos médszerbdl szamithatd,
igy erre vonatkozdan nem végeztiink kiilon értékelést.

zottl Osszefiiggést a Spearman-korreldcioval vizsgilva a
kovetkezd eredményeket kaptuk: nyaki csigolya (korrela-
cids koefficiens [kk] = 0,829), sarokcsont (kk = 0,903),
Risser *plus’ (kk = 0,882), Oxford-csip6 (kk = 0,934),
modositott Oxford-csipd (kk = 0,932) és térd (kk =
0,912).

A csontkor alapjan felallitott stidiumokat a férfi paci-
ensek a n6khoz képest magasabb kronoldgiai korban ér-
ték el (dtlagosan 1,2—-1,9 évvel kés6bb értek el a fiak egy
adott csontkorérettségi staidiumot, mint a lanyok), azon-
ban a kilonbségek tobbsége nem volt statisztikailag
szignifikans.

Megbeszélés

A csontérettség kronoldgiai kortdl fiiggetlen elsé vizsga-
lata Londonban a Guy’s Hospitalban dolgoz6 John Po-
land nevéhez fiz6dik az 1898-ban megjelent *Szkiagra-
fikus atlasz a kéz- és csuklocsontok fejlettségérdl’
kapcsan. A téma az 1930-as években kifejezetten népsze-
rivé valt az Egyesiilt Kiralysigban és az Amerikai Egye-
siilt Allamokban [40—42]. Miutén a kronolégiai kor csak
az id6 muldsit mutatja, a kutatok régodta keresik annak
lehetGségét, hogy a gyermek fejlédésének tényleges
szintjét kilonbozd vizsgilatokkal megallapitsak. Az
utébbit szimtalan tényezé befolydsolja, példaul a nove-
kedési- és pajzsmirigyhormon-szintek, a genetikai saji-
tossigok, a szociookondmiai stitusz, a taplalkozas, a fel-
szivodasi zavarok, a cukorbetegség. A kronoldgiai kor és
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4. tablazat Nehézségek a felvételek értékelésekor.
Abszolut értékek, valamint a problémdk szizalékos megoszlisa

(a) A nehéz vagy lehetetlen értékelések okainak megoszlasa

A ‘nehéz’ Ok

. vagy , Felbontds  Poziciond-  Technikai

Ielysiarton las probléma

értékelések

szama

Sarokcsont 29 - 1 (3%) 28 (97%)
Nyaki csigolyal - - - -
Térd 0 - - -
Moédositott - - - -
Oxford-csip8?
Oxford-csip8 9 5 (56%) 4 (44%) -
Risser ’plus’ 0 - - -

(b) A kozepes, nehéz vagy lehetetlen értékelések okainak megoszlisa

A Felbontas

k62¢pes’s  Eelbontds  Poziciond-  Technikai

flhien 2 las probléma

’lehetetlen’

értékelések

szama

Sarokcsont 42 3(7%) 6 (14%) 33 (79%)
Nyaki csigolya' - - - -
Térd 4 4 (100%) - -
Moédositott 3 (100%) - -
Oxford-csips?
Oxford-csip§ 12 5 (42%) 7 (58%) -
Risser *plus’ 3 3 (100%) - -

A nyaki csigolydra vonatkozé eredményeket kordbbi vizsgilatunk tar-
talmazza [9].

2A médositott Oxford-csip6 a hagyominyos mddszerbdl szamithato,
igy erre vonatkozdan nem végeztiink kiilon értékelést.

a tényleges bioldgiai kor bizonyos esetekben eltérhet,
ami indokolja a kronolégiai kornal ,természetesebb”
prediktor keresését.

Vizsgalatunk célja volt azon médszerek kivalasztasa és
értékelése, melyek a ,,kéz-csuklé modszeren” kiviil alkal-
masak lehetnek EOS 2D /3D felvételeken a csontkor
megdllapitisira.

Az irodalom attekintését kovetSen 10 korabban rész-
letesen leirt és igazolt, de ritkibban haszndlt csontkor-
meghatirozé6 moédszert taldltunk. Ezek koziil sokat a
»Csuklo-kéz” moédszernél is nagyobb problémait jelentd
technikai gondok jellemeznek, mint a pozicionalasi pon-
tatlansdgok vagy mas csontok képbe vetiilése (elsé borda,
kulcscsont, konyok). Egy pilotvizsgalat utan a kulcscson-
ton, az els6 borddn, a konyokon és a combesontdiaphysi-
sen alapuld méréseket kivitelezhetetlennek talaltuk, vala-
mint a vallmoédszer is tal nehezen alkalmazhaténak
bizonyult, mivel az esetek 54-72%-dban komoly problé-
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2. abra A vizsgilt médszerekkel mért csontkorstidiumok naptdri kor

szerinti megoszlasa dobozabrakkal dbrizolva (Csak a legrelevin-
sabb médszerek eredményeit mutatjuk)

(a) Hassel-Farman szerinti nyakicsigolya-moédszer
(b) Nicholson szerinti sarokcsontmédszer
(c) Risser ’plus’-moédszer (Negrini et al. utdn)

mat jelentett a vizsgalt régiok megfelels értékelése. Vizs-
galatunkba végeredményben 5 médszer keriilt be.

A ,nyakicsigolya-moédszer” az esetek nagyon nagy
szdzalékaban alkalmazhaténak bizonyult, a rontgenké-
pek 98%-a volt értékelhetd. Mindossze 6 stadiumot tar-
talmaz, igy megtanuldsa is egyszer(i, megbizhatdsiga
magas, gyorsan alkalmazhato, és stadiumai széles élet-
kort fednek le 7-t61 21 éves korig.

A csip6 koril két modszert talaltunk konnyen alkal-
mazhaténak: a vizsgilat céljatdl fiiggben a Risser ’plus’-
és az Oxftord-médszer segitségével értékelhetd a régié.

EREDETI KOZLEMENY

A Risser ’plus’-médszer minden réontgenen alkalmaz-
hatd, gyorsan elvégezhets, megbizhatésiga magas, és a
Risser-stadiumok a legtobb klinikus szdmdra ismertek.
Riaddsul az Y-porc fuzidja alapjan a fiatalabb korosztaly
is jobban kategorizidlhat6, mint a klasszikus Risser-be-
osztassal [43].

Az Oxford-féle csipémobddszer a maga 45 pontos skild-
javal a jelen vizsgdlat sordn hasznalt teljes életkori spekt-
rum lefedését szolgdlja, tovabbd meghatirozisa kevés
nehézséggel jar, melyek tlnyomoérészt a kistomporral
kapcsolatosak. Amig az Oxford- és a médositott Oxford-
modszer esetén Osszességében csak a képek 8%-a, illetve
3%-a esett a ,nehéz” kategoéridba, addig 17 esetben
(15%) mutatkoztak problémdk a kistompor megitélése
soran. Ezek a kistomporral kapcsolatos nehézségek, me-
lyek mdr mas szerz6k altal is emlitésre keriiltek korabban
[30, 44 ], val6szintleg szerepet jitszanak az alacsonyabb
megbizhatésagi értékek megjelenésében a moédositott
Oxford-mddszernél, tekintve, hogy az 5 meghatirozott
anatomiai pont koziil ez alkotja az egyiket. Megoldas-
ként a kistompor meghatirozasinak elhagyasa [44] vagy
az Acheson-féle életkortablazat segitségével a csip6 egy-
ségként torténd értékelése meriilt fel [23]. Az il6csont
megitélése is nehézséget jelenthet, hiszen a negyedik és a
lezdré (8.) stddium rontgenmegjelenése megegyezhet.
Az Acheson-féle életkortiblizatra alapozva, melyet vizs-
galatunk tapasztalatai is alaitimasztanak, 16 éves kor elGtt
nem jelenik meg a 8., lezir6 stidium, igy addig az
apophysis hidnya a 4. stidiumra utal. A médszer mésik
hatranya, hogy ez a legidGigényesebb az alkalmazottak
koziil, mindazondltal kutatasi célra ez javasolt a legin-
kabb, hiszen a teljes vizsgalt életkort lefedi, tobb régiot
értékel, és sok stidiumot kiilonit el.

A Nicholson és mtsai dltal leirt sarkcsonti modszerrel
kapcsolatosan vegyes tapasztalataink voltak [30]. A sa-
rokcsont egyszerien megitélhetd, és a modszer gyorsan
tanulhato, illetve memorizalhaté, tovibb4d nagyon ma-
gas, vizsgalon beliili és vizsgalok kozotti megbizhatdsagi
értékekkel bir. Mésrészrél a képrdl lemaradéd vagy egy-
midsba vetiil§ anatémiai pontok miatt a 114 képparbdl
15 esetben (13%) nehéznek, 14 esetben (12%) pedig le-
hetetlennek bizonyult a sarok értékelése, igy alkalmaza-
sdnak feltétele a pozicionalasra forditott kiemelt figye-
lem.

A térd megitélése majdnem mindenképpen lehetséges
volt (114-bdl 113 esetben), mégis szimos probléma me-
riilt fel ezzel a moédszerrel kapcsolatban. A beosztis els§
stddiuma viszonylag magas életkorban jelenik meg (10,2
+ 1,4 év — addig 0. stddiumot neveziink meg), tehit a
modszer fiatal életkorban nem alkalmazhato. A vizsgilok
szubjektive gyengébbnek itélték a megbizhatdsagat, és
tobb kivitelezési nehézségrol szamoltak be. Sok id6t igé-
nyelt az 1-3-as staidiumok meghatarozasa, mivel a relativ
keskeny epiphysealis lemezek kozti fazié mértékének
értékelése csak tokéletes anteroposterior és oldaliranya
felvételeken kivitelezhetd teljes biztonsiggal. Osszessé-
gében az atlagos mérési id6 nem bizonyult magasnak,
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mert a képalkotasok tobb mint fele a gyorsan meghati-
rozhat6 0. stidiumba esett. Amennyiben kilon értékel-
jiikk az 1-es vagy az e feletti stidium értékeléséhez sziik-
séges 1dot, atlagosan 78,3 masodpercet kapunk (a 0.
stidium megitélése atlagosan 27,9 madsodpercet vett
igénybe). Amig O’Connor és mitsai szerint [28] a mod-
szer konnyen tanulhat6, mi mégsem tapasztaltuk olyan
logikusnak és atlithaténak, mint az alkalmazott tobbi
met6édust. Osszességében tehdt nem tudjuk kijelententi,
hogy EOS-képalkotis mellett a térdmddszer lenne a leg-
inkdbb alkalmazhat6 eljiris.

Vizsgalatunk korlatjit jelenti, hogy a relativ alacsony
elemszdm (114 eset) oszlik 18 korcsoportra, igy kevés az
egy-egy életkori csoportba keriil6k szima, azonban tore-
kedtiink arra, hogy az egyes életkorokbdl azonos szimu
esetet vonjunk be, igy bizunk az eredmények reprezen-
tativitisiban. Annak megitélése, hogy egyes modszerek
»jobbak” vagy ,kézenfekv6bbek”, mint mdsok, erds
szubjektiv faktort is tartalmaz a vizsgalok részérdl, igy az
ilyenfajta beosztasok eredményeinek értékelésekor figye-
lembe kell venni a human faktort. Az dltalunk alkalma-
zott rendszer elényben részesitette azokat a médszere-
ket, amelyek tobb anatémiai pontot értékeltek, mert itt
nehezebb volt ,lehetetlen” kategéridba sorolédni, és
konnyebb volt jobb megbizhatésigi eredményt elérni.
A kozlemény soran torekedtiink arra, hogy bemutassuk
az dltalunk szerzett tapasztalatokat és felfedezett nehéz-
ségeket, hogy minél tobb, a napi gyakorlatban alkalmaz-
hat6 informaciot osszunk meg az olvasokkal.

Kovetkeztetések, javaslatok

10 csontkormérési moédszer klinikai alkalmazhatésagat
vizsgiltuk meg EOS-felvételeken, melyek koziil 5 bizo-
nyult kivitelezhetSnek: a nyaki csigolya, a csipSlapat, a
csipd, a térd és a sarkcsont értékelésén alapulé modsze-
rek. A médszerek megbizhatdsaga kivalonak bizonyult, a
térdalaptt médszer kivételével, mely jo eredményt ért el.
A modszerek az esetek tobb, mint 89%-aban konnyen
kivitelezhet6nek bizonyultak a sarokcsontalaptt médszer
kivételével, amelynél csak 63%-ban volt konnyen meg-
itélhetd a régid. A méréshez sziikség id6 17,5 és 149,0
mp kozott mozgott, elsGsorban az értékelt régiodk sza-
miatol fiiggben.

Reméljiik, hogy a jelen kozlemény ramutat az alterna-
tiv modszerek alkalmazhatdsigara a csontérettség meg-
hatdrozasiban, miszerint ,van élet a kézen és csuklon
tal”. Kovetkeztetésként javasolndnk, hogy amikor el-
dontjik, milyen médszer alapjan értékeljiik a csontkort,
tobb faktort is figyelembe kell venni: a vizsgilt teriiletet
(als6 vagy fels6 végtag, abrizolddik-e a kéz vagy a me-
dence — hogy elkeriljik a felesleges sugdrterhelést); a
péciens életkorat (az Oxford-csip6-, a nyakigerinc- vagy
a sarokcsonti médszer jobb a fiatalabb életkorban, ellen-
tétben a térd- vagy a Risser-moddszerrel, melyek csak a
pubertis kornyékén alkalmazhaték), valamint a feldol-
gozasanak , korilményeit” (tudomanyos vizsgilat esetén
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érdemes tobb id6t szanni az Oxford-médszer hasznala-
tara, mig a klinikai gyakorlatban egy gyorsabban elvégez-
het§ mérés praktikusabb lehet). A Hassel-Farman sze-
rinti, nyakicsigolya-alapi moédszer tlnik az arany
kozépuatnak, hiszen konnyen tanulhat6 és alkalmazhato,
gyors, és kozel az 6sszes felvételen kivitelezhetd volt.

Anyagi tamogatds: A kutatds [étrejottét a GINOP-2.3.3-
15-2016-00031. szam1 projekt timogatta.

Szerzoi munkamegosztis: Minden szerzé nagymértékben
hozzajarult a tanulminyban bemutatott munkahoz.
O’S. 1.: A csontkor-meghatarozasra alkalmas moédszerek
tanulmanyozasa, csontkor- és 3D EOS-rekonstrukcios
elemzések, valamint statisztikai elemzések végzése, abrak
készitése, a kézirat osszedllitdsa. S. A. T.: A betegadatbé-
zis Osszegytjtése, csontkor- és 3D EOS-rekonstrukcios
elemzések elvégzése, a végs6 kézirat dttekintése. V. D.:
Csontkor- és 3D EOS-rekonstrukcids elemzések végzé-
se, a kézirat 4ttekintése. K. K.: A statisztikai elemzések
elvégzése és a kézirat leforditisa. V. Cs., T. P.: A tanul-
many megtervezése, a csontkor és az als6 végtagi para-
méterek vizsgilatinak feliigyelete, a betegekkel kapcsola-
tos adminisztrativ teenddk elvégzése és az intézményi
kovetelményeknek valé megfelel§ség biztositasa. A cikk
végsd valtozatit valamennyi szerzé elolvasta és jova-
hagyta.

Erdekeltségek: A szerz6knek nincsenek érdekeltségeik.
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ABSTRACT: The aim of this study was to evaluate bone age and its correlation with the lower limbs’ developing skeletal anatomy
during growth. 1005 children and young adults were evaluated for bone age and 14 different parameters measured on lower-limb
reconstructions from radiological examinations carried out with an EOS 2D/3D system in the course of routine orthopedic indicated
diagnostic practice. Cervical vertebral morphology evaluation for bone age using the Hassel-Farman method, which describes six
stages of maturity, was selected. Intra- and inter-observer reliability tests for this method, and for the EOS 3D reconstructions were
performed. Statistical analysis were performed using Spearman correlation, multiple linear regression, and ¢-test. The intra- and inter-
observer reliability of the Hassel-Farman method and the EOS 3D lower-limb reconstruction were found to be excellent. Interestingly
one bone age stage could include individuals across a 12.1year range, and conversely individuals of the same calendar age could be of
one of 3.2 different bone age stages. In the prepubertal age groups all six bone stages could be observed. Bone age revealed a stronger
relationship, lower standard deviations with groups and proved to be a better discriminating variable than the calendar age by
collodiaphyseal angle, femoral, and tibial torsion, femorotibial rotation, and mechanical tibiofemoral angle. Bone age is an indicator of
skeletal maturity and may more accurately describe the growth of some lower limb parameters. As a result we suggest the
consideration of bone age when evaluating lower-limb biomechanic-anatomical parameters. © 2016 Orthopaedic Research Society.

Published by Wiley Periodicals, Inc. J Orthop Res

Keywords: bone age; Hassel-Farman method; lower limb; biomechanical parameters; EOS 2D/3D

The period from infancy through childhood and into
early adolescence is a time of unprecedented growth.
During this time height increases almost 3.5 times,
weight grows almost 20 fold and the ratio between our
body parts changes significantly.! Our bony skeleton
undergoes and adapts to these changes with altera-
tions in its’ longitudinal and volumetric parameters.

The changes taking place during this growth and
the transition to upright locomotion have been well-
described, however, the lower limb anatomic and
biomechanical parameters have not been extensively
assessed in relation to the actual level of skeletal
maturity, typically referred to as the bone age. Studies
examining bone age have mostly focused on limb
length discrepancy and the timing of surgical inter-
ventions in scoliosis, though recently it’s role in
Blount’s disease was highlighted.?®

The bone age is typically estimated by assessing the
growth cartilages of one or more regions and compar-
ing their morphology to reference standards based on
large population studies.” Skeletal maturation, and
hence bone age, is influenced by numerous factors
including genetically determined growth rate, gender,
and race and also severe illnesses, stress and nutri-
tional, and socioeconomic status. As a result it is more
unique to each individual and does not necessarily
correspond with the calendar age. Many authors now
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advise that the evaluation of just calendar age alone in
disorders strongly influenced by skeletal maturity may
not be appropriate.®

The most frequently applied methods are based on
growth cartilage evaluation using radiographs of the
skeletal anatomy of the hand and wrist, although
methods specific to other regions have been described
including the hip, elbow, clavicle, knee, feet, and the
cervical vertebrae.®

Since 2007, our clinic has used the EOS 2D/3D
imaging system, which can capture low distortion
whole-body stereo X-ray scans of standing patients at
an ultra-low radiation dose. Using such stereo images,
3D models can be generated of the spine, hip, and
lower limbs.’®'® The reliability of this reconstruction
method has been well studied, though limited reports
describe its use with children.!*!°

We had several aims in this study. Firstly to find
and examine the reliability of a method for quick,
reliable assessment of bone age for our database of
stored EOS 2D/3D images. Secondly to examine the
correlation between this bone age and calendar age in
a large pediatric population. Finally we planned to
assess the relationship between the anatomical-
biomechanical parameters of the lower limb in the
growing child, and the bone age, calendar age, and
total height of the child.

METHODS

In this Level 3 retrospective cohort study our database of
7108 full body standing stereo-radigraphs was reviewed. The
examinations were performed with the EOS 2D/3D system
between 2007 and 2012 as part of routine diagnostic practice,
with orthopedic indications. Image-pairs were captured, from
two directions, in the “step forward” standing position (left
foot 10cm forward with arms held in front, with arms and
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Table 1. The Definitions of the Hassel-Farman Bone Age Stages, Based on Hassel, and Farman Publication®’

Name of the Draft of the C3
No. Stage Vertebra’s Shape Description of the Stage
1 Initiation The inferior borders of C2, C3, and C4 are all flat, and upper borders taper

2 Acceleration

3 Transition

4 Deceleration

5 Maturation

6 Completion

LY

)

from posterior to anterior, giving a the body a wedge shape.

C2 and C3 develop concavities in their inferior borders, while that of C4
remains flat, and bodies of C3 and C4 are almost rectangular in shape.

Concavities in C2 and C3 are now deeper and distinct, with C4 beginning to
develop a concave inferior border too, bodies of C3 and C4 are rectangular in
shape.

C2, C3, and C4 all have distinct concavities in their inferior borders, and the
bodies of C3 and C4 are becoming more square in shape.

Concavities of C2, C3, and C4 are more accentuated in the inferior borders, and
C3, C4 bodies are almost square or square in shape.

Deep concavities are found in the inferior borders of C2, C3, and C4 and the
bodies were square or were column like, with a vertical dimension greater
than their horizontal dimension.
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Table 2. The Examined Population in Age- and Gender Specific Groups, Together With the Diagnosis of the Patient

Calendar Idiopathic Scoliosis Mild Functional Joint Pain With
Age (Year) Gender n (Cobb Angle <10°) Kyphosis Un. Orig. Other
2 Male 4 3 0 0 1
Female 3 3 0 0 0
3 Male 2 2 0 0 0
Female 3 3 0 0 0
4 Male 7 4 0 0 3
Female 13 12 0 1 0
5 Male 14 10 0 1 3
Female 18 16 0 1 1
6 Male 13 10 0 1 2
Female 14 13 0 0 1
7 Male 15 10 0 1 4
Female 18 13 0 0 5
8 Male 16 10 0 1 5
Female 20 15 0 2 3
9 Male 18 6 1 5 6
Female 17 11 0 3 3
10 Male 21 12 0 7 2
Female 20 16 0 2 2
11 Male 21 11 2 6 2
Female 23 12 1 9 1
12 Male 21 12 2 5 2
Female 40 32 1 4 3
13 Male 24 11 1 10 2
Female 39 30 3 5 1
14 Male 25 10 1 12 2
Female 40 32 2 4 2
15 Male 22 12 1 6 3
Female 51 29 3 13 6
16 Male 26 19 0 5 2
Female 37 21 2 13 1
17 Male 25 3 1 19 2
Female 25 3 1 20 1
18 Male 25 5 1 19 0
Female 25 5 0 14 6
19 Male 25 4 2 17 2
Female 25 6 1 17 1
20 Male 25 4 0 20 1
Female 25 7 1 16 1
21 Male 25 2 2 19 2
Female 25 3 0 20 2
22 Male 25 1 0 23 1
Female 25 1 1 21 2
23 Male 25 2 0 21 2
Female 25 1 0 23 1
24 Male 25 2 0 21 2
Female 25 1 0 21 3
SUM Male 449 165 14 219 51
Female 556 285 16 209 46

“Other disorders” consisted of mild degenerative signs, bone cysts of various types, juvenile aseptic bone changes, like osteochondritis.

Un. orig., unknown origin.

Although many subjects were included in the study that
possess some milder orthopaedic disorders, to ensure the
validity of data from such patients a study was conducted to
assess the presence of any possible difference between the
lower limb anatomy of disorder-less subjects (those who
received a “diagnosis” of “joint pain of unknown origin”) and

those with such disorders. This was carried out on all bone
age groups, and in all calendar age groups with a minimum
of five subjects with and without diagnosed orthopaedic
disorders (ages 9-24).

At the initial time of the radiological examinations,
written informed consent was obtained from all individuals,
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or their parent/guardian, including permission to use images
for later research purposes.

3D reconstructions were made using the EOS software, and
from these the following 14 parameters were measured (Fig. 1):

e Femur mechanical axis length (“femur length,” Fig. 1a);
e Tibia mechanical axis length (“tibia length,” Fig. 1a);

e Lower limb’s mechanical axis length (“limb length,”
Fig. 1a);

Femoral head diameter (Fig. 1d);

Femoral neck length (Fig. le);

Collodiaphyseal angle (“CD angle,” Fig. 1f);

Femoral offset (Fig. 1g);

Mechanical tibiofemoral angle (Fig. 1b);

Femoral mechanical axis-femoral shaft angle (Fig. 1c);
Femoral mechanical angle (Fig. 1k);

Tibial mechanical angle (Fig. 1k);

Femoral torsion (Fig. 1h);

Tibial torsion (Fig. 1j);

Femorotibial rotation (Fig. 1i).

Under the age of four the large ossification centers
prevent full 3D reconstructions, so the simplified “lower limb
alignment” mode of the software was applied, which only
assesses six parameters:

e Femur length;
e Tibia length;

; FAA

é“‘“FMA F FM-FS

LMA
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Limb length;

Femoral head diameter;

Mechanical tibiofemoral angle;

Femoral mechanical axis-femoral shaft angle.

Intraclass correlation (ICC) was used to assess the intra-
and inter-observer reliability. A Spearman correlation was
performed to examine the correlation between the lower limb
biomechanical parameters and the bone age, calendar age,
and height. The significance of any differences between
groups was evaluated using independent-sample ¢-test. Mul-
tiple linear regression analysis models were created and
multicollinearity examined with the Variance Inflation Fac-
tor (VIF) test. When VIF < 1 multicollinearity was said to be
excluded, in 1 <VIF <2 mild multicollinearity was believed
to be present, over two the multicollinearity was deemed
incongruent and the model rejected. For randomized selec-
tion the RAND.BETWEEN formula of the Microsoft Excel
v14.0.6112.5000 (Microsoft Corp., Redmond, WA) software
was used. p-Value <0.05 was accepted as significant.

RESULTS

Intraobserver reliability of the EOS system was >0.9,
regarded as “excellent” by Winer’s criteria. The inter-
observer reliability studies also achieved excellent
results, except in the femoral torsion, tibial torsion,
and femorotibial rotation, which achieved “good”

Figure 1. The measured parameters (based on our
previously published figure)!®. CD, Collodiaphyseal
angle; FAA, Femur anatomical axis; FHD, Femoral
head diameter; FMA, Femur mechanical axis; FMAn,
Femoral mechanical angle; FM-FS, Femoral mechani-
cal axis-femoral shaft angle; FNA, Femoral neck axis;
FNL, Femur neck length; FO, Femoral offset; FT,
Femoral torsion; FTR, Femorotibial rotation; LMA,
Lower limb’s mechanical axis; mTFA, Mechanical
tibiofemoral angle; PCL, posterior condylar line; TM,
Transmalleolar line; TMA, Tibia mechanical axis;
TMAn, Tibial mechanical angle; TT, Tibial torsion.



results. The Hassel-Farman method’s intra- and inter-
observer reliability studies were also deemed “excel-
lent” (Table 3).

Bone age estimation was successful in 1005 image
pairs. Compared to calendar age: bone age stage 1 was
found in individuals between 2 and 12 years old; stage
2 was first seen in 5-year olds, was seen predomi-
nantly in 9-year olds (48.6% of 9-year olds), and was
last found in 13-year olds; stage 3 was first observed
in 6-year olds, predominantly seen in 11-13-year olds
(31.1-31.4%) and last seen in 16-year olds. Stage 4
started in 9-year olds, occurred most in 16-year olds
(31.7% of 16-year olds), and was last seen in 23-year
olds; stage 5 occurred in 11-year olds, and was the
predominant stage in 14-16-year olds though it could
be found in the entire examined population; stage 6
appeared in 12-year olds, and was the most frequently
occurring of 17-year olds (Table 4 and Fig. 2).

On average, one bone age stage could be present
in different individuals up to 12.1 years apart, and
individuals in the same calendar year could have one
of 3.2 bone age stages. Around 11-13, the typical
time of puberty, greater differences were seen, and
individuals were found in each of the six bone age
stages.

No significant difference in lower limb parameters
was found between those with and those without mild
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orthopaedic disorders, when based on bone age group
or calendar age (9—24 years old) (p > 0.005).

Spearman correlation tests to evaluate any correla-
tions between the lower limb parameters and bone
age, calendar age, and height showed bone age and
calendar age to have strong relationships with all
measured parameters, and showed similar correlation
coefficients. However, the height showed either a
weaker correlation with some parameters (especially
the CD angle, femur mechanical angle, and FM-FS) or
did not show any correlation, seen in the biomechani-
cal parameters (mTFA, tibial mechanical angle, femo-
ral torsion, tibial torsion, femorotibial torsion). It must
be noted of course that bone age, calendar age, and
height influence each other and are not truly “indepen-
dent” variables (Table 5).

Next, the effect of the bone age, calendar age, and
height as discriminating variables on the lower limb
parameters was examined with linear regression anal-
ysis and multi-variable VIF test. The bone age was
found to be a more effective discriminating variable for
most biomechanical parameters, namely the CD angle,
femoral, and tibial torsion and femorotibial rotation,
whereas for the mTFA the calendar age performed
better. With regards to femoral and tibial mechanical
angles, and FM-FS, only the calendar age was found
to be effective, though the difference with bone age

Table 3. Intra- and Inter-observer Reliability Tests for the Eos Reconstructions and Hassel-Farman Bone Age

Estimation Method
Intraobserver Interobserver
Parameter ICC (Obs 1) ICC (Obs 2) ICC (Obs 3) Evaluation ICC (Interobs) Evaluation
Full 3D
Femur length 0.99 0.99 0.99 Excellent 0.99 Excellent
Tibia length 0.99 0.99 0.99 Excellent 0.99 Excellent
Limb length 0.99 0.99 0.99 Excellent 0.99 Excellent
Femoral head diameter 0.96 0.94 0.95 Excellent 0.94 Excellent
Femur neck length 0.93 0.92 0.96 Excellent 0.91 Excellent
Collodiaphyseal angle 0.94 0.93 0.91 Excellent 0.92 Excellent
Femoral offset 0.94 0.93 0.92 Excellent 0.9 Excellent
Mechanical tibifemoral angle 0.99 0.99 0.99 Excellent 0.94 Excellent
Femural mechanical angle 0.92 0.94 0.91 Excellent 0.93 Excellent
Tibial mechanical angle 0.94 0.92 0.94 Excellent 0.95 Excellent
Femur mechanical axis—shaft angle 0.98 0.98 0.98 Excellent 0.97 Excellent
Femoral torsion 091 0.90 0.92 Excellent 0.85 Good
Tibial torsion 0.90 0.91 0.93 Excellent 0.81 Good
Femorotibial rotation 0.90 0.91 0.90 Excellent 0.82 Good
Lower limb alignment
Femur length 0.99 0.99 0.99 Excellent 0.99 Excellent
Tibia length 0.99 0.99 0.99 Excellent 0.99 Excellent
Limb length 0.99 0.99 0.99 Excellent 0.99 Excellent
Femoral head diameter 0.99 0.99 0.99 Excellent 0.97 Excellent
Mechanical tibifemoral angle 0.98 0.97 0.98 Excellent 0.95 Excellent
Femur mechanical axis—shaft angle 0.97 0.96 0.94 Excellent 0.91 Excellent
Hassel-Farman method
Bone age measurement 0.96 0.95 0.95 Excellent 0.98 Excellent

EOS system reconstructions were of the “Full 3D” mode (used in individuals 4-24 years old) or the “Lower limb alignment” mode (used
in children 2—4 years old, due to alignment landmarks being obscured by the growth plates). ICC, intraclass coefficient; obs, observer.
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Table 4. Distribution of the Calendar Age Within the Bone Age Stages—Absolute Values Shown on Left and the
Incidence (in Percent) Within Each Age Group, on the Right

Bone Age Stage Bone Age Stage
Calendar Age Calendar Age 1 2 3 4 5 6 Sum
(Year) 1 2 3 4 5 6 Sum (Year) ) () (B B () (%) (%)
2 7 7 2 100 0.7
3 5 5 3 100 0.5
4 20 20 4 100 2.0
5 28 4 32 5 87.5 12.5 3.2
6 21 4 2 27 6 77.8 148 7.4 2.7
7 17 10 6 33 7 51.5 30.3 18.2 3.3
8 19 10 7 36 8 52.8 27.8 19.4 3.6
9 10 17 7 1 35 9 28.6 48.6 20.0 2.9 3.5
10 13 13 11 4 41 10 31.7 31.7 26.8 9.8 4.1
11 6 10 15 7 6 44 11 136 22.7 34.1 159 13.6 4.4
12 3 13 19 8 12 6 61 12 49 213 31.1 131 19.7 9.8 6.1
13 6 21 15 13 8 63 13 9.5 33.3 238 20.6 12.7 6.3
14 12 18 27 8 65 14 185 27.7 415 123 6.5
15 11 17 33 12 73 15 151 23.3 452 164 7.3
16 3 20 32 8 63 16 4.8 31.7 50.8 12.7 6.3
17 14 13 23 50 17 28.0 26.0 46.0 5.0
18 8 18 24 50 18 16.0 36.0 48.0 5.0
19 8 5 37 50 19 16.0 10.0 74.0 5.0
20 7 11 32 50 20 14.0 22.0 64.0 5.0
21 7 12 31 50 21 14.0 24.0 62.0 5.0
22 7 8 35 50 22 14.0 16.0 70.0 5.0
23 6 7 37 50 23 12.0 14.0 740 5.0
24 5 45 50 24 10.0 90.0 5.0
Sum 149 87 114 147 202 306 1005 Sum 15 9 11 15 20 30
100% c
\\‘
90% \\.\ ~1. Stage 2. Stage 3. Stage 7

a M §

3 80% e
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Figure 2. Incidence of the bone age stages within an age group (in percentage). Bone age stages were found to span many ages, and
vice versa children of one particular calendar age may have one of many bone ages. In some cases similarly aged individuals could be
in any of the six bone age stages (aged 12, shown within the red box) or one of 5 (aged 10-14, shown within the yellow box),
highlighting the differences between skeletal maturation and calendar age.
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Table 5. Correlations Between the Bone Age, Calendar Age, Height, and Measured Lower Limb Parameters

Bone Age Calendar Age Height
Correlation Correlation Correlation

Parameter Coefficient p Coefficient p Coefficient p

Chalendar age 0.852 <0.001 — — — —

Height 0.772 <0.001 0.811 <0.001 — —

Femur length 0.747 <0.001 0.781 <0.001 0.909 <0.001
Tibia length 0.673 <0.001 0.766 <0.001 0.900 <0.001
Limb length 0.582 <0.001 0.763 <0.001 0.904 <0.001
Femoral head diameter 0.682 <0.001 0.738 <0.001 0.940 <0.001
Femoral offset 0.664 <0.001 0.743 <0.001 0.800 <0.001
Femur neck length 0.691 <0.001 0.703 <0.001 0.814 <0.001
Collodiaphyseal angle —0.164 <0.001 -0.13 <0.001 —0.152 0.246
Mechanical tibifemoral angle -0.214 <0.001 —0.247 <0.001 —0.146 <0.001
Femural mechanical angle —0.082 0.027 —0.080 <0.001 0.016 0.583
Tibial mechanical angle —0.117 <0.001 —0.119 <0.001 —0.134 <0.001
Femur mechanical axis—shaft 0.071 0.009 0.091 0.001 0.046 0.111

angle

Femoral torsion —0.292 <0.001 —0.153 <0.001 —0.033 <0.001
Tibial torsion 0.240 <0.001 0.146 <0.001 —0.088 <0.001
Femorotibial rotation 0.345 <0.001 0.187 0.001 0.199 <0.001

Correlation coefficients were similar between bone age and calendar age for the majority of measurements, except femoral torsion,

tibial torsion, and femorotibial rotation, which showed weak correlations, but were stronger than those of calendar age.

was not large (beta-coefficients for femoral mechanical
angle: —0.080 vs. —0.065, tibial mechanical angle:
—0.115 vs. —0.107, FM-FS: 0.093 vs. 0.088) (Table 6).
Due to the scope of this paper we restrict detailed
descriptions to the biomechanical metrics of the lower
limb, due to their influence on function. The CD angle
had a lower standard deviation (S.D.) when compared
to bone age (4,50° vs. 5,09°), and as a discriminating
variable four groups were formed with bone age (1-6),
in contrast to only two large groups defined by
calendar age (4-14 years old and 15-24) (Fig. 3).
Femoral torsion had a S.D. 0.64° lower when compared

to bone age, and one more group was discriminated
(1-6) than calendar age (Fig. 4). Tibial torsion had an
average S.D. 0.29° lower, and discriminated one more
group (three vs. two groups) than calendar age
(Fig. 5). Femorotibial rotation was found to have only
a marginally lower S.D. (5.81° vs. 5.83°) and was the
only biomechanical parameter in which calendar age
defined more groups, though the range of the data was
also higher (rangecalendarage: —1.46-7.72°, rangebo-
neage: 2.63-5.65°) (Fig. 6). A single discrete group was
found at 4 years old, though this may be a statistical
accident. mTFA showed a lower S.D. when compared

Table 6. Calculated Linear Models Based on Stepwise Regression Analysis and Variance Inflation Factor (VIF) Test

Parameter Calculated Linear Model Beta-Coefficient VIF
Femur length Height 0.856 —
Tibia length Height 0.811 —
Limb length Height 0.912 —
Femoral head diameter Height 0.912 —
Femoral offset Height 0.834 —
Femur neck length Height 0.857 —
Collodiaphyseal angle Bone age—Calendar age —0.322 0.875
Mechanical tibiofemoral angle Calendar age—Bone age —0.189 1.257
Femoral mechanical angle Calendar age —0.080 —
Tibial mechanical angle Calendar age —0.115 —
Femur mechanical axis—shaft angle Calendar age 0.093 —
Femoral torsion Bone age—Calendar age -0.240 0.741
Tibial torsion Bone age—Calendar age 0.335 0.984
Femorotibial rotation Bone age—Calendar age 0.237 1.356

Beta-coefficient reflects the efficacy of the bone age, calendar age or height as a discriminating variable to separate discrete groups

within the parameters.
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Figure 3. Collodiaphyseal angle. Represendet in mean +S.D. in bone age based groups (left) and calendar age based groups (right).
*Significant difference between groups (based on independent-sample ¢-test, performed in ascending order).

to bone age (2.08° vs. 2.29°), and a greater number of
groups were defined (two vs. three groups) (Fig. 7).

DISCUSSION
In agreement with other studies, we think this study
further demonstrates the EOS 2D/3D scanners poten-
tial role as a reliable tool for measuring lower limb
parameters in a pediatric population.'>'® While diffi-
culties may arise due to the growth cartilages, result-
ing in longer processing times in those under 10 years
old and may prevent full 3D reconstruction in under
fours, they can be reliably carried out in the majority
of children.!31819

Although the most typical method of bone age
assessment is the evaluation of the hand-wrist skeletal
anatomy, the patients’ position in the EOS scanner is
optimized for visualizing the spine and lower limb,
which obscures the distal upper limb, and required us
to search for alternatives. Cervical vertebral evalua-
tion was chosen as the spine is clearly visible and
other alternatives were problematic or inappropriate.

Before committing to the Hassel-Farman method, a
method reportedly both simple to use yet well-correlated

w 24] | e

2 3 4 5 -1
Bone age
Emor Bars: +- 1 5D

with hand-wrist methods, we carried out an intra- and
inter-observer reliability test.®?%?2726 Excellent results
were achieved, agreeing with previous studies excepting
that of Jaqueria et al. Their study, however, which found
its reliability to be moderate, was based on question-
naires and a small population of only 23 X-rays.20:%5:27
We believe our study to be the largest of it’s type to date.

Interestingly what arose for us as a solution to the
problem of retrospectively investigating bone age in
full body EOS images could be a useful technique for
those routinely assessing scoliosis with the device, as
no extra scans are required and indeed the accuracy
of Risser staging has been questioned in recent
years.?:29

After assessment of scans, our results clearly
showed that the lower limb parameters correlate
differently to bone age and calendar age. From one
point of view, bone age is the more “natural” as it
influenced by gender, race, nutrition, sickness or
health and socioeconomic status, rather than merely
the passing of weeks, months, and years. Although
like Uysal et al. we found a strong correlation between
calendar age and bone age it must be noted that

s
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Figure 4. Femoral torsion. Represendet in mean+S.D. in bone age based groups (left) and calendar age based groups (right).
*Significant difference between groups (based on independent-sample ¢-test, performed in ascending order).
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Figure 5. Tibial torsion. Represented in mean+S.D. in bone age based groups (left) and calendar age based groups (right).
*Significant difference between groups (based on independent-sample ¢-test, performed in ascending order).

within each bone age stage great variation can be
seen, with individuals in one stage differing by up to
9 years (in stage 3) or even 15 years of age (stage 4).
Conversely, individuals between 11 and 13 could be of
almost any bone age stage, indeed among 12-year olds
all six stages were seen.®>?® With regards to the
distribution of bone age based on calendar age our
findings do not differ greatly from the studies of
Uysal.?®

These findings suggest that bone age estimation
would perhaps be a useful addition to routine lower
limb assessments in children as it is influenced by
some factors other than those of the calendar age.®3°

The compering of the abnormality less population
and the population with mild non-lower limb con-
nected disorder included this study has not shown any
significant difference. Based on this result, we believe
that the selected population is acceptable to represent
the population with healthy lower limb.

The Spearman correlation test showed that like
calendar age, bone age has a good correlation with
each of the 14 biomechanical parameters evaluated,
however, further examinations revealed some trends.

107

Femorotibial rotation (degree)
@

- . —
2 3 4 15 8
Bone age
Error Bars: +- 1 80

The longitudinal and volumetric parameters correlated
most with height, as their values are closely related to
total bone length.

Focusing on those lower limb parameters in which
significant change occurs during childhood growth
with clinical consequence, the femoral rotation, tibial
torsion, and femorotibial rotation were all found to
have a closer relationship with bone age than calendar
age. This suggests the maturity of the epiphyseal
plates may have a greater influence on rotational
features of the long bones of the lower limb than the
calendar age. mTFA, however, correlated more with
calendar age, and this is likely due to an isolated
valgization peak at 3 years old that was undetected
with bone age analysis. The broad distribution of
children (from 2 to 8 years old) in bone stage 1
averages out this peak.

These four parameters, and also the CD angle,
showed lower standard deviations when correlated with
bone age and served as better discriminating variables.
Among them, only with femorotibial rotation could
more groups be separated based on calendar age, and
this may be explained by the fact that values of this
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Figure 6. Femorotibial rotation. Represendet in mean + S.D. in bone age based groups (left) and calendar age based groups (right).
*Significant difference between groups (based on independent-sample ¢-test, performed in ascending order).
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parameter fluctuate highly, such that it actually sepa-
rates into three discrete statistical groups between 4
and 9 years of age (4-9). This has not been seen in
other reports, however, and may be perhaps a mislead-
ing trend due to a smaller sample size at this age.

Bone age comparison can yield an alternative
viewpoint for the understanding of biomechanical
parameters, highlighted for example by the mTFA.
Correlations based on the calendar age explicitly
demonstrated an average varus position in 11-year
olds, however, in the first and second bone age stages
(corresponding to 1/3 of 11-year olds) a valgus position
was typically seen with significantly lower standard
deviation. This suggests that perhaps this more accu-
rately reflects the reality, or allows us to subgroup and
more precisely estimate a given child’s stage of growth
and/or growth potential.

While an optimal sample group to assess bone age
and parameters of the lower limb would consist of a
completely healthy population free from orthopedic
symptoms, exposing such a group of children to
ionizing radiation raises ethical problems. As this was
a retrospective study the population was limited such
that both gender and age distribution is somewhat
uneven below 16 years old. The higher female preva-
lence is accounted for as the most common indication
for our EOS examinations is scoliosis. The influence of
scoliosis and functional kyphosis on the height must
be noted. We feel however, that the statistical correla-
tions found in this study were so significant that the
effect of a mild scoliosis or kyphosis were unlikely to
have introduced an unacceptable bias.

In conclusion, bone age as an indicator of skeletal
maturation in the lower limb gives more information
than calendar age alone, and provides a better means
of following changes, especially with regards to rota-
tional parameters. The bone age is influenced by
gender, race, nutrition, sickness or health and socio-
economic status, and so may possess a better relation-
ship with the physiological state of the skeleton. In

JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016

this study we also showed the Hassel-Farman method
to be a reliable, practical and easily applicable mea-
sure of bone age, and is usable in conjunction with the
EOS 2D/3D scanner. We would hope that this opens
the door to greater use of bone age estimation by those
using this technology in research and clinical practice.
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Alternative Methods for Skeletal Maturity Estimation with the EOS Scanner —

Experience from 934 Patients

Background: Hand-wrist bone age assessment methods are not possible on typical EOS
2D/3D images without body position modifications that may affect spinal position. We aimed
to identify and assess lesser known bone age assessment alternatives that may be applied
retrospectively and without the need for extra imaging.

Methods: After review of 2857 articles, nine bone age methods were selected and applied
retrospectively in pilot study (thirteen individuals), followed by evaluation of EOS images of
934 4-24-year-olds. Difficulty of assessment and time taken were recorded, and reliability
calculated.

Results: Five methods proved promising after pilot study. Risser ‘plus’ could be applied with
no difficulty in 89.5% of scans (836/934) followed by the Oxford hip method (78.6%,
734/934), cervical (79.0%, 738/934), calcaneus (70.8%, 669/934) and the knee (68.2%,
667/934). Calcaneus and cervical methods proved to be fastest at 17.7s (95% confidence
interval, 16.0s to 19.38s & 26.5s (95% CI, 22.16s to 30.75s), respectively, with Oxford hip the
slowest at 82.0 s (95% CI, 76.12 to 87.88s). Difficulties included: regions lying outside of the
image - assessment was difficult or impossible in upper cervical vertebrae (46/934 images
4.9%) and calcaneus methods (144/934 images, 15.4%); position: lower step length was
associated with difficult lateral knee assessment & head/hand position with cervical evaluation;
and resolution: in the higher stages of the hip, calcaneal and knee methods.

Conclusions: Hip, iliac crest and cervical regions can be assessed on the majority of EOS scans
and may be useful for retrospective application. Calcaneus evaluation is a simple and rapidly
applicable method that may be appropriate if consideration is given to include full imaging of

the foot.
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2
Level of Evidence: Level III — Study of Non-consecutive patients (without consistently

applied reference "gold" standard)

Keywords: Bone age, EOS imaging, skeletal maturity, bone growth, Risser.

Introduction:

Skeletal maturity is of interest to the paediatric orthopaedist, particularly in timing and

treatment of scoliosis and leg length discrepancy|[1].

While the EOS scanner has recently gained popularity in the assessment of scoliosis due to its
low radiation dose [2,3], the position required for spinal imaging does not permit evaluation of
the hand or wrist (see figure 1), the region favoured by more than 97.6% of US paediatric
radiologists for assessing 3-18 year-olds [5]. While the Risser system can be applied, the first
stage typically occurs after onset of peak height velocity and as such is only useful for

predicting the end of the risk period for curve progression[5,6].

In the present study we aimed to identify and present promising alternative bone age methods

that may be of use to the clinician working with the EOS, and to evaluate their reliability and

usability.

Materials & Methods

Literature Review
A Pubmed search was conducted on March 30 2016 using terms “bone age”, “skeletal age”

and “skeletal maturation”, and 185 different methods were identified (see Supplementary Table

1 for a comprehensive list). Nine promising methods were selected:
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1. Calcaneus[7];

2. Cervical vertebrae[8];

3. Clavicle[9];

4. Shoulder[10];

5. Elbow[11];

6. Firstrib[12];

7. Oxford Hip[13];

8. [Iliac apophysis and tri-radiate cartilage: Risser ‘plus’ method[14];

9. Knee[15].

After discussion, clavicle, rib, and elbow methods were not included due to insufficient
resolution (clavicle) or severe shadowing of landmarks due to patient position in the EOS (first
rib, elbow).
Pilot Study
Three graders (one orthopaedic resident and two PhD candidate medical doctors) were given
text and pictorial descriptions of the remaining methods and trained with assistance of a senior
orthopaedic specialist and a senior radiologist. 13 normal children aged 3-16 were randomly
selected from our database of EOS scans taken during 2007-2016 and images evaluated by
each method three times by the three observers, on separate days.
Method Testing
After pilot study five methods (see Figure 2a-¢) were assessed based on:
(1) Reliability: 30 images were randomly selected and assessed three times by each
of the three observers, on three separate days, and intraclass correlation coefficient
(ICC) estimated.
(2) Difficulty of Assessment: methods were assessed based on a four-point Likert

scale: ‘1’ easy - method was easy to apply; ‘2° moderate - some minor exposure
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problems or minor obstruction, but evaluation could confidently be made; ‘3’

difficult - significant obstruction, image partially cut eg. 1/3 or less of a landmark

obscured or not visible, such that assumption must be made; ‘4’ impossible —

landmark not in image or totally obstructed. In the hip and knee methods, if the

sum of problematic landmarks exceeded 2 or 3, respectively, then the whole image
was regarded as ‘difficult’.

(3) Speed: Two observers used digital timers to record evaluation time with each

method during their final 200 randomised images.

EOS images of disease-free children and adolescents were retrospectively collected from our
database taken during normal clinical practice from 2007-2016, a total of 7108 full body image
pairs. Selection criteria were: individuals aged 4-24 years old; absence of any disorder or
previous surgery affecting skeletal anatomy; absence of movement artefacts. Individuals from
age group 17-24 were limited to 50 per year (25 males and 25 females). 59 images were
damaged or missing from our database resulting finally in 934 disorder-free individuals.

Image-pairs were randomised and assigned equally to the three graders.

For randomisation and selection, Microsoft Excel v14.0.6112.5000 (Microsoft Corp.,
Redmond, WA) software was used. Consent at the time of imaging was attained from all
individuals, or their guardians. Institutional Review Board ethical permission was granted for

this study and all work was in accordance with the Declaration of Helsinki.

For a deeper description of methods applied, see Supplementary Figure 1.
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Results

Literature Review

Online search yielded 4758 articles: “bone age” returned 3230 results, “skeletal age”: 808, “and
“skeletal maturation”: 1153. Duplicate (433) or irrelevant articles (516) and publications in
which the method was unlisted (555), absent from the abstract (foreign language articles) (500)

or the article could not be located (330) were removed, leaving 2857 articles.

Pilot Study

After pilot study, the shoulder method was no longer included as observers found serious
difficulties evaluating the region in 54-72% of scans. Only one of the three required landmarks
were found to be assessable in 23-38% of scans (3-5 of 13 scans), the apex/ angle of the
coracoid process was not visible in 15-38% (2-5 of 13 scans) in addition to low satisfaction

reported by observers using the method.

Plantar sesamoid identification is recommended to assist with the calcaneal method, however
sesamoids could not be clearly identified in any scans, and a ‘possible’ presence reported in
four of 13 scans. Identification difficulties were partly due to the absence of the dorso-volar
plane in EOS images but also due to deterioration of image resolution at the inferior image
edge. In one incidence a patient with conventional X-ray of the foot taken at the same time
received a negative report on the presence of sesamoids after EOS review, despite their clear

presence with conventional image.

All other methods could be assessed satisfactorily.

Primary study

Bone ages of individuals with each method are shown in Figure 5a-e.
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1. Reliability

We previously reported excellent inter- and intra-observer reliability values using the cervical
vertebral method[16], and excellent values were also found with calcaneus, Risser ‘plus’
system and Oxford hip methods[17]. The knee method, although ‘good’, was not as reliable.

ICC values are shown in Table 1.

2. Difficulty of Assessment (see figure 3a-e, Table 2)

The Risser ‘plus’ system received the most favourable ratings with 89.5% of scans (836/934)
receiving an ‘easy’ rating and a further 9.2% of scans (82/934) rated ‘moderate’. Similarly, the
Oxford hip method and cervical methods saw good ratings with 78.6% & 79.0% rated ‘easy’
and 13.6% and 11.1% rated ‘moderate’, respectively. The calcaneus method exhibited the
highest number of unevaluable scans (6.2% or 58 scans) with the most common cause being
that the feet were not imaged (49 scans) or that feet overlapped to an extent that made them

unevaluable (seven scans).

The knee method received the lowest number of ‘easy’ ratings at 68.2% of scans (637/934) and
23.7% of scans (221/934) were reported to have moderate difficulty. Problems with the knee
method were distributed almost equally between regions: local problems were reported in
39.6% of cases to be due to the femur, 36.5% tibia, and 23.9% fibula. Reported causes behind
problematic scans (297) were predominantly: resolution (36.4%, 108/297), uncertainty (25.6%,
76/297), position (20.2%, 60/297) or other (16.8%, 50/297). Uncertainty was reported in 76
images (25.6% of problematic cases) as the original description was felt to be lacking in precise

differentiation between the stages, particularly between Stages 3 and 4.

3. Evaluation time (See Figure 4)
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Methods with fewer stages had shorter evaluation times. The six-stage calcaneus method was
found to be the fastest at just 17.7 seconds, significantly quicker than the next fastest, the
similarly six-stage cervical method’s 26.5s (independent t-test, p<0.05). The Oxford hip
method was the slowest, sometimes taking more than four minutes due to the nine regions of
interest to be evaluated, and uncertainty due to problems with lesser trochanter visibility (see

discussion).

Discussion

Since its’ introduction 12 years ago, the EOS Scanner has seen increasing popularity in clinics
across Europe and North America with more than 300 systems installed in 34 countries[18].
Our study aimed to highlight alternatives to traditionally recommended systems for bone age
estimation and to evaluate compatibility with the recommended patient position of the EOS

scanner (Table 3).

After assessment, three of the methods were more satisfactory and will be highlighted.

The Risser ‘plus’ system combines European and American Risser systems with tri-radiate
cartilage evaluation and has been included in the recommendations of the Scoliosis Research
Society since 2014[14]. Our raters reported the highest number of ‘easy’ scans with this method
(89.5%) and excellent reliability ICC scores. Furthermore, it was a relatively fast method (mean
evaluation 30.1s). The Risser system without inclusion of tri-radiate cartilage evaluation is not
recommended: Stage 0+ started at 6.55 years old with median 11.75, in comparison with 7.29
years old (or 11.53 years old when 1 outlier was excluded) at first presentation of Stage 1.
Resolution was a moderate issue in 59 cases, predominantly due to difficulty with identifying

the ending of fusion of the iliac apophysis - 40 of these images were Risser 4 or 5. The number
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of unevaluable images was lower than that reported with Bone Xpert software, Martin et al.
reported seven of 1097 images (0.64%) could not be initially evaluated due to insufficient
image quality, contrast or size[19]. The Risser system had a rejection rate of 0.32% (3/938)
and similarly low were the knee 0.11% (1/938), and Oxford hip methods 0.21% (2/938). The
calcaneus and cervical methods had considerably higher numbers of unassessable scans (8.9%,

4.2%).

The calcaneus method is a new method[7] and returned mixed results. While difficulties were
noted in a large number of scans (29.2% or 273/934), 52% of these were due to calcanei being
partially or totally cut off at the time of image capture rather than due to difficulty with the
scan itself. Foot positioning also caused difficulty, with overlap of the feet being the cause of
22.7% of those with moderate difficulty. That being said, this method was found to be the
fastest (17.7s) and raters reported high levels of satisfaction, as it was easy to learn, use and
remember. In the original description inclusion of plantar sesamoid evaluation is
recommended, but due to the absence of the dorso-plantar plane and significant overlap
between feet on the lateral image it was not felt to be reliable and it was not included in our
assessment. The calcaneus method is based on the historical Greulich-Pyle ‘Brush’ population
and Li et al recommended mild corrections for interpretation with modern children, as they
found Stage 3 and 4 girls were delayed by 0.64 and 0.58 years, respectively, compared to the
historical population[20]. Our study showed similar delays, of 0.94 and 2.2 years in Stage 3
and 4 females, and even Stage 4 boys of 1.61 years, however as both these studies were
retrospective, this is possibly in part due to an artificial elevation of values compared to serial

studies in which the earliest scan at each bone age stage can be identified.

The Oxford hip method, first described in 1957[13] consists of evaluation of nine different

landmarks and as a result was the slowest method used with a mean 82s per evaluation. The
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9
45-point scoring system however makes it a favorable instrument in a scientific setting, in
which precision and a finer gradation of maturity is of more importance than time taken for
evaluations. However, with experience the mean time taken reported by our raters was faster
than the two most popular hand-wrist methods: the TW2 method has been reported to take an
average 7.8 minute for evaluation, while the Greulich-Pyle method, is estimated to take 1.4
minutes per image[21,22]. In 40.9% of scans (382/946), observers reported some degree of
difficulty in evaluating the lesser trochanter, in comparison with the femoral head (8.7%)
greater trochanter (8.4%), ilium (7.4%) and tri-radiate cartilage (2.8%). A modified version
consisting of 5 landmarks has been described in risk assessment of slipped capital femoral
epiphysis[23,24] occurring in a contralateral limb. When we evaluated the method based on
just these 5 parameters, a greater number of scans had favorable ratings (83.9% vs. 78.6% were
rated ‘easy’, and 11.5% vs. 13.6% rated ‘moderate’). The inclusion of the lesser trochanter in
this abbreviated method continued to cause problems, however, and so it’s omission may be

considered, as other authors have suggested [23].

Common problems encountered:

Step Length

While lower step length was reported subjectively to cause problems in assessment of the knee
and calcaneus, only a mild inverse correlation was found with ratings when assessed by
Spearman correlation (-0.100, p<0.05) in the case of the knee, and no significant correlation
with the calcaneus (p=0.202). A significantly lower average step length however was found in
those where the lateral knee image was reported as unevaluable, due to the overlapping
contralateral knee (58.31cm + 46.95 vs. 78.45c¢cm £53.5)

Resolution

While the EOS image resolution is satisfactory for most structural evaluations, some of the

features evaluated are very fine, and problems were specifically reported with: assessing
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trabecular continuity in the knee, and determining whether fusion was almost complete or had
fully completed in calcaneus (Stage 4 vs. 5), knee (3 vs. 4) and femoral head (stage 6 vs. 7).
Image size
As a result of physician personal preference many of our images were not full body-length
images, rather they excluded part or all of the upper cervical vertebrae (partly in 20, completely
in 26 cases) or calcaneus (partly in 95 cases, completely in 49). Furthermore, the posterior
calcaneal pole of the posterior foot often lay partially outside of the image. While this problem
cannot be corrected retrospectively, ensuring that future scans include these areas is easily
achievable.

Position

The cervical method was affected by variations in head and hand position in 77 scans. The
most common causes were: lateral head tilt (37 images) leading to moderate (24), difficult (11)
or impossible evaluations (2); hand/fingers partially covering the upper cervical vertebrae in
30 images (patients with an open hand often placed their thumb posteriorly, leading to
shadowing over C2 and even C3 vertebrae) leading to moderate (13), difficult (11) or

impossible evaluations (six).

This study has a number of limitations. Ratings are subjective judgements carried out by human
observers in an effort to elucidate which methods are ‘better’ or ‘more suitable’ — a hard
concept to define. The rating system used may also have favoured methods that use more
landmarks, as an ‘impossible’ rating was less likely in such cases. We endeavoured however
to include our experiences and likely pitfalls when using each method to be more informative

to the reader.

Jackson et al. recently reported on altering hand position to assess bone age in EOS images,

however, they noted that this “may alter the spinal alignment and affect sagittal balance or
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shoulder height”, which was neither controlled form, nor measured[25]. In our clinic, attempts

to alter upper limb position resulted in altered thoracic and cervical spine position and so were

halted (unpublished data).

Our findings supported the continued use of the Risser system but with the inclusion of tri-
radiate assessment as per the recommendations of the Scoliosis Research Society. The Oxford
hip method took the greatest time to apply, its fine scale and broad age range coverage suggests
its use is appropriate for a research environment, although it may be simplified by omission of
the lesser trochanter, as suggested by other authors[23]. While the calcaneus method was not
always applicable for retrospective examination of our EOS images, it may serve to be a very
useful and easy-to-remember alternative for maturity assessment, if efforts are made to ensure

to capture the foot and calcaneus during image capture.
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Figure Legends

Fig. 1. Patient position inside the EOS 2D/3D scanner. (Illustration used with permission

from EOS Imaging, Paris, France).

Fig 2. (a-e). Pictorial illustration of five bone age estimation methods. (a) Calcaneus, (b)
Cervical, (c) Knee, (d) Risser Plus and (e) Oxford Hip methods. See Supplementary Figure 1
for more in depth description of each method. (Reproduced from O’Sullivan et al.[17],

creative commons license https://creativecommons.org/licenses/by/4.0/legalcode).

Fig 3. (a-e). Difficulties reported during image assessment with each method. Difficulties
were grouped as those due to technical difficulties e.g. landmark(s) lying outside of the edge
of the image; resolution issues, insufficient resolution to assess image easily; positioning -
landmark not visible, or not clearly visible due to limb rotation or shadowing; and if rater was

‘unsure’ due to problems with method description.

Fig. 4: Timing data for each of the Bone Age Methods.

Fig. Sa-e: Distribution of Chronological Ages at each Bone Age Stage with each method.

Gender is shown at each stage.

Supplementary Fig 1: Alternative Bone Age Methods Evaluated Summaries of the six
methods applied in pilot study. See original articles for full details of the individual methods.
(All illustrations, unless otherwise stated, are reprinted from O’Sullivan et al.[17], creative

commons license: https://creativecommons.org/licenses/by/4.0/legalcode).

(a) Cervical Bone Assessment as per Hassel & Farman (1995) (Adapted with permission

from Schlégl et al.[16]). I. Initiation: the inferior borders of C2, C3 and C4 are all flat. Upper
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borders taper from posterior to anterior giving the body a wedge shape. 2. Acceleration: C2
and C3 develop concavities in their inferior borders, while that of C4 remains flat. Bodies of
C3 and C4 are almost rectangular in shape. 3. Transition: Concavities in C2 and C3 are now
deeper and distinct with C4 beginning to develop a concave inferior border too. Bodies of C3
and C4 are rectangular in shape. 4. Deceleration: C2, C3 and C4 all have distinct concavities
in their inferior borders, and the bodies of C3 and C4 are becoming more square in shape. 5.
Maturation: Concavities of C2, C3 and C4 are more accentuated in the inferior borders, and
C3, C4 bodies are almost square or square in shape. 6. Completion: Deep concavities are found
in the inferior borders of C2, C3 and C4 and the bodies are square or column-like, with a

vertical dimension greater than their horizontal dimension.

b. Shoulder Assessment as per Shaefer et al. (2015)

Assessment is performed on three regions of the shoulder and scores or ‘phases’ can be
compared to age values from 10-24 years old. (i) Proximal Humerus - /. Open union: A
continuous radiolucent line at the proximal humerus epiphyseal plate is visible. 2. Fusing:
Epiphyseal fusion is imminent, indicated by central haziness, or is in process. Peripheral
radiolucent lines are visible; 3. Unfused notch: Near-complete fusion with only peripheral
notches visible, most commonly under the greater tubercle.; 4. Complete union: No
radiolucency remains. A radiopaque line may persist indicting the site of fusion. (ii)
Acromion - Phase (. Not present: No apophysis is observed. The acromion is marked by a
rounded; Phase I Present, open or fusing: The apophysis is present and a radiolucent line is
clearly visible. Phase 4 Complete union: No line of radiolucency is evident. (iii) Angle/apex:
Phase 1. Present; Phase 2. Open or fusing: The apophysis is clearly visible sitting on top of,
or at the tip of, the coracoid process. A radiolucent line is clearly visible. (Note: Only the
proximal Humerus can be described by 4 distinct phases).

(¢) Risser ‘Plus’ Method as per Negrini et al (2015).
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Risser 0-: Open triradiate cartilage, Risser 0+: Fused triradiate cartilage, Risser 1: 10-25%
coverage of iliac crest, Risser 2: 25-50% coverage, Risser 3: 50-75% coverage, Risser 3/4.
75-100% coverage, Risser 4: Fusion started, Risser 5: Fusion completed.
(d) Oxford Hip Method from Acheson (1957).
Nine regions are assessed as per pictorial below and values scores summed: femoral head,
greater trochanter, lesser trochanter, iliac crest, ischium, ischio-pubic junction, pubic bone,
acetabulum and tri-radiate cartilage. The five regions assessed in the abbreviated or
‘modified’ version of this method are marked with an asterisk (*) (Stasikelis et al. 1996[23]).
(e¢) Knee from O’Connor et al. (2008).
Stage 0. Non-Union: clear radiolucent strip between both sides of epiphyseal plate, Stage 1.
Beginning Union: very narrow radiolucent strip, central hazy/ blurring as fusion starts (<50%
of gap); Stage 2. Active Union: ‘Capping’ as epiphysis overlap the metaphysis. Fusion line/
area of greater density area where fusion is taking place. Some areas of radiolucency remain,
but fusion area is >50% of gap. Stage 3. Recent Union: Fine line of fusion remains but
epiphysis and metaphysis are united (so-called ‘complete capping’). May be small notches at
margins of <2mm. Discontinuity of trabeculae between former epiphysis and diaphysis. Stage
4. Complete Union: mature bone, with no notches at margins, and continuous trabeculae. A
thin terminal line or ‘epiphyseal scar’ may remain at the site of the epiphyseal plate.
(f) Calcaneus. Adapted from Nicholson et al. 2015.
Stage 0: No ossification can be seen. Stage 1: The apophysis covers < 50% of the metaphysis.
Stage 2: The apophysis covers > 50% of the metaphysis but has not reached the plantar edge.
Stage 3: Apophysis is within 2 mm of the plantar edge of the calcaneal concavity, as shown
by the black arrow. Stage 4: Fusion taking place, but not yet complete as areas of
radiolucency visible on dorsal and plantar edges. Fusion starts in the central area of the

apophysis. Stage 5: Fusion is complete.



Table (No Excel Files. Upload MS Word doc)

Table 1. Reliability: Inter- and intra-observer reliability assessed by Intraclass Correlation
Coefficient calculation. Those with ICC >0.9 were regarded as ‘excellent” and marked with
bold script (ICC = intraclass correlation coefficient). Minimum and maximum intra-observer

reliability values are shown only. (Reproduced from O’Sullivan et a
license https://creativecommons.org/licenses/by/4.0/legalcode)

1'23

, creative commons

reliability

Calcaneus Cervical Knee Oxford Hip Risser Plus
Inter-observer 0.945 0.976 0.865 0.902 0.94
reliability
Intra-observer | 923 0999 | 0.949.0959 | 0.841-0.956 0.949-0.993 0.982-0.969



https://creativecommons.org/licenses/by/4.0/legalcode

Table 2. Difficulty of Evaluation with each Bone Age Method

Easy | Moderate | Difficult | Impossible | Easy | Moderate | Difficult | Impossible
Calcaneus 661 132 83 58 70.8% 14.1% 8.9% 6.2%
Cervical 738 104 53 39 79.0% 11.1% 5.7% 4.2%
Knee 637 221 75 1 68.2% | 23.7% 8.0% 0.10%
Oxford Hip | 734 127 71 2 78.6% 13.6% 7.6% 0.20%
Risser Plus | 836 86 9 3 89.5% 9.2% 1.0% 0.32%

Summary of observer scan ratings using 4-point Likert scale as follows: ‘Easy’; ‘Moderate’:
some minor exposure problems or minor obstruction, but evaluation could confidently be
made; ‘Difficult’: significant obstruction, image was partially cut off eg 1/3 or less of a
landmark obscured or cut, such that assumption must be made; ‘Impossible’ — landmark of
interest outside of image or totally obstructed.

(The knee and oxford hip methods are composed of multiple landmarks and so when the overall
scan was good but individual problems with landmarks were found. they were summed such
that problems with 2 landmarks=rating of ’2’ and >3 = rating of ‘3’. Similarly if difficulties
were only reported with 1 of the 3 landmarks. the scan was rated as 2’.)



Table 3. Advantages and disadvantages of methods assessed.

Calcaneus Cervical Knee Oxford Hip Risser Plus

Reliability Excellent (0.945) Excellent (0.976) Good (0.865) Excellent (0.902) Excellent (0.940)

Readability 70.8% of scans 70.8% of scans 68.2% of scans 78.6% of scans 89.5% of scans

eas(i)ly assessable, easily assessable easily assessable easily assessable easily assessable

6.2% of scans (highest rated)

unassessable

Image length Image length Step length: Complicated:

affected affected can influence large no. of
readability: readability: EOS readability of regions must be

Image must cover image must cover lateral evaluated.

entire length of entire length of radiographs. Modified

lower limb or not cervical spine or Resolution: Oxford:

possible not possible harder to simplified 5-

Resolution: can Positioning: evaluate region method

be difficulty (i) Head tilt can features may be superior
distinguishing the lead to mild important in for the

timing of end of difficulties. more mature clinician,

fusion (stage 4 vs. (ii)Hand position stages however,

5). can obscure (trabecular omission of
vertebrae making continuity, end lesser
evaluation of fusion) trochanter may
difficult or be required.
position (strict
EOS protocol
must be applied!)

Speed Fastest method Fast (26.5s) Slower (80.9s) Slowest method Fast (30.1s)
(17.1s) (825)

Age Range Broad age Broad age range Broad age range Broadest age Stages start later
range: (4.32 - (4.73 - 13.57y) (5.07 - 15.02y) range (4.0 - than other
11.03y) 15.08 y) methods

(6.55-15.27y)

Other Simple & Easy High rater Low rater High rater High rater
to learn satisfaction satisfaction satisfaction satisfaction
High rater though time Familiar to
satisfaction consuming. orthopaedic

physicians

Reliability values listed above are intraclass coefficient estimates of inter-observer reliability,
see Table 1 for intra-observer coefficient values. Age range describes the chronological of
first recorded incidence of 2" stage within each system and the first incidence of the highest

stage.




Supplementary Table 1. Bone Age Methods in the Scientific Literature 1931 - 2016.
Summary table of all bone age and dental age methods encountered during literature
review. The website pubmed.gov was accessed on 2016.03.30 and searched using keywords
"bone age", "skeletal age" and "skeletal maturation" without any restrictions on date or
language. After 433 duplicates were removed, all 4758 abstracts were reviewed for bone age
methods used and articles accessed if not listed in the abstract. Original articles describing each
method were sought if not included in the original list. Citation number as per google scholar
(scholar.google.com) were collected at the time of preparing this table (2019.10.09). 'Article
not found': In some cases the article could not be found despite attempts to locate it, 'Foreign
Language [language]': search did not exclude foreign language inclusions, as a result some
lesser known methods are included, which were not described in English, and could not be
located. Three methods included were described after the original search date(marked *),
however due to their potential future interest to bone age investigators they have been included.
One method was included that was not returned in the search (marked ), but encountered
during the course of the research and was included in the interest of completeness. (AP:
Anteroposterior, CT: Computed tomography, GP: Greulich-Pyle Atlas, HF: Hassel-Farman
method, mo: months, MR: Magnetic resonance, y: years)



Region Author Year of  Type Citations Modality Image type No. of Stages ~ Summary of Method Reference
Pub.
Ankle & Hoerr, Pyle, 1962 Atlas 5 X-ray Lateral & AP 31 ages Atlas method of ankle and foot. Hoerr NL, Pyle SI, Francis CC.
Foot Francis Foot Radiological Atlas of the Foot
and Ankle. Charles C Thomas,
Springfield,. 1962.
Calcaneus Nicholson 2015  Scoring 20 X-ray Lateral foot 6 stages Calcaneal apophysis is scored based ~ Nicholson AD, Liu RW,
on presence, extent and state of Sanders JO, Cooperman DR.
fusion. Relationship of Calcaneal and
Iliac Apophyseal Ossification
to Peak Height Velocity
Timing in Children. J Bone Jt
Surg. 2015;97(2):147-154.
Sherif 2003  Scoring 3 Ultrasound  Ultrasound Linear scale Normal range of calcaneal volume Sherif H, Noureldin M, Bakr
values in a 0-6 year old Egyptian AF, Mahfouz AE. Sonographic
population have been presented, as Measurement of Calcaneal
measured by ultrasound. Volume for Determination of
Skeletal Age in Children. J
Clin Ultrasound.
2003;31(9):457-460.
Cervical Alhadlag & 2013 Scoring 6 X-ray Lateral 5 stages Angular based method: user traces Alhadlaq AM, Al-shayea EI.
Al-shayea cephalogram C2-C3-C4 and calculates the angles New method for evaluation of
between a line running along the cervical vertebral maturation
base, and the highest point of the based on angular
inferior concavity. 5 stages were measurements. Saudi Med J.
identified correlating to Baccetti's 2013;33(4):388-394.
method. Only males.
Baccetti: 6- 2002  Scoring 655 X-ray Lateral 6 stages Second to fourth cervical vertebrae Baccetti T, Franchi L,
stage cephalogram are assessed by morphology: height, ~ McNamara Jr JA. An
inferior curvature and shape. “CS” improved version of the
or “cervical stage” method. cervical vertebral maturation
(CVM) method for the
assessment of mandibular
growth. Angle Orthod.
2002;72(4):316-323.
Baccetti 2012 Scoring 11 X-ray Lateral 6 stages User selects 13 landmarks on C2-C4 ~ Baptista RS, Quaglio CL,
modified: cephalogram indicating anterior inferior, Mourad LMEH, et al. A semi-
Semi- posterior inferior, anterior superior automated method for bone
automated (C3 & C4 only) and posterior age assessment using cervical
superior points (C3 & C4 only), and vertebral maturation. Angle
the highest point of the inferior Orthod. 2012;82(4):658-662.
concave. Stages as per Baccetti are
then applied using computer
software.
Baccetti 2015 Scoring 29 CT Cone-beam CT 6 stages Lateral cephalogram generate from Angelieri F, Franchi L,
modified: CT CBCT and evaluated. Cevidanes LHS, McNamara Jr
JA. Diagnostic performance of
skeletal maturity for the
assessment of midpalatal
suture maturation. Am J
Orthod Dentofac Orthop.
2015;148(6):1010-1016.
Baccetti 2006  Scoring 23 X-ray Lateral 5 stages Sixth stage is not included. Santos ECA, Bertoz FA,
modified: 5 cephalogram Arantes FDM, Reis PMP,
stage Bertoz APDM. Skeletal
maturation analysis by
morphological evaluation of
the cervical vertebrae. J Clin
Pediatr Dent. 2006;30(3):265-
270.
Caldas 2007  Scoring 42 X-ray Lateral Linear Based on a formula, reader traces Caldas M de P, Ambrosano
cephalogram regression and then measures height, width, GMB, Haiter Neto F. New
equation angle etc. formula to objectively evaluate
skeletal maturation using
lateral cephalometric
radiographs. Braz Oral Res.
2007;21(4):330-335.
Caldas 2010  Scoring 25 X-ray Lateral Linear Based on a formula, selects Caldas M de P, Bovi
modified: cephalogram regression landmarks indicating Ambrosano GM, Neto FH.
Semi- equation anterior/posterior and Computer-assisted analysis of
automated superior/inferior poles, and software  cervical vertebral bone age
calculates bone age based on using cephalometric
Caldas' equation. radiographs in Brazilian
subjects. Braz Oral Res.
2010;24(1):120-126.
Chen 2008  Scoring 64 X-ray Lateral 4 stages So-called "Quantitative cervical Chen L-L, Xu T-M, Jiang J-H,
cephalogram morphology" or QVCM. Tracings Zhang X-Z, Lin J-X.
of C3, C4: ant height, posterior Quantitative cervical vertebral
height, middle height and maturation assessment in
superior/midline/inferior adolescents with normal
anteroposterior length. Formula occlusion: a mixed
made based on these can calculate longitudinal study. AmJ
SMI (as used in Fishman maturity) Orthod Dentofac Orthop.
2008;134(6):720-e1.
Franchi 2000  Atlas 420 X-ray Lateral 6 stages Cervical vertebral morphology are Franchi L, Baccetti T,

cephalogram

assessed at C2-C6. Baccetti et al.
method is based on a abbreviated
system.

McNamara JA. Mandibular
growth as related to cervical
vertebral maturation and body
height. Am J Orthod Dentofac
Orthop. 2000;118(3):335-340.



Harfin

Hassel-Farman

Hassel-Farman
modification:
C3 only

Hassel-Farman
modification:
Semi-
automated

Hassel-Farman
modification:
3D-CT

Lamparski

Mito

Rhee

San Roman

Santiago

Su

Varshosaz

Yang

2008

1995

2005

2015

2016

1972

2002

2015

2002

2014

2006

2012

2014

- 3 X-ray
Scoring 713 X-ray
Scoring 26 X-ray
Scoring 3 X-ray
Scoring 6 CT
Scoring 17 X-ray
Scoring 180 X-ray
Scoring 2 CT
Scoring 254 X-ray
Scoring 5 X-ray
Scoring 0 -
Scoring 9 X-ray
Scoring 8 CT

Lateral
cephalogram

Lateral
cephalogram

Lateral
cephalogram

Lateral
cephalogram

Lateral image
3DCT

Lateral
cephalogram

Lateral
cephalogram

Cone-beam CT

Lateral

cephalogram

Lateral
cephalogram

Lateral
cephalogram

Cone-beam CT

6 stages

6 stages

6 stages

6 stages

6 stages

Linear
regression
equation

Linear
regression
equation

Linear
regression
equation

4 stages

Linear
regression
equation

Linear
regression
equation

Linear
regression
equation

Not found - foreign language
[Polish]

C2-C4 morphology based on shape,
inferior curve depth, and height.

HF method, only assessing C3.

Software assisted. Physician traces
the vertebrae, and it helps estimate.

HF method, using lateral aspect as
generated from 3D CT images.

First cervical morphology method
described.

C3 & C4 tracings made and
measurements of anterior height,
posterior height, midpoint height
and anteroposterior length. Equation
made based on these.

C2-C4: 8 points per vertebra, 6
points on odontoid process. Linear
regression generated equations

C3 & C4: equation based on stages
of 3 features: inferior concavity (6
stages), vertebral shape (6 stages)
and height vs. width (6 stages).

User selects 13 landmarks on C2-C4
indicating anterior inferior,
posterior inferior, anterior superior
(C3 & C4 only) and posterior
superior points (C3 & C4 only), and
the highest point of the inferior
concave. Stages as per Baccetti are
then applied using computer
software. Stages correlated to
Fishman SMI 1:1-3, 2: 4-7, 3: 8-9,
4:10-11.

Description in Chinese: Abstract -
equation based on vertebral anterior
height, height, anteroposterior
length of C3 and C4.

Anterior height of C4 measured and
used as part of equation. 91 Iranian
individuals aged 8-18 years

C1-C4: Axial images generated and
23 points selected across the
vertebrae, (most anterior point,
posterior point etc). Linear
regression derived equations could
then be applied to establish bone
age. Equations not shown in paper,
though they find several regions

Harfin, J.F., Kahn de Gruner,
S.E., Porta, G. and Kaplan, A.,
2008. Nowy sposob okreslania
wieku szkieletowego oparty na
wtornych osrodkach kostnienia
kregoéw szyjnych. In Forum
Ortod (Vol. 4, No. 2, pp. 33-
43).

Hassel B, Farman AG. Skeletal
maturation evaluation using
cervical vertebrae. AmJ
Orthod Dentofacial Orthop.
1995;107(1):58-66..

Seedat AK, Forsberg CD. An
evaluation of the third cervical
vertebra (C3) as a growth
indicator in Black subjects.
SADIJ. 2005
May;60(4):156,158-60
Dzemidzic, V., Sokic, E., Tiro,
A. and Nakas, E., 2015.
Computer based assessment of
cervical vertebral maturation
stages using digital lateral
cephalograms. Acta
Informatica Medica, 23(6),
p.364.

Bonfim MAE, Costa ALF,
Fuziy A, Ximenez MEL,
Cotrim-Ferreira FA, Ferreira-
Santos RI. Cervical vertebrae
maturation index estimates on
cone beam CT: 3D
reconstructions vs sagittal
sections. Dentomaxillofacial
Radiol. 2016;45(1):20150162.
Lamparski DG. Skeletal age
assessment utilizing cervical
vertebrae. 1975;67(4):458-459.
Mito T, Sato K, Mitani H.
Cervical vertebral bone age in
girls. Am J Orthod Dentofac
Orthop. 2002;122(4):380-385.

Rhee CH, Shin SM, Choi YS,
et al. Application of statistical
shape analysis for the
estimation of bone and forensic
age using the shapes of the
2nd, 3rd, and 4th cervical
vertebrae in a young Japanese
population. Forensic Sci Int.
2015;257:513.e1-513.¢9.
Roman PS, Palma JC, Oteo
MD, Nevado E. Skeletal
maturation determined by
cervical vertebrae
development. Eur J Orthod.
2002;24(3):303-311.

Santiago RC, Cunha AR,
Junior GC, et al. New software
for cervical vertebral geometry
assessment and its relationship
to skeletal maturation-a pilot
study. Dentomaxillofacial
Radiol. 2014;43(2).

SulL, Li Y, Wang HM.
Cervical vertebral bone age
during puberty. Zhonghua kou
qiang yi xue za zhi= Zhonghua
kouqiang yixue zazhi= Chinese
J Stomatol. 2006;41(12):728-
729.

Varshosaz M, Ehsani S, Nouri
M, Tavakoli MA. Bone age
estimation by cervical vertebral
dimensions in lateral
cephalometry. Prog Orthod.
2012;13(2):126-131.

Yang Y, Lee J, Kim Y, Cho B,
Park S. Axial cervical
vertebrae- based multivariate
regression model for the
estimation of skeletal-
maturation status. Orthod
Craniofac Res.
2014;17(3):187-196.



Clavicle

Cranial

Kreitner

Schmeling: 5
stage

Schmeling
modified: 4
stage

Schmeling
modified: MR

Schmeling
modified: 4
stage

Schmidt

Schulz

Lottering

Lottering

Bassed

Shirley &

Jantz

Franklin &
Flavel

1998

2004

2015

2010

2010

2007

2008

2015

2016

2010

2011

2014

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

249

296

87

179

133

99

22

78

CT

X-ray

CT

MR

CT

MR

Ultrasound

CT

CT

CT

CT

CT

Multi-slice CT

Chest X-ray

Multi-slice CT

MR

Thin slice CT

MR

Ultrasound

Multi-slice Head
CT

Cranial/ cervical
multi-slice CT

Multi-slice CT

Cone-beam head
CT

Multi-detector CT

3 stages

S stages

4 stages

5 stages

9 stages

4 stages

4 stages

6 stages

24 stages,
different region:
(total 19).

5 stages

3 stages

4 stages

alone were correlated well with
maturation.

Appearance, partial fusion and
complete fusion of medial
epiphyseal ossification center.

Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused, in addition to a further
fifth stage when no scar can be
seen.

Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused (independent of
presence or absence of scar) some
studies such as Zhang et al. have
used this 4 stage method.

Initial 4 stages based on common
schema: non-fused, fusing, almost
fused, fused, in addition to a further
stage 5 when no scar can be seen.

Second and third stages are
expanded with 3 substages each.

Presence of ossification at the
secondary center, extent and
completion are assessed at the
medial clavicle.

Appearance and fusion of medial
clavicle ossification centre are
assessed, in addition to epiphyseal
plate shape and state of ossification.

6 stages based on Spheno-Occipital
Synchondrosis ossification.

6 fontanelles & osteosynchondrosis
regions are assessed. The time of
closure of each region is described
by as few as 2 or as many as 4
stages.

Ossification extent from superior to
inferior of the spheno-occipital
chondrosis. (Staging modified from
Powell and Brodie, 1963 - forensic
study with X-ray).

The open/fusing/fused state is
assessed at the spheno-occipital
osteochondrosis.

Spheno-occipital osteochondrosis is
evaluated for open/fusing/fused
with scar/ fused with no scar.

Kreitner K-F, Schweden FJ,
Riepert T, Nafe B, Thelen M.
Bone age determination based
on the study of the medial
extremity of the clavicle. Eur
Radiol. 1998;8(7):1116-1122.
Schmeling A, Schulz R,
Reisinger W, Miihler M,
Wernecke K-D, Geserick G.
Studies on the time frame for
ossification of the medial
clavicular epiphyseal cartilage
in conventional radiography.
Int J Legal Med.
2004;118(1):5-8.

Zhang K, Chen X, Zhao H,
Dong X, Deng Z. Forensic Age
Estimation Using Thin- Slice
Multidetector CT of the
Clavicular Epiphyses Among
Adolescent Western Chinese. J
Forensic Sci. 2015;60(3):675-
678.

Hillewig E, De Tobel J, Cuche
0O, Vandemaele P, Piette M,
Verstraete K. Magnetic
resonance imaging of the
medial extremity of the
clavicle in forensic bone age
determination: A new four-
minute approach. Eur Radiol.
2011;21(4):757-767.
Kellinghaus M, Schulz R,
Vieth V, Schmidt S, Pfeiffer H,
Schmeling A. Enhanced
possibilities to make
statements on the ossification
status of the medial clavicular
epiphysis using an amplified
staging scheme in evaluating
thin-slice CT scans. Int J Legal
Med. 2010;124(4):321-325.
Schmidt S, Miihler M,
Schmeling A, Reisinger W,
Schulz R. Magnetic resonance
imaging of the clavicular
ossification. Int J Legal Med.
2007;121(4):321-324.

Schulz R, Zwiesigk P, Schiborr
M, Schmidt S, Schmeling A.
Ultrasound studies on the time
course of clavicular
ossification. Int J Legal Med.
2008;122(2):163-167.
Lottering N, MacGregor DM,
Alston CL, Gregory LS.
Ontogeny of the spheno-
occipital synchondrosis in a
modern Queensland,
Australian population using
computed tomography. Am J
Phys Anthropol.
2015;157(1):42-57.

Lottering N, Macgregor DM,
Alston CL, Watson D, Gregory
LS. Introducing Computed
Tomography Standards for
Age Estimation of Modern
Australian Subadults Using
Postnatal Ossification Timings
of Select Cranial and Cervical
Sites. J Forensic Sci.
2016;61(3):39-52.

Bassed RB, Briggs C,
Drummer OH. Analysis of
time of closure of the spheno-
occipital synchondrosis using
computed tomography.
Forensic Sci Int. 2010;200(1-
3):161-164.

Shirley NR, Jantz RL. Spheno-
occipital synchondrosis fusion
in modern Americans. J
Forensic Sci. 2011;56(3):580-
585.

Franklin D, Flavel A. Brief
Communication: Timing of
spheno-occipital closure in
modern Western Australians.



Ertiirk

Dental Cameriere

Demirjian

Demirjian
modified:
Chaillet

Demirjian
modified:
Third Molar
only

Demirjian
modified:
Willems

Demirjian
modified: Four
Tooth
Modification
Gat

Gleiser &
Hunt

Gleiser &
Hunt
modification:
Kullman

Gleiser &
Hunt
modification:
Liversidge

Gustafson &
Koch

Haavikko

Leinonen

1968

2006

1973

2005

1993

2001

1989

1972

1995

1992

2008

1974

1974

1972

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

247

2031

158

500

417

70

442

251

157

432

203

10

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Lateral
cephalogram

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

Lateral
mandibular

Panoramic X-ray

Panoramic X-ray/
Supplementary
apical in some
cases

Panoramic X-ray

Panoramic X-ray

Panoramic X-ray

No stages

Linear
regression
equation

63 stages

63 stages

8 stages

63 stages

36 stages

84 stages

15 stages

7 stages

15 stages

90 stages

6 stages

8 stages

Frontal sinus maximum dimension
height and width measured are
measured and can be compared
against standards.

Open root apices of the teeth are
measured, and summed. Data can be
entered into linear regression
equation.

Seven left mandibular permanent
teeth are rated in the order of the
second molar, first molar, second
premolar, first premolar, canine,
lateral incisors and central incisor
into eight stages [A-H] of tooth
mineralization, stage 0 marks
absence/ non-appearance of a tooth.
All ratings are compared against a
table to give a maturity score per
tooth, which are summed, and then
overall maturity score can be
compared against a developmental
percentile chart for each gender.
"Multi-ethnic weighted score" chart,
that allows use independent of
knowledge of ethnicity.

Third molar only. All 4 evaluated
and averaged.

Updated chart for Belgian children
to avoid overestimation of bone age.

Using just 4 teeth. Based on Finnish
standards.

Fourteen permanent teeth on
mandible and maxilla are scored
from 1-5, excluding the third molar,
and the sum of the values is the
'dental age'.

First right mandibular permanent
molar evaluated.

Third molar root development is
evaluated.

Third molar evaluated based on
progressive stages described by
changes in the crypt, cusp, crown,
cleft, root and apex: applicable on
from 16 years and above.
Emergence and 3 maturation stages
for right lower and left upper teeth
are shown in their diagrams. Values
are compared against a reference
chart which gives weighting, and
corresponding dental age.

Upper and lower first molar, canine,
1st incisor and lower 2nd molar, 1st
premolar and 2nd incisor are scored,
and averaged. This can then allow
division into 6 groups.

Staging applied 0-7 of each
mandibular tooth, the two sides
were averaged.

Am J Phys Anthropol.
2014;153(1):132-138.

Ertiirk, N., 1968. Teleroentgen
studies on the development of
the frontal sinus. Fortschritte
der Kieferorthopadie, 29(2),
pp.245-248.

Cameriere R, Ferrante L,
Cingolani M. Age estimation
in children by measurement of
open apices in teeth. Int J
Legal Med. 2006;120(1):49-
52.

Demirjian A, Goldstein H,
Tanner JM. Demirjian, A., A
New System of Dental Age
Assessment, Human Biology,
45:2 (1973:May) p.211. Hum
Biol. 1973;45(2):211-227.

Chaillet N, Nystrom M,
Demirjian A. Comparison of
Dental Maturity in Children of
Different Ethnic Origins:
International Maturity Curves
for Clinicians. J Forensic Sci.
2005;50(5):1-11.

Mincer HH, Harris EF,
Berryman HE. The A.B.F.O.
Study of Third Molar
Development and Its Use as an
Estimator of Chronological
Age. J Forensic Sci.
1993;38(2):13418J.
doi:10.1520/jfs13418j
Willems G, Van Olmen A,
Spiessens B, Carels C. Dental
age estimation in Belgian
children: Demirjian’s
technique revisited. J Forensic
Sci. 2001;46(4):893-895.
Kataja M, Nystrém M, Aine L.
Dental maturity standards in
southern Finland. Proc Finn
Dent Soc. 1989;85(3):187-197.
Gat H. An evaluation of dental
ages of Norwegian children
from the Bergen area. Univ
Bergen, Bergen. 1972.

Gleiser I, Hunt Jr EE. The
Permanent Mandibular First
Molar: Its Calcification,
Eruption and Decay. Am J
Phys Anthropol.
1995;(13):253-283.

Kullman L, Johanson G,
Akesson L. Root development
of the lower third molar and its
relation to chronological age.
Swed Dent J. 1992;16(4):161-
167.

Liversidge HM. Timing of
human mandibular third molar
formation. Ann Hum Biol.
2008;35(3):294-321.

Gustafson G, Koch G. Age
estimation up to 16 years of
age based on dental
development. Odontol Revy.
1974;25(3):297-306.

Haavikko K. Tooth formation
age estimated on a few selected
teeth. Proc Finn Dent Soc.
1974;70:15-19.

Leinonen A, Wasz-Hockert B,
Vuorinen P. Usefulness of the
dental age obtained by
orthopantomography as an
indicator of the physical age.
Proc Finn Dent Soc.
1972;68(5):235-242.



Elbow

Face

Femur

Foot

Liljeqvist &
Lundberg

Moorrees

Moorrees
modification:
Anderson

Moorrees
modification:
London Atlas

Nicodemo

Nolla

Schour &
Massler

Sauvegrain

Sauvegrain
modified:
Dimeglio
Sauvegrain
modified:
Dimeglio
(Simplified)

Braga

Castriota-
Scanderbe &
De Micheli

Stull

Whitaker

Whitaker

1971

1963

1976

2010

1974

1960

1941

1962

2005

2001

2007

1995

2014

2002

2002

Scoring

Scoring

Scoring

Atlas

Atlas

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

2148

332

577

73

1129

340

53

117

76

58

32

32

27

27

X-ray Full oral series

X-ray Lateral & intraoral
radiographs (two
population
samples combined
therefore differing
radiograph types)

X-ray Panoramic Xray

X-ray Panoramic X-ray

X-ray Panoramic X-ray

X-ray Full oral series

X-ray Panoramic X-ray

X-ray Elbow: AP and
Lateral

X-ray Elbow: AP and
Lateral

X-ray Elbow: Lateral
only

CT CT

Ultrasound ~ Hip Ultrasound

X-ray Femur: AP

X-ray Foot AP & Lateral

X-ray Foot AP & Lateral

8 stages per
tooth

14 stages

14 stages

Atlas

Foreign
Language
[Chinese]

70 stages

21 chronologice

ages

27 points

30 point

8 points

Linear Equatior

Continuous
Scale

Linear
Equation

10 stages

10 stages

8 weighted stages applied based on
dental morphology of crown, root
etc, all teeth evaluated excepting
upper pre-molar and molars.

Mandibular teeth evaluated based

on progressive stages described by
changes in the crypt, cusp, crown,

cleft, root and apex.

Mandibular and maxillary teeth
assessed, applied to as many teeth
as possible and the score averaged.
They provided alternative tables
that some authors prefer.

"London Atlas" combining
emergence data and the Moorress
method, applicable from the first
prenatal trimester to 23 years old.

Foreign Language [Chinese]

Each permanent tooth the left
mandible is rated as per
calcification stage (1-10) and values
summed.

21 stages identified: 2 prenatal
followed by 0 months, 6mo , 9mo, 1
year, 16mo, 2y, 3y, 4y, Sy, 6y, 7y,
8y, 9y, 10y, 11y, 12y, 15y, 21y,
35y.

Lateral condyle, trochlea, olecranon
apophysis and proximal radial
epiphysis evaluated.

Intermediate scores added between
3 points, for a total of 30 points.

Simplified method in which only
olecranon apophysis assessed.

8 foramina identified, computer
applies a cage/ mesh made and the
shape is related to maturity via
linear regression equation.

Femoral head cartilage thickness
measured, decreases with increasing
age and can be compared to table.

Based on femoral measurements,
diaphyseal length can be correlated
reliably with age until 6 years old,
or with multivariate models
entailing predominantly diaphyseal
width for older individuals.
Calcaneus primary and secondary
ossification centers are rated 0-4,
and on their fusion state from 0-4.
All three scores are summed.

All distal phalangeal and proximal
phalangeal primary and secondary
ossification centers are rated 1-4,
and on their fusion state from 1-4.
All three scores are summed and
converted to a 10 point scale.
Uniquely, images were marked with
a special score if ossification was
not visible or obscured due to image
quality or obstruction.

Liliequist B, Lundberg M.
Skeletal and tooth
development: a methodologic
investigation. Acta Radiol
Diagnosis. 1971;11(2):97-112.
Moorrees CFA, Fanning EA,
Hunt EE. Age Variation of
Formation Stages for Ten
Permanent Teeth. J Dent Res.
1963;42(6):1490-1502.

Anderson DL, Thompson GW,
Popovich F. Age of attainment
of mineralization stages of the
permanent dentition. J Forensic
Sci. 1976;21(1):191-200.
AlQahtani SJ, Hector MP,
Liversidge HM. Brief
communication: The London
atlas of human tooth
development and eruption. Am
J Phys Anthropol.
2010;142(3):481-490.
Nicodemo RA, Moraes LC,
Meédici Filho E. Tabela
cronoldgica da mineralizagao
dos dentes permanentes entre
brasileiros. Rev Fac Odontol
Sao José dos Campos.
1974;3(1):55-56.

Nolla CM. The development of
permanent teeth. 1952.

Massler M, Schour I, Poncher
HG. Developmental pattern of
the child as reflected in the
calcification pattern of the
teeth. Am J Dis Child.
1941;62(1):33-67.

Sauvegrain J, Nahum H,
Bronstein H. Study of bone
maturation of the elbow. In:
Annales de Radiologie. Vol 5.
5 1962:542.

Accuracy of the Sauvegrain
Method in Determining
Skeletal Age During Puberty.
2005:1689-1696.

Diméglio A. Growth in
pediatrics orthopaedics. In:
Lovell, Winter, eds. Vol.
chapter II, 5th ed. Lippincott;
2001 (in press).

Braga J, Treil J. Estimation of
pediatric skeletal age using
geometric morphometrics and
three-dimensional cranial size
changes. Int J Legal Med.
2007;121(6):439-443.
Castriota-Scanderbeg A, De
Micheli V. Ultrasound of
femoral head cartilage: a new
method of assessing bone age.
Skeletal Radiol.
1995;24(3):197-200.

Lodox Statscan, invented in
South Africa for mining
industry . Simiilar to EOS.

Whitaker JM, Rousseau L,
Williams T, Rowan RA,
Hartwig WC. Scoring system
for estimating age in the foot
skeleton. Am J Phys Anthropol
Off Publ Am Assoc Phys
Anthropol. 2002;118(4):385-
392.

Whitaker JM, Rousseau L,
Williams T, Rowan RA,
Hartwig WC. Scoring system
for estimating age in the foot
skeleton. Am J Phys Anthropol
Off Publ Am Assoc Phys
Anthropol. 2002;118(4):385-
392.



Hand-
wrist

Bjork & Helm

Cameriere

Cameriere
modification:
De Luca

Chang et al.

Chinese
National
Sports
Committee

Choi et al.

DeRoo
&Schroder

Luk

Ebri

EKI6f &
Ringertz

Eklof &
Ringertz
modification:
3 bone method

Eklof &
Ringertz
modification:
5 bone method

Engstrom

1967

2006

2016

1990

1992

2018

1976

2014

1993

1967

2009

2009

1983

Scoring

Scoring

Scoring

Scoring

Foreign
Language
[Chinese]

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

563

76

34

22

94

189

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Right Hand

Left Hand

Left Hand

Hand (side not
found)

Foreign Language
[Chinese]

Left or Right

Hand (side not
found)

Distal Radius-
Ulna

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

8 stages

Linear Equatior

Linear Equatior

9 stages

Foreign
Language
[Chinese]

Continuous

Atlas

11 & 9 stages

Linear Equatior

Linear Equatior

Linear Equatior

Linear Equatior

5 stages

Key events are recorded at the
second finger, third finger, thumb
sesamoid and radius are evaluated.

The ratio of the area occupied by
the carpal bones versus the total
area of the radial and ulnar
epiphysis and carpals is calculated
and compared against a reference
line.

Updated formula for greater
accuracy.

"National Taiwan University
Hospital Skeletal Maturity Index".
Five locations on the thumb, index
finger, middle finger and radius are
evaluated.

So-called 'Chinese Standard'
method. Metacarpal, phalanges and
carpal bone developmental stages
are assessed.

Area of the capitate and hamate is
measured and summed. Value can
be input to regression equation.

Similarities to Greulich-Pyle atlas,
though initiated in Dutch European
children.

"DRU" (distal radius ulna) method,
in which the radius epiphysis is
scored from 1-11 stages and the
ulna from 1-9 stages, each can be
individually compared to
chronological age.

Maximum dimensions of carpal and
phalangeal epiphyseal are measured
and evaluated compared to a linear
regression equation.

Distances are measured that
correspond to the width and length
of the hand and wrist bones, in ten
ossification centers.

Abbreviated version for only 3
ossification centers.

Abbreviated version for only 5
ossification centers.

Only 4 key events at specific
regions are noted: epiphysis of the
2nd proximal phalanx is wide as the
diaphysis; the epiphysis of the 3rd
middle phalanx caps its diaphysis;
complete epiphyseal fusion of the
distal phalanx of 3rd finger;
complete union of the distal
epiphysis of the radius.
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Fishman

Flory

Gilsanz &
Ratib

Grave &
Brown

Gretych

Greulich &
Pyle

Greulich &
Pyle
modification:
Individual
Scoring
Greulich &
Pyle
modification:
Weighted
Modification
Greulich &
Pyle
modification:
Weighted
Modification

Greulich &
Pyle
modification:
Weighted
Modification

Greulich &
Pyle
modification:
Line Drawings
Greulich &
Pyle
modification:
Shorthand
Bone Age

Greulich &
Pyle
modification:
Ultrasound

Greulich &
Pyle
modification:
'Segmented’

Greulich &
Pyle
modification:

1982

1936

2005

1976

2007

1950/
1959

1971

1972

1986

1971

1950

2013

2003

2001

2008

Scoring

Atlas

Atlas

Scoring

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Scoring

664

155

216

382

117

7699

53

23

10

90

30

56

51

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Ultrasound

X-ray

X-ray

Left Hand

Right Hand

Left Hand

Hand (side not
found/listed)

Left Hand

Left Hand

Left Hand

Right or Left
Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

Left Hand

11 stages

Atlas: newborn
19 years old

Atlas

14 stages

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

Atlas

2 stages

Key events are recorded at the third
finger, fifth finger, radius and
thumb sesamoid appearance.
Fishman described these as 'skeletal
maturity indicators' for correlation
with mandibular and maxillary
development, therefore favoured by
orthodontists.

Phalangeal and carpal atlas.

A digital hand atlas for assessment
of phalanges, metacarpals and
carpals.

Fourteen ossification events are
assessed first, second and third
fingers in addition to the pisiform,
hamate and distal radial epiphysis.
Events are also correlated with peak
growth velocity.

Second, third and fourth phalanges
in addition to the carpals are
evaluated with computer assistance
in with reference to Caucasian,
African-America, Asian and
Hispanic children.

The most well-known phalangeal
and carpal atlas, first published in
1950, updated and expanded in
1959.

All bones are scored individually
and then average bone age
calculated.

All bones are scored individually
and summed by region (carpals,
phalanges-metacarpals or forearm),
and weighting is performed based
on each region.

Regions are scored individually and
summed according to a weighted
formula.

Higher weighting to metacarpals
and phalanges I to V.

Greulich-Pyle Atlas converted to
line drawings for easier use.

Abbreviated version of Greulich-
Pyle atlas in which 10 specific
events at the first and second digit,
hamate, and radial epiphysis are
assessed.

Tracings are made from ultrasound
evaluations to represent the full
hand and wrist, which can then be
evaluated as per the GP atlas.

Seven regions are scored as groups -
the carpals, metacarpals, proximal,
medial and distal phalanges, radius,
and ulna - and the sum divided by
seven.

Binary staging of presence or
absence of ulnar sesamoid of the
first digit. Not recommended by the
authors for use alone.
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Bilgili Y, Hizel S, Kara SA,
Sanli C, Erdal HH, Altinok D.
Accuracy of skeletal age
assessment in children from
birth to 6 years of age with the
ultrasonographic version of the
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Thumb
Sesamoid only
Gu's method

Haavikko

Higg &
Taranger

Higg &
Taranger
modification:
MP3 method
Higg &
Taranger
modification:
Modified MP3
Method

Helm

Kopczynska-
Sikorska

Li Guozhen

Liaokawa

Mackay

Marti-
Henneberg

Martins &
Sakima

Mentzel

Modi

Rachmiel

1974

1980

1982

2002

1971

1969

1952

1974

1977

2005

1957/
1969

2013

Scoring

Scoring

Scoring

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Atlas

Scoring

325

536

76

154

22

105

46

93

58

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Ultrasound

X-ray

Ultrasound

Right Hand

Right Hand

Right Hand

Right Hand

Left Hand

Left & Right
Hand

Left Hand

Right or Left
Hand

Ultrasound

10 stages

5 stages

6 stage

7 stages

Atlas

21 stages

18 stages

Atlas-like
result (score
correlated to
GP bone age)

Linear

Foreign Language [Chinese]

Original article could not be
obtained.

First and third finger are assessed in
addition to the radial distal
epiphysis. First finger ulnar
sesamoid (presence/absence), 3rd
finger distal phalangeal fusion/non-
fusion, 3rd finger middle phalangeal
fusion progression; distal radial
epiphyseal fusion progression.
"MP3" Method: Third middle
phalanx only evaluated, based on
distal epiphyseal plate morphology.

"Modified MP3" Method: Third
middle phalanx only evaluated, with
1 additional intermediate stage.

Only 7 key events at specific
regions are noted. Sesamoid
presence in the thumb, 2nd finger
proximal phalanx, and distal,
middle and proximal phalanges of
the third finger are evaluated.

Atlas of Polish children.

Li Guozhens' "Percent Numeration"
No description found, only
references in Chinese language
journals.

bone age. J Radiol.
2008;89(12):1921-1924.
Zhang Z, Li K, Yu RJ, Zhang
Q. Preliminary study on the
applying value of two
measurements for bone age in
the cases of minors. Fa Yi Xue
Za Zhi. 2004;20(4):212-214.
Haavikko K. Skeletal age
estimated in a few selected
ossification centres of the hand
wrist. A simple method for
clinical use. Proc Finn Dent
Soc. 1974;70(1):7-14.

Hiégg U, Taranger J. Skeletal
stages of the hand and wrist as
indicators of the pubertal
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Rajagopal R, Kansal S. A
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I Clin Orthod JCO.
2002;36(7):398.
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1971;75(12):1223-1234.
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1969.

Zhang Z, Li K, Yu RJ, Zhang
Q. Preliminary study on the
applying value of two
measurements for bone age in
the cases of minors. Fa Yi Xue
Za Zhi. 2004;20(4):212-214.

No description found, only references in abstract of Chinese language

journals.

Appearance of ossification centres
of each carpal & phalanx in East
Africans

Original article could not be
obtained.

Carpal ossification evaluated which
can be compared to pubertal growth
spurt.

BonAge' ultrasound device allows
evaluation of the change in speed of
waves across the distal radial and
ulnar epiphyses which returns a
skeletal age value correlated to the
G-P atlas.

Original article could not be
obtained.

The distance across and speed of
soundwave travel across the third
phalanx, carpal region and wrist are
measured. A linear equation gives
output correlated to the GP atlas.
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Skeletal maturation in the
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Eulenstein M, et al.
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Radiol. 2005;35(4):429-433.
Modi JP. Modi’s Textbook of
Medical Jurisprudence and
Toxicology. NM Tripathi;
1969.

Rachmiel M, Naugolani L,
Mazor-Aronovitch K, Levin A,
Koren-Morag N, Bistritzer T.
Bone age assessment by a
novel quantitative ultrasound
based device (SonicBone), is
comparable to the conventional
Greulich and Pyle method.
Horm Res Pediatr.
2013;80(Suppl 1):35.



Roche

Sempé &
Pavia

Sempé &
Pavia

modification:

Maturos 4.0

Sato et al.

Singer

Speyer

Stuart

Sugiura

Sugiura &
Nakazawa

Tanner &
Whitehouse:
TWI1

Tanner &
Whitehouse:
TWI - B5
Modification

Tanner &
Whitehouse:
TW2

Tanner &
Whitehouse:
TW2 MR:
RUS

Tanner &
Whitehouse:
TW2 MR:
Fully
automated

Tanner &
Whitehouse:

1988

1979

2001

1999

1980

1950

1962

1961

1968

1959

2003

1972

2013

2014

2016

Scoring

Scoring

Atlas

Scoring

Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

379

697

11

65

68

363

2786
(1975)

47

19

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

MR

MR

MR

Left Hand

Left Hand

Left Hand

Hand (side not
found/listed)

Hand (side not
found)

Hand (side not
found)

Hand (side not
found)

Hand (side not
found)

Hand (side not
found)

Left Hand

Left Hand

Left Hand

Left Hand: Open
Compact MR

Left Hand MR

Left Hand MR

Continuous
Scale

1000 point
scale

Atlas

Linear

6 stages

Atlas

Ossification
center
appearance

Continuous
Scale

Continuous
Scale

Continuous
Scale

Continuous
Scale

Continuous

Scale

Continuous
Scale

Ninety-eight 'maturity indicators'
across the radius, ulna, carpals,
metacarpals and phalanges are
recognised or measured, with
different indicators assessed at
different ages. Computer software
returns a skeletal age with standard
error and confidence limits.
Assessment is converted to a
'Skeletal Maturity Level'
corresponding to 0 at birth to 999 at
full maturity.

Semi-automated method in which
twenty-two maturity indicators are
considered and the user selects
between one of 3 software-
suggested ratings for each region,
depending on chronological age.
Computer aided skeletal maturity
system (CASMAS). Third phalanx
is extracted automatically and
epiphyseal, metaphyseal widths
measured, in addition to the width
of the overlapping regions, and a
multiple regression equation reports
the bone age.

All hand bones, with specific
attention in the early stages to
several events in the pisiform,
hamate, ulna, second proximal
phalanx, third middle and third
distal phalanges.

Original article could not be
obtained.

Appearance and ossification of 29
centers in the hand wrist are
evaluated.

Original article could not be
obtained.

Scoring of hand and wrist centers,
based on Japanese population.

Carpal, metacarpal and phalangeal
assessment.

Radius, ulna, capitate, trapezium
and the proximal epiphysis of the
first phalanx of the fifth finger are
evaluated individually as per TW1
and summed.

Carpal, metacarpal and phalangeal
assessment. Alternative methods
included carpals only or radius-
ulna-short (RUS) bone
modifications.

TW2 radius-ulna-short bones
method applied to MR images from
an open compact MR.

Fully automated method in which
3D MR images are are assessed by
computer using the TW2 method.

T1 weighted 3D VIBE sequence
used and hand-wrist evaluated as
per TW2 - RUS.
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revised system for estimating
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1972.
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1702.
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Urschler M. Fully automatic
bone age estimation from left
hand MR images. In:
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Hip

Humerus

TW2 MR:
RUS*

Tanner &
Whitehouse:
TW2 CASAS

Tanner &
Whitehouse:
TW3

Tanner &
Whitehouse:
Sanders
modification

Thiemann &
Nitz

Thodberg

Todd

Tomei

Wilkins

Acheson

Acheson
modified:
Modified
Oxford

Triradiate
cartilage

Li*

Ogden

Walker &
Lovejoy

1994

2001

2008

1986

2009

1937

2014

1950

1957

1996

2018

1978

1985

Scoring

Scoring

Scoring

Atlas

Atlas/Scoring

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Atlas

Scoring

69

54

93
(2006
edition)

232

335

34

245

97

47

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

MR

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Left Hand MR

Left Hand

Left Hand

Hand (side not
found)

Left Hand

Left Hand

Hand MR

Pelvic

Pelvic

Pelvic

Left Shoulder

Shoulder X-Ray

Proximal humerus

Continuous
Scale

Continuous
Scale

8 stages

Atlas

Atlas/Scoring

Atlas

85 points

Original article
could not be
obtained.

45 stages

30 stages

2 stages

5 stages

Atlas

8 stages

Computer Assisted Skeletal
Assessment System (CASAS). User
must position the radiograph under
a camera, the computer then creates
a digital representation which is
scored automatically and can be
output as per British or other
populations. The process must be
repeated individually for each bone.
Carpal, metacarpal and phalangeal
assessment. Alternative methods
included carpals only or radius-
ulna-short bone modifications.

TW3 - RUS system scoring is
applied to the second to fifth
phalanges and metacarpals, in
addition to the distal radius
epiphysis. Stages were made with
specific emphasis on their
correlation with event in scoliosis
curve progression.

Atlas of German children.

Automated method in which fifteen
bones are identified by software and
each is scored individually - first to
fifth metacarpals, phalanges of the
first, third and fifth digits, and the
distal radial and ulnar epiphyses.
Bone age can then be output as per
Tanner-Whitehouse or GP Atlas
values.

Atlas method.

Radius, ulna, capitate, hamate,
pisiform and first and third proximal
phalanges and metacarpals are
evaluated and scored.

Method is not separated by genders.

"Oxford method": 9 regions of the
hip are evaluated - iliac, triradiate
cartilage, ischiopubic junction,
pubis, ischium, acetabulum, femoral
head, greater trochanter and lesser
trochanter.

Modified Oxford: only head of
femur, greater trochanter, lesser
trochanter, iliac crest and triradiate
cartilage are evaluated.

Open or closed stages

Proximal humeral epiphyseal
closure assessed from open plate
until fusion. Peak height velocity
correlation possible.

Forensic specimen derived method,
the proximal humerus ossification
centers appearance, fusion with
each other and the developing
epiphysis are assessed.

Proximal humerus are evaluated by
relative lucency.
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estimation: A pilot study.
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Tliac

Knee

Risser

Risser: US
system

Risser: EU
system

Risser:
Combined

Risser
modified:
Triradiate
evaluation

Risser
modified:
Risser 'plus

Risser
modified:
Ultrasound

Risser
modified: Four
stage method

Schmidt

Wittschieber

Acheson

Dedouit
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1985

2010

2015

1995

1985

2011

2012

1954

2012

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

529
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55

47

41
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57
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X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Ultrasound

X-ray

Ultrasound

X-ray

X-ray

MR

Pelvic

Pelvic

Pelvic

Pelvic

Pelvic

Pelvic

Ultrasound

Pelvic

Ultrasound Left
Iliac Crest

Pelvic

Knee AP

Knee MR

No stages

6 stages

6 stages

7 stages

7 stages

8 stages

6 stages

4 stages

4 stages

8 stages

12 points

5 stages at 2
regions

Full excursion of the iliac crest
apophysis is correlated with the
ending of spinal growth (no stages
described at this time).

Presence, extent of excursion
divided into quarters and initiation
of fusion of the iliac crest apophysis
are evaluated.

Presence, extent of excursion
divided into thirds, initiation and
completion of fusion of the iliac
crest apophysis are evaluated.

Combined method in which stages
2-4 are altered and one intermediate
stage "3/4" is added.

Triradiate cartilage evaluation is
included as an additional "-1" stage.

Triradiate cartilage is evaluated in
addition to the iliac crest in a
method combining EU and US
systems. Recommended by
SOSORT guidelines, 2015.

US Risser method applied by
comparing presence of apophysis to
the extent of iliac crest as palpated
by clinician.

The extent of excursion is not
scored, such that stages describe the
absence of the apophysis, it's
presence, ongoing fusion, or
completed fusion. First described in
forensic reports.

The absence, presence, ongoing
fusion and complete fusion of the
left iliac crest apophysis are
evaluated.

Alternative method described in
forensic evaluation, evaluating iliac
crest apophyseal presence/absence,
extent of excursion, extent of
fusion, and completion of fusion.

Femur and tibia are scored from 0-5
based on epiphyseal morphology
(though not on the presence of
fusion), patella and fibular
epiphyses presence is scored 0 or 1.

Femur and tibial epiphyses are
scored separately I-V and can be
compared against age charts.
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Singer
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Dvorak
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Schmidt
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1975
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1974

1987

2008

1972

1976

2007

2014

2013

Scoring

Scoring

Atlas

Atlas

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

24

70

140

117

77
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Ultrasound

X-ray

MR

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

MR

Ultrasound

Ultrasound

Ultrasound Left
Iliac Crest

Knee AP &
Lateral

Knee MR

Knee AP &
Lateral

Knee AP

Knee AP &
Lateral
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cephalogram

Hand X-ray

Left Hand

Pelvic

Coronal Left Hand
MR

Ultrasound

Ultrasound

3 stages

15 stages

Atlas

Atlas

34 stages

2 stages

Linear

Linear

6 stages

Linear

4 stages

Developing tibial tuberosity is
described by 3 events adapted from
Ehrenberg's radiographic
description (1962) :increased
cartilage, the presence of ossifying
island, or connection by bone bridge
to the tibial epiphyses.

Epiphyses of the long bones around
the knee are scored 0-4 and
summed. Modified from McKern
Stewart 1957 report from a forensic
sample.

Cross-sectional atlas using sagittal
and coronal slices used to evaluate
femur, tibia, fibula and patella based
on ossification, shape and specific
features of the regions such as tibial
spine development and subchondral
epiphyseal cartilage.

Femur, tibia, fibula and patellar are
assessed by atlas method.

Thirty four maturity indicators at
the knee are evaluated.

Foreign Language [Chinese]

Foreign Language [German]

Antegonial notch depth is measured
and rated whether "deep" (>3mm
depth) or not.

Second metacarpal is measured to
establish the ratio between
epiphysial diameter and metaphysial
diameter. This value can be
correlated to chronological age.

The longitudinal length of nineteen
tubular bones of the hand are
measured and compared against age
standards. Prospective standard
based on FELS population.

Ischiopubic synchondrosis is
evaluated. Foreign Language
[Russian]

Distal radial growth plate is
evaluated and initiation, extent or
completion of fusion is graded I-VIL.

The width of the hypoechoic growth
plate is measured along the long
radius' axis and compared to tables.
Only cut-off points for the majority
16, 17 and 18 years old were
investigated.

Distal radius evaluated for
absence/presence of secondary
center, the initiation of fusion, and
the completion of fusion. (based on
4 stage ossification template as per
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Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Scoring

Atlas

Scoring

Scoring

43
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47
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CT

X-ray

X-ray
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X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Bone Scan

X-ray

Multi-slice CT

X-ray

Shoulder X-Ray:
AP, Axillary & Y-
view.

Chest MDCT

Chest X-ray

Left Hand

Hand (side not
found/listed)

Hand (side not

found/listed)

Many

Many

Many

Many

Full body scan
with y-camera.

Many

5 stages

4 stages

3 scores: 4 poin
3 point and 2
point

5 stages

Continuous

5 stages

4 stages

2 stages

Ossification
center
appearance

Atlas

Ossification
center
appearance

not found
foreign languag

Schulz et al, similar to many
methods)

Sternal end of the right first rib is
imaged and virtual reconstructions
created, and assessed based on
Kunos et al. macroscopic ratings,
which yielded 5 stages around 15-
30 years old, based on shape,
surface topography and form of the
margin, and on the presence of
osseous bridges in the sternocostal
cartilage.

Medial side of first rib is evaluated
as first described in German by
Ernst (1920), based on presence,
extent and completion of epiphyseal
ossification.

Proximal humerus , coracoid
process and acromion are evaluated
separately (on 4-, 3- and 2-point
scales respectively).

Vertical fusion between three or
four ossification centers of the
sternal body and manubrium are
assessed, and fusions proceeds
superiorly with increasing maturity.
(Measured in individuals up to 30
years old)

Tracings made of ossification center
numbers and area calculated. Fusion
is completed by 6-7 years old.
(Method only described in forensic
studies of excised sterna)

Five 'developmental stages' were
applied for the radius and the ulna.
No more information available -
foreign Language [Chinese]

Distal radius epiphyseal fusion is
evaluated from no fusion, partial
fusion, near total fusion leaving
only a thin line to complete fusion.

The first and second stages are
combined, as are the third and
fourth, resulting in 2 stages: 'not
fused' and 'fused'.

Ossification center appearances of
17 regions from humerus to iliac
crest, sesamoids etc presented from
6-15 years old

Based on the appearance of
ossification centers, the wrist,
elbow, shoulder, spine, hip, knee,
ankle can be evaluated depending
on age.

Turkish atlas of boys aged 11-22
based on the epiphyses of the
shoulder, elbow, hand-wrist, and
pelvic bones.

Original article could not be
obtained.

Hand, wrist, elbow, skull, hip, iliac
crest, spine and knee are assessed.
No further description found.
Foreign Language [German]

The appearance times of 71
ossification centers from 0-26 years
old with 99m Tc-MDP or related
compound uptake bone scans are
listed.

Seven regions are assessed and
compared to so-called 'Grading
Standards' :sternal end of clavical
and left shoulder, elbow, carpal, hip,
knee and ankle joints. No further
description found in English
(original article in Chinese).
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Zhu: Knee- 2008  Scoring 3 X-ray Many not found Only knee and ankle assessed. No Wang YH, Zhu GY, Ying CL,
Ankle only foreign languag further description found in English Fan LH, Wan L. The trend of
(original article in Chinese). epiphyseal development of
knee and ankle joints in
teenagers and age estimation.
Fa Yi Xue Za Zhi.
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Language Entwicklung Des
[German] Knochensystems Im
Roéntgenbild. Vol 15. Leipzig:
Thieme; 1931.

Caffey 1945  Atlas 1628 X-ray
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Figure 3a

Mixed

Position 0
39 (14%) 20 (7%) Data Missing

6 (2%)

Unsure
2 (1%)

Resolution
64 (24%)

Technical
142 (52%)

Calcaneus Easy Moderate | Difficult | Not possible SUM

Total 661 (70.8%) | 132 (14.1%) | 83 (8.9%) | 58 (8.9%)
Technical - 30 63 49 142
Position - 27 5 7 39
Resolution - 60 4 - 64
Unsure - 2 - - 2
Data Missing - 5 - 1 6
Mixed - 8 11 1 20
SUM 273




Figure 3b

Mixed Data Missing
5 (3%) 2 (1%)
Resolution
19 (10%)
Position
74 (38%)
Unsure
39 (20%)
Technical
57 (29%)
Cervical Easy Moderate | Difficult | Not possible| SUM
Total 738 (79.0%) | 104 (11.1%) | 53 (5.7%) | 39 (4.2%)
Technical - 10 19 28 57
Position - 40 25 9 74
Resolution - 16 3 - 19
Unsure - 34 5 - 39
Data Missing - 1 - 1 2
Mixed - 3 1 1 5
SUM 196




Figure 3c — -
Data Missing Technical

3 (3%) 1 (1%)

Mixed
49 (16%)

Resolution
108 (36%)

Position
60 (20%)

Unsure
76 (26%)

Knee Easy Moderate | Difficult | Not possible SUM
Total 637 (68.2%) | 221 (23.7%) | 75 (8.0%) | 1 (0.1%)
Technical - - - 1 1
Position - 52 8 - 60
Resolution - 73 35 - 108
Unsure - 65 11 - 76
Data Missing - 3 - - 3
Mixed - 21 28 - 49
SUM 297




Figure 3d
Technical
5 (3%)

Position
8 (4%)

Data Missing
12 (6%)

Mixed/

Two or more
Reasons for

Problems
38 (19%)

Resolution
72 (36%)

Unsure
65 (32%)

Oxford Hip Easy Moderate | Difficult | Not possible| SUM
Total 734 (78.6%) | 127 (13.6%) | 71 (7.6%) | 127 (13.6%)
Technical - 3 2 - 5
Position - 5 3 - 8
Resolution - 30 42 - 72
Unsure - 57 8 - 65
Data Missing . 10 - 2 12
Mixed - 22 16 - 38
SUM 200




Figure 3e — -
Data Missing Technical

3 (3%) 1 (1%)

Mixed
49 (16%)

Resolution
108 (36%)

Position
60 (20%)

Unsure
76 (26%)

Knee Easy Moderate | Difficult | Not possible SUM
Total 637 (68.2%) | 221 (23.7%) | 75 (8.0%) | 1 (0.1%)
Technical - - - 1 1
Position - 52 8 - 60
Resolution - 73 35 - 108
Unsure - 65 11 - 76
Data Missing - 3 - - 3
Mixed - 21 28 - 49
SUM 297




Figure 4

Time (in seconds)
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150
100
- (o]
:
50 !
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| == W B ]
Calcanecus Cervical | Risser Plus Knee Oxford Hip
Mean 17.7s 26.5s 30.1s 80.9s 82.0s
Range 3-75s 9-70s 8 - 90s 17 - 190s 20 - 280s
95%CI| 16.0-19.38 22.16-30.75 27.49-32.71 | 76.09- 85.66  76.12- 87.8%
N 192 200 203 225 200
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Figure 5e
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