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Abstract

Osteoporosis is a generalised disorder of the skeleton with reduced bone density and abnormal bone architecture. It increases
bone fragility and renders the individual susceptible to fractures. Fractures of the vertebrae are common osteoporotic fractures.
Vertebral fractures may result in scoliosis or kyphosis and, because they may be clinically silent, it is imperative that vertebral
fractures are diagnosed in children accurately and at an early stage, so the necessary medical care can be implemented.
Traditionally, diagnosis of osteoporotic vertebral fractures has been from lateral spine radiographs; however, a small number
of studies have shown that dual energy x-ray absorptiometry is comparable to radiographs for identifying vertebral fractures in
children, while allowing reduced radiation exposure. The diagnosis of vertebral fractures from dual energy x-ray absorptiometry
is termed vertebral fracture assessment. Existing scoring systems for vertebral fracture assessment in adults have been assessed
for use in children, but there is no standardisation and observer reliability is variable. This literature review suggests the need for a
semiautomated tool that (compared to the subjective and semiquantitative methods available) will allow more reliable and precise
detection of vertebral fractures in children.

Keywords Children - Dual energy x-ray absorptiometry - Diagnostic scoring system - Osteoporosis - Vertebral fracture - Vertebral
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Introduction

Fractures are common in childhood. About one-third of
children in the United Kingdom will have at least one
fracture during their childhood [1]. Osteoporotic verte-
bral fractures are increasingly recognised in children
with either primary (e.g., osteogenesis imperfecta) [2] or
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secondary low bone mineral density (e.g., acute lymphoblastic
leukaemia, inflammatory bowel disease and glucocorticoid
use) [3, 4]. Nearly 1 in 5 children with a theumatological con-
dition will have a vertebral fracture [5] and rates are similar or
even higher in other conditions, e.g., 16% in acute lymphoblas-
tic leukaemia [6], up to 75% in Duchenne muscular dystrophy
[7] and up to 100% in severe forms of osteogenesis imperfecta
(personal experience of the senior author). Outside the context
of major trauma, vertebral fractures in children indicate patho-
logical bone fragility and precise and early diagnosis is imper-
ative so appropriate medical care can be initiated.

Techniques to detect and analyse vertebral fractures
in clinical and/or research practice include conventional
radiography, computed tomography (CT), magnetic reso-
nance imaging (MRI) and dual energy x-ray absorptiometry.
Traditionally, the most common method for diagnosing verte-
bral fractures is x-ray, although dual energy x-ray absorptiom-
etry has now been shown to diagnose vertebral fractures with
the advantage of also determining bone mineral density [8].
Vertebral fracture assessment is the term given to the diagnosis
of vertebral fractures from dual energy x-ray absorptiometry
scans [9]. This technology is more or less in routine clinical
use in adults, complemented by validated scoring systems [10,
11]. Conversely, vertebral fracture assessment is less widely
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used in children and specific paediatric scoring systems are yet
to be fully validated [8, 12—15].

This review defines osteoporosis in children, summarises
the factors that affect bone health, highlights diagnostic tech-
niques in respect to vertebral fracture diagnosis and outlines
the different scoring systems for recording the severity of ver-
tebral fractures in children.

Osteoporosis
Definition of osteoporosis in children

According to the International Society for Clinical
Densitometry (ISCD) Position Statement [16], in children
without exposure to high-energy trauma or local disease, de-
tection of one or more vertebral compression (crush) fractures
(defined as a 20% reduction in vertebral body height) indi-
cates osteoporosis. This assessment is then complemented by
determining bone mineral density to give a complete evalua-
tion of bone health. In individuals without vertebral compres-
sion (crush) fractures, osteoporosis is diagnosed based on a
bone mineral density Z-score <-2.0 as well as a clinically
significant fracture history. The latter is defined by one or
more of the following:

i.  Two or more long bone fractures by the age of 10 years;
ii. Three or more long bone fractures by the age of 19 years
[16].

It is worth noting, therefore, that by definition, a child can
neither be diagnosed with osteoporosis solely based on dual
energy x-ray absorptiometry bone mineral density measure-
ments nor before having at least one fracture.

Factors affecting bone health

Peak bone mass, defined as the highest bone mineral content
reached in an individual’s lifetime, plays a major role in de-
termining osteoporotic fracture risk [17]. Bone strength de-
pends on the quantity of bone present; in general, the higher
the bone density, the stronger the bone. According to Golden
et al. [18], factors affecting bone health may be classified as
modifiable and non-modifiable. Modifiable factors such as
diet, calcium, vitamin D, body weight, exercise and puberty/
hormonal status [19, 20] are beyond the scope of this review,
which concentrates on the non-modifiable factors of gender,
age and ethnicity.

Generally, it has been observed across all ethnicities that in
adults, fractures are more likely to occur in females, especially
older postmenopausal women. During childhood on the other
hand, boys sustain more fractures than girls at all ages.
According to the study by Cooper et al. [1], which reviewed
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the data from 682 general practices in the United Kingdom on
the General Practice Research Database, approximately
52,624 boys and 31,505 girls had one or more fractures during
the 11-year follow-up period, giving a rate of 133.1/10,000
person-years. Fractures were more common in boys (inci-
dence rate: 161.6/10,000 person-years) than in girls (incidence
rate: 102.9/10,000 person-years). Other authors report that
more than 50% of boys and 40% of girls have had at least
one childhood fracture [21].

Boys attain a higher bone density than girls at both the
lumber spine and femoral neck, but their peak values are
reached at an older age [22]. In a longitudinal study conducted
on 266 healthy children (136 males) ages 4-27 years (mean:
13 years), total body bone mineral density and lumbar spine
and femoral neck bone mineral density were measured [23].
Males had a higher total body bone mineral density, attributed
to their greater weight and lean tissue mass. In addition, boys
are more likely to go through rapid rates of bone mineral
accrual than girls. Given all of this, it is still uncertain whether
the increase in fracture risk in boys is because of a reduction in
bone mass or due to other factors such as alterations in life-
style [24]. Thandrayen et al. [25] suggest the latter, i.e. that
boys are more active than girls, thus increasing their risk of
fracture.

During childhood and adolescence, bone mineral content
and bone mineral density increase significantly; the increase
in bone mineral density is associated with an increase in bone
size. Bone mineral content and bone mineral density continue
to rise across multiple skeletal sites in 16-year-old girls and
17-year-old boys, i.e. even after growth has ceased [24]. Lu
et al. [23] studied the influence of age and growth on the total
body, lumbar spine and femoral neck bone mineral density of
209 healthy subjects (52% boys), ages 5-27 years. There was a
considerable age-dependent increase in bone mineral density
in both genders at all sites, except the femoral neck in girls,
which peaked at age 14 years [23]. This increase achieved the
highest level around the age of 17.5 years in boys and
15.8 years in girls.

An additional study of 84,129 subjects showed that the
fracture incidence increased in children between the ages of
4 and 17 years in both genders [23]. The reasons behind this
high incidence of fractures in childhood are not clear. Some
studies [26-28] suggest that low bone mass (caused by one or
more of the modifiable and/or non-modifiable factors) may
contribute.

Various studies have observed differences in bone strength
across different ethnic groups. It is believed that Caucasians
are more at risk of fracture than Africans and Latinos, with
Asians being most at risk (owing to their relatively small bone
size) [24, 25, 29-31]. Thandrayen et al. [25], in their 2009
study, compared two ethnic groups of South African children,
the first being black and the second white, with both groups
being of the same age and having the same gender-related
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distribution of fractures. They showed that white children had
almost double the risk of fractures compared to black and
mixed ancestry children [25]. The reason for this may be ex-
plained by the 2007 study by Kalkwarf et al. [24], which was
conducted on 6— to 16-year-old females and males of varying
ethnicities. At all ages, the bone mineral content and bone
mineral density of the radius, hip and total body were greater
for Africans compared to other ethnicities. It was discovered
that African girls had more rapid pubertal development. In
addition, it was identified that black girls and boys were of
increased weight and height. It is worth noting that most stud-
ies have focused on Africans and Caucasians; other ethnic
groups should be included in future studies.

Assessment of bone mass and structure

Low bone mass has traditionally been considered a disease
suffered by elderly people, but it is now being diagnosed in
children in relatively large numbers [12]. It is generally said
that if the skeletal structure of a child is weak, it is very likely
to remain weak into adult life [32]. There are several nonin-
vasive imaging techniques to assess the risk of fracture and
although not all are in routine clinical use for adults and/or
children, each has its own advantages and disadvantages.
These methods include dual energy x-ray absorptiometry,
quantitative CT, peripheral quantitative CT, high-resolution
peripheral quantitative CT, quantitative ultrasound (US) and
MRI

Dual energy x-ray absorptiometry

Dual energy x-ray absorptiometry was first introduced in the
late 1980s, mostly for use in postmenopausal patients, and is
now available for common use worldwide. The development of
suitable algorithms allowed for paediatric dual energy x-ray
absorptiometry imaging in the early 1990s. The developed al-
gorithms detect bone/soft-tissue interfaces even in children
with low bone density [33]. Although the gold standard for
assessing bone mass and structure in adults is central dual en-
ergy x-ray absorptiometry of the total hip or femoral neck [34],
in children, whole-body and lumbar spine (L1-L4) dual energy
x-ray absorptiometry are routine and highly reproducible [35].

Bone mass is measured by dual energy x-ray absorptiom-
etry as bone mineral content (g) or areal bone mineral density
(g/cm2). Comparisons can then be made with reference values
obtained from healthy children of the same age, gender and
ethnic background. Results are expressed as a Z-score, the
number of standard deviations the bone mineral content or
bone mineral density deviates from the expected mean. The
main advantages of dual energy x-ray absorptiometry are short
scanning times (30-60 s), low cost, accessibility and relatively
low radiation exposure (1-6 puSv) [36].

There are several limitations of dual energy x-ray absorp-
tiometry in growing children, including inability to account
for soft-tissue inhomogeneity, inclusion of the posterior ele-
ments of the vertebrae in anteroposterior imaging of the spine
and dependence of the results on bone size and morphology
[37]. Dual energy x-ray absorptiometry calculates areal bone
mineral density by dividing the bone mineral content by the
bone area without accounting for the depth of bones.
Therefore, areal bone mineral density may be falsely elevated
in larger bones; in other words, dual energy x-ray absorptiom-
etry is affected by the actual size of the patient. Finally, inde-
pendently assessing cortical and trabecular bone is not possi-
ble with dual energy x-ray absorptiometry [38]. The restric-
tions of dual energy x-ray absorptiometry hinder the assess-
ment of bone density in infants and growing children and
adolescents.

To adjust for variations in bone size and to reflect
the volumetric bone mineral density, areal bone mineral
density may be modified using various mathematical
techniques. One technique involves the calculation of
bone mineral apparent density, by dividing bone mineral
content by bone volume rather than area [39].
Calculating bone mineral apparent density is relatively
reliable for the hip and spine, where the shape of the
bone is similar to a cylinder or cube, respectively. Other
researchers have suggested that bone area and measures
of body size be included in a multiple regression man-
ner that would allow the incorporation of body size in
the calculation of bone mineral content [40]. Another
mathematical method, suggested by Molgaard et al.
[41], involves a three-step evaluation: height for age,
bone area for height, and bone mineral content for bone
area and allows an assessment as to whether the child
has short, narrow or light bone structure.

Although some studies have provided paediatric ref-
erence data for children and adolescents of different
gender, age and ecthnicity [42, 43], there is a lack of
normative data for toddlers and infants (i.e. younger
than 2 years old). The reasons for this are mainly due
to difficulty in positioning this population appropriately,
which causes movement artefact and technical challenges in
measuring their small bones. Other studies have established
dual energy x-ray absorptiometry reference data for infants
and toddlers [44-47], but the participant numbers have been
small or limited to specific populations. Kalkwarf et al. [48]
provided normative bone density data of the lumber spine in
369 children ages 1 to 36 months; however, further studies are
needed to demonstrate age, gender and ethnic differences in
this population. Finally, the availability of dual energy
x-ray absorptiometry may vary from region to region;
however, this procedure is presently broadly accessible
and certainly is the most widely used for bone density
measurement in children.
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Quantitative computed tomography

Distinct calculations of cortical and trabecular volumetric
bone mineral density can be obtained through quantitative
CT using standard CT machines. Quantitative CT measures
true volumetric bone mineral density (g/cm®) independent of
body size and images to a resolution of approximately
200 wm. Quantitative CT 1) allows the calculation of bone
size and geometry, both of which affect bone strength, and 2)
assesses volumetric bone mineral density at axial and periph-
eral sites. However, quantitative CT is not a preferred option
for use in children because of the high radiation dose (2.5-
3.0 mSyv) [36] and the absence of normative paediatric data.

Peripheral quantitative computed tomography

Dedicated CT scanners provide an assessment of bone mor-
phology, volumetric density and 3-D images at peripheral sites
(e.g., distal radius, tibia). They independently evaluate cortical
and trabecular bone with less radiation exposure than standard
quantitative CT (<0.003 mSv) [36]. Cortical and trabecular
measurements can be obtained from a single scan performed
either at a specified but variable distance (depending on length
of the bone), e.g., the 4% or 8% length of the distal radius or at a
fixed site such as 10 mm from the growth plate [49, 50].
Reproducibility and positioning remain a problem and limit
the use of peripheral quantitative CT in children [S1].

High-resolution peripheral quantitative computed
tomography

Similar to peripheral quantitative CT, direct evaluation of
bone micro architecture, an accurate measure of volumetric
bone mineral density and an estimation of bone strength using
finite element analysis are all possible with high-resolution
peripheral quantitative CT. The advantages of high-
resolution peripheral quantitative CT include high image res-
olution (82 um) and low radiation exposure (<0.005 mSv)
[38]. However, with limited availability of scanners, this tech-
nique is mainly used for research purposes in children. Other
disadvantages are 1) the relatively long scanning time (2-
3 min), which may be problematic for children, leading to
movement artefact, and 2) the need for a fixed scanning site,
which complicates the interpretation of longitudinal studies in
growing children.

Quantitative ultrasound

Due to dual energy x-ray absorptiometry limitations, quanti-
tative US has been proposed as an alternative technique to
measure bone properties in children. Advantages of quantita-
tive US include its avoidance of ionizing radiation, cost effec-
tiveness and transportability. Quantitative US depends on the
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attenuation of the ultrasound beam as it passes through a par-
ticular region of interest [36]. The latest instruments in the
market are upgraded versions capable of giving accurate mea-
surements for bone mineral density, in addition to reflecting
parameters of bone quality and strength. Due to the large
amount of soft tissue and muscles at axial sites, quantitative
US can only be applied to appendicular bones including pha-
langes, radius, calcaneus, patella and tibia. In general, studies
of quantitative US have shown good intra- and inter-operator
reliability with coefficient of variation ranging from 0.3 to
3.7% and 0.3 to 1.2%, respectively. The reliability of quanti-
tative US in children and adolescents has been assessed in
several studies [52—55] and although it may potentially
[41-49] be useful for bone density assessment, its true utility
from a clinical perspective has not been adequately addressed
in children and it remains a research tool.

Magnetic resonance imaging

Like quantitative US, MRI has the advantage of avoiding the
use of ionizing radiation. However, there is a lack of reference
scanning protocols and normative data for bone density as-
sessment in children and its use is still limited to research
studies. Further drawbacks of MRI are the long scanning time
(acquisition time of up to 10-20 min) [56, 57], requirement for
specialised coils and the environment of the scanner room
(isolated from carers/parents, noisy), which may not be
child-friendly [58]. Despite these disadvantages, some studies
have suggested MR1 is a promising technique to evaluate bone
properties in children [59-62]. However, before widespread
clinical use of MRI to determine bone mass in children, tech-
nical and software advancement is required to improve the
reproducibility of measurements.

Imaging of vertebral fractures

Methods that may be used for detecting and analysing verte-
bral fractures in clinical practice are conventional radiography,
dual energy x-ray absorptiometry, MRI and CT. Differences
among these imaging techniques relate to radiation dose, ac-
cessibility, cost and patient convenience. These various factors
are summarised in Table 1.

Conventional radiography

Currently, radiography is the most common imaging tool for
detecting vertebral fracture in children and adolescents. It is
frequently the initial imaging investigation of choice for back
pain when skeletal disease/vertebral pathology is suspected,
since the resolution is excellent. However, there is significant
radiation exposure (232.7 uSv) [64], equal to 12 months’
background radiation [66].
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Table 1 Imaging modalities for detecting vertebral fractures in children

Modality Spatial

resolution (pm)

Effective radiation dose for
whole-spine scanning (1LSv)

Scan time (min)  Approximate cost (single scan -

including cost of reporting in British £) [63]

Conventional radiography 100x100 233 [64]
Computed tomography 600x600 10,000 [12]
Magnetic resonance imaging 234x234x500  None

Dual energy x-ray absorptiometry  350x350 3 [65]

<1 37
<1 74-100
10-30 120-163
<1 58

Assessing the height and shape of the T4-L4 vertebral bod-
ies from lateral thoracic and lumbar spine radiographs is the
standard method [9]. Vertebral levels T1 to T3 are not routine-
ly assessed because of the difficulty in their visualisation due
to the summation caused by overlying structures such as in-
trathoracic organs and the patient’s shoulders. The normal
physiological wedging that may be seen of the mid-thoracic
vertebrae (T5 to T7) should not be mistaken for fracture.

The accuracy of vertebral fracture diagnosis in children
from conventional radiographs has been evaluated in several
studies (Table 2) [4, 12, 13, 64, 67, 68]. In general, vertebral
levels T7-L4 are highly visible (visibility ranging from 88 to
99.8%), whereas visibility is more limited in the upper part of
the thoracic spine (T4- T7) for the reasons given above and
because of often poor image quality and poor patient position-
ing. Inter- and intra-observer agreement for vertebral readabil-
ity range between kappa of 0.33 to 0.98 and 0.43 to 0.76,
respectively, and for fracture diagnosis range between kappa
0f 0.43 to 0.66 and 0.52 to 0.76, respectively. Unfortunately,
despite the radiation dose, conventional radiographs remain
the gold standard imaging modality for diagnosing vertebral
fractures in children, mainly due to convenience and
availability.

It is essential to have good quality spine radiographs to
precisely evaluate vertebral fractures and associated deformi-
ties. In order to generate good-quality lateral images, the spine
should be as parallel as possible to the radiographic table [69].
Generally, a 100-cm focus-to-film distance should be main-
tained. For thoracic radiographs, the beam is centred at T7,
and for lumbar radiographs, it’s centred at L3. With younger
children, it is possible to perform the whole spine on a single
radiograph where the central beam points to T12. For accurate
lateral views, position patients on their left side with flexed
knees and hips [13]. Figure 1 shows lateral thoracic and lum-
bar spine radiographs of an ideally positioned patient.

Dual energy x-ray absorptiometry

Despite the limitations of dual energy x-ray absorptiometry
for assessing bone density/predicting fracture risk in children,
as discussed above, dual energy x-ray absorptiometry is now
considered a significant tool for assessing and monitoring
bone health [70]. The development of machines that allow

lateral imaging has expanded the role of dual energy x-ray
absorptiometry beyond assessing bone strength to include
the assessment of bone morphometry/vertebral fractures diag-
nosis, termed vertebral fracture assessment.

Vertebral fracture assessment has exciting potential. It is
easily and rapidly applicable during bone mineral density
measurement, thus enhancing the management of osteoporot-
ic patients [65], obviates the need for spine radiographs and
affords point-of-service convenience for the patient because
the imaging is performed at the same visit and at the same time
as the dual energy x-ray absorptiometry for bone mineral den-
sity measurement [64, 66]. Perhaps the most significant ad-
vantage of vertebral fracture assessment is the radiation dose
savings that it allows; for instance, a dose as low as 3 puSv has
been reported for dual energy x-ray absorptiometry by some
authors [65, 71]. Another advantage is the ability of dual en-
ergy x-ray absorptiometry to acquire the whole lateral spine
(of larger patients) in a single image; whereas with radiogra-
phy, the thoracic and lumber spine require two separate
images (Fig. 1).

Many recent studies have assessed the reliability of verte-
bral fracture assessment in adults and shown good perfor-
mance with sensitivity and specificity ranging from 62 to
97% and 94 to 99%, respectively, and observer agreement
(kappa score) ranging between 0.24 and 0.98 [72-79].

Mayranpaa et al. [12], in their 2007 study, showed that
vertebral fracture assessment produces uncertain results in
children with low bone mineral density, and they argued that
improvements in the image quality of lateral dual energy x-ray
absorptiometry and in scoring systems for vertebral fracture
assessment were necessary before this approach could be used
reliably in children. In contrast, a recent larger study showed
similar sensitivity (78% and 72%) and specificity (84% and
72%) for dual energy x-ray absorptiometry and radiographs,
respectively, indicating that vertebral fracture assessment is as
good as conventional radiography for diagnosis of vertebral
fractures in children [64]. This study is the only one to address
visualisation of non-vertebral body fractures (spondylolysis/
spondylolisthesis) and the effects of spinal rods and patient
positioning. The study showed that the quality of the two
modalities was comparable and, in fact, superior for dual en-
ergy x-ray absorptiometry in the presence of spinal rods [64].
The study by Crabtree et al. [15] also demonstrated that dual
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Fig. 1 An ll-year-old boy with osteogenesis imperfecta. a-c Lateral
thoracic (a) and lumbar spine (b) radiographs are juxtaposed to a lateral
spine dual energy x-ray absorptiometry scan (¢) performed on the same

energy x-ray absorptiometry is comparable to radiographs for
detecting moderate and severe vertebral fractures with sensi-
tivity and specificity of 81.3% and 99.3%, respectively. It is
worth noting the poor diagnostic accuracy of mild vertebral
fractures in children, irrespective of imaging modality, possi-
bly related to poor distinction from normal variants and non-
fracture pathology [64].

To summarise, in the past, vertebral fracture assessment
was found to be inappropriate for paediatric use due to poor
image quality, with numerous false-positive findings, an in-
ability to identify vertebrae in small children and a failure to
distinguish physiological changes in morphology. However,
results of recent studies (Table 2) indicate that vertebral frac-
ture assessment is a promising technique for diagnosing ver-
tebral fractures in children [12, 14, 15, 64, 67].

Previously, lateral spine dual energy x-ray absorptiometry
scans were obtained with the patient in a decubitus position
(lying on their side), but with newer machines, the patient

@ Springer

day. The image quality of (c) is non-inferior to (a) and (b), with the
advantage of being a single image

remains in a supine position (lying on their back) and rather
than the patient moving, the machine’s c-arm rotates to obtain
a lateral image of the whole spine.

For decubitus views, the child lies on his/her side on the
scanning table. Arms should be kept away from the area to be
scanned and should be at a right angle (90°) to the chest. The
knees should be flexed upwards towards the chest, so that the
spine is parallel to the scanning table. Foam pads may be used
to obtain and maintain the required position. Subsequently, the
process of acquiring the dual energy x-ray absorptiometry
scans should be conducted as recommended by the manufac-
turer. The child should be reminded to stay still throughout the
examination [80].

For supine views, the child should lie on the scanning table
in the supine position with his/her arms raised above their
head. The patient’s spine should be positioned in the centre
of the scanning area and both knees should be raised upwards
using foam pads to straighten up the base of the spine.
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Computed tomography and magnetic resonance
imaging

CT and MRI are variably used for diagnosis of vertebral frac-
ture in children. CT is the most reliable and accurate method
for vertebral morphology evaluation when an acute traumatic
fracture is suspected. Disadvantages include a high ra-
diation dose penalty (approximately 10,000 uSv for
whole spine scanning, equal to 3 years’ background
radiation) [12], generally reduced availability of machines
and relative expense.

MRI has the advantage of not utilising ionising radiation
and helps to differentiate the underlying cause of vertebral
fractures other than osteoporosis (particularly malignancy),
but such scans take a relatively long time and are more costly
than other modalities.

Neither CT nor MRI are indicated for routine monitoring/
diagnosis of osteoporotic vertebral fractures in children.

Biplanar X-ray imaging

The biplanar x-ray imaging system (EOS imaging, Paris,
France) is a relatively new imaging solution meeting
the specific needs of musculoskeletal imaging. The sys-
tem produces high-quality images of the whole body,
including the whole spine, at lower radiation dose than
radiographs (for lateral spine, mean entrance surface
dose was 0.37 mGy compared with 2.03 mGy for ra-
diographs) and it has the ability to generate 3-D images
from simultaneous anteroposterior and lateral 2-D im-
ages of the whole body [81]. EOS scanning time ranges
from 10 to 20 s for a full body scan and 4-6 s for the
spine (depending on the patient’s height). EOS plays a
major role in the diagnosis and follow-up of patients
with adolescent idiopathic scoliosis [82, 83] and has
been used to diagnose vertebral fractures in 200 patients
older than 50 years in whom it was compared to verte-
bral fracture assessment (dual energy x-ray absorptiom-
etry device: QDR 4500; Hologic, Bedford, MA) [83].
The sensitivity, specificity and negative predictive values
for EOS were 79.7%, 91.6% and 99%, respectively. Inter-
observer agreement between two independent readers was
very good for EOS (kappa score=0.89), higher than for verte-
bral fracture assessment (kappa score=0.67). We are not aware
of any study that has compared EOS with radiographs and/or
vertebral fracture assessment for the diagnosis of vertebral
fractures in children; however, the results in adults suggest
that EOS is a good diagnostic tool for the diagnosis of verte-
bral fractures. Therefore, it is also likely to be beneficial in
children with advantages of high image quality, low dose and
rapid acquisition time. Further research studies are needed to
assess diagnostic accuracy of vertebral fracture in children
using EOS.

Scoring systems for vertebral fractures

When using any classification system, the normal slight curve of
the lower lumbar vertebrae and anatomical changes such as
wedging of mid-thoracic and thoracolumbar vertebrae should
be borne in mind. Baseline and serial radiographs should be
compared with one another to document improvement/
deterioration in prevalent (i.e. previously identified) vertebral
fractures and to detect incident (i.e. new) vertebral fractures [84].

Quantitative morphometric definitions [85-88] and semi-
quantitative assessments of vertebral fractures, including
methods by Smith [89] and Kleerekoper [90] have been intro-
duced for adults; however, this review focuses only on
methods that have been used in children.

Subjective visual assessment

The most extensively employed method for assessing verte-
bral fractures is visual assessment of radiographs [91].
Qualitative visual assessment is helpful when performed by
experts capable of disregarding abnormal appearances that
have nothing to do with the osteoporotic fracture. However,
due to the subjectivity of the technique, observer reliability is
low with inter- and intra-observer kappa scores of 0.47 and
0.62, respectively [92]. In other words, the findings of visual
assessment greatly depend on the competency of the reader.
For this reason, visual assessment is not recommended for
epidemiological studies or therapeutic trials.

Genant’s semiquantitative assessment

This semiquantitative grading system was developed in 1993
based on independent analysis of the spine radiographs of 57
postmenopausal women (ages 65-75 years) by three observers
[10]. Assessment is made of vertebral shape (crush, concave or
wedge) and reduction in posterior, middle and/or anterior verte-
bral height. Grade 0 indicates no fracture (normal) with a height
reduction of less than 20%, Grade 1 indicates a minimal fracture
with a height reduction in the range of 20-25%, Grade 2 indicates
a moderate fracture with a height reduction in the range of 25-
40% and Grade 3 indicates a severe fracture with a height reduc-
tion of above 40% (Fig. 2). Although this method was developed
for and is the standard tool for diagnosing vertebral fractures in
adults, researchers have begun to assess its use for diagnosing
vertebral fractures in children [4, 13, 14, 67]. These paediatric
studies demonstrate inter- and intra-observer reliability ranging
from kappa score=0.29 to 0.98 and 0.41 to 0.63, respectively, and
sensitivity and specificity ranging from 66 to 95% and 78 to
100%, respectively. The variability between the different studies
for observer reliability and sensitivity/specificity may reflect lim-
itations of the quantitative method such as false-positive identifi-
cation of non-fracture deformities, disparity in fracture preva-
lence and severity within the study cohorts and misdiagnosis of
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Normal

Mild fracture
Grade 1 (20-25%)

Moderate fracture
Grade 2 (25-40%)

Severe fracture
Grade 3 (>40%)

Crush fracture

W

Biconcave fracture

. ¢

L

Fig. 2 Selected lateral spine dual energy x-ray absorptiometry scans from a series of patients demonstrate the semiquantitative visual grading system of

Genant et al. [10]

mild endplate fractures (i.e. mild height loss may be physiolog-
ical rather than pathological).

The benefits of Genant’s semiquantitative method include
its convenience, being less complicated than quantitative
methods, improved consistency when compared to qualitative
methods and the fact that it can be used by both experts and
beginners with acceptable reproducibility and precision [93,
94]. However, although reduced compared to subjective visu-
al assessment, the experience and competency of the reader
still greatly influences its implementation. A further drawback
of this method is that deformation of shape is not taken into
consideration while making the evaluation [84]. The fracture
is detected by observing the reduction in vertebral height or
area, but radiological features related to vertebral endplate
abnormality are not considered [11].

Algorithm-based qualitative method

The algorithm-based qualitative method is not based on reduced
vertebral height alone; this system provides clear guidelines for

@ Springer

the evaluation of alterations in the vertebral endplates, helpful in
detecting osteoporotic fractures in adults [95]. It has been pointed
out that although three grades of severity are present, just as in
Genant’s system, there is no lower limit for Grade 1 fractures
(Grade 1 <25%, Grade 2 >25%, and Grade 3 >40%) [11].
Nevertheless, the algorithm-based qualitative approach offers
the advantage of addressing potential sources of false-positive
detection of vertebral fracture such as “deep inferior” and
“step-like” endplates [95].The algorithm serves as a basic
guideline for qualitative identification and differentiation of
vertebral fracture, non-fracture deformity and normal variant.
However, observers need to be fully trained in the application
of the method, and the algorithm should be applied with re-
course to reference notes on differential diagnoses.

A recent study was the first to analyse the clinical utility of
an adapted version of the algorithm-based qualitative ap-
proach from radiographs and dual energy x-ray absorptiome-
try in children [8]. Development of the scoring system was in
two phases: modification of algorithm-based qualitative and
simplification of the modified algorithm-based
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qualitative system. The researchers showed slight to
good inter-observer agreement in 50 patients by both
modified algorithm-based qualitative (kappa score=0.27
to 0.49) and simplified algorithm-based qualitative (kap-
pa score=0.31 to 0.45) and moderate intra-observer for
simplified algorithm-based qualitative (kappa score=0.45 to
0.56). All observers subjectively found simplified algorithm-
based qualitative easier and less time-consuming, which
makes it more appealing for clinical and research use com-
pared to modified algorithm-based qualitative for scoring ver-
tebral fractures in children [8].

Although the algorithm-based qualitative technique is
promising as a semi-objective means of classifying os-
teoporotic vertebral fractures in adults, there is only
limited research into this technique in children. Further
studies are required to assess whether the simplified
algorithm-based qualitative method is sufficiently reli-
able to identify and differentiate fracture from non-
fracture deformities in children.

Koerber’s technique

Recently, a new scoring system was introduced for assessing
spine morphology in children with osteogenesis imperfecta
(developed using 268 lateral spine radiographs of 95 patients)

Fig. 3 A 14-year-old girl with
osteogenesis imperfecta. Lateral
spine dual energy x-ray
absorptiometry scan illustrates
positioning of points used to
outline the vertebral bodies
between T4 and L4 using the
SpineAnalyzer program.
SpineAnalyzer identified a severe
fracture at T11, moderate
fractures at TS and T6 and mild
fractures at T7 and T8. The arrow
points to the T12 vertebral body
(lowest vertebral body associated
with a rib). SQ Semiquantitative,
Bicon. Biconcave

[96]. The assessment is based on three criteria: vertebral com-
pression, thoracolumbar kyphosis and deformity type, with a
scale of 1 to 5 to defining severity (1=no need for therapy and
S5=extremely severe). To record all possible combinations of
the three parameters, the authors developed a more detailed
severity score system ranging from 1 to 138. The authors state
that this evaluation will benefit patients in clinics; however, it
seems that this method is limited by being relatively time-
consuming (a trained reader needs from 5 to 8 min to define
the category and severity scores) [96].

Semiautomated techniques

Semiautomated quantitative vertebral morphometry tech-
niques typically employ model-based shape recognition tech-
nology to define the shape of all vertebrae between T4 and L4
inclusive (Fig. 3) [97].

The procedure (termed 6-point morphometric analysis) be-
gins with a manual indication of the estimated centre of each
vertebra from T4 to L4. The software then mechanically iden-
tifies and marks the standard positions for six-point morphom-
etry measurements. The operator may move these points with
the help of the software for improved accuracy. From these six
points, anterior (H*), middle (H™) and posterior (HP) vertebral
heights are automatically determined by the software. Then,

Deformity results

Morphometry (% deformation)

Level | wedge Bicon. Crush Grade SQ Score
T4 17.3% 5.9% -65.0% Normal -
TS 38.6% 19.7% 18.4%  Moderate -
T6 26.7%! 11.0% 4.5% Moderate -
T7 22.1% 1.5% -1.4% Mild -
T8 23.8% 2.5% 8.6% Mild _
T9 19.2% 2.2% 12.9% Normal _
T10 | 16.3% 1.7% -18.9% Normal
T11 |_50.5%) 32%  Severe .
T12 | 1.1% -0.4% 2.0%  Normal -
L1 8.2% -1.0% -4.5% Normal -
L2 2.0% -3.6% 2.1% Normal -
L3 2.5% -7.3% 2.5% Normal -
L4 4.5% -4.0% -4.7%  Normal -

0 - Normal 1 - Mild 2 - Moderate 3 — Severe
<20% 20%-<25% 25%-<40% > 40%

Level | Differential diagnosis
T4 -

T5 -
Té6 -
T7 -
T8 -
T9 |
T10| _
T11
T12| ~
L1 -
L2 -
L3 | -
L4 -
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the (H®, HP), (H™ HP), (HP. H**") and (HP. H"") height ratios
are calculated (*' and ! indicate the vertebrae immediately
above and below the vertebra of interest). Each vertebral body
is then classified according to its height ratios based on the
Genant classification (Grades 0 to 3).

SpineAnalyzer software (Optasia Medical Ltd., Cheadle,
UK) provides a quick and easy method for identifying and
reporting vertebral deformities from radiographs and other
x-ray-based technology. A recent study concluded that
SpineAnalyzer is a reliable and ideal system for measuring
vertebral height and identifying vertebral fracture from dual
energy x-ray absorptiometry scans in adults, with significant
observer agreement (ranging from 96 to 98.6%) using the
Genant semiquantitative method [98]. Although studies have
used the semiautomated quantitative software to diagnose
fractures in adults, as far as we are aware, only two studies
have used this semiautomated six-point software technique to
diagnose vertebral fractures in children [15, 68].

The study by Alqahtani et al. [68] is the largest morpho-
metric analysis study in children using SpineAnalyzer; the
study assessed 137 lateral spine radiographs of children be-
tween ages 5 and 15 years. Inter- and intra-observer agree-
ment, overall sensitivity and specificity are shown in
Table 2. Another study by Crabtree et al. [15] demonstrated
poor observer agreement of morphometric analysis for verte-
bral fracture diagnosis in 80 children (Table 2).

The results of these two papers suggest that the diagnostic
accuracy of semiautomated systems/morphometric analysis is
not sufficiently high to allow their routine clinical use in chil-
dren. Therefore, training of current software programmes on
paediatric images or development of paediatric specific soft-
ware and reference values is required.

Summary

Identifying vertebral fracture is central to the diagnosis of
osteoporosis in children. Imaging methods used to detect
and analyse vertebral fractures in clinical and/or research prac-
tice include conventional radiographs, dual energy x-ray ab-
sorptiometry (vertebral fracture assessment), CT and MRIL
While vertebral fracture assessment is routine in adults, iden-
tifying vertebral fracture in children is still mostly from radio-
graphs. However, recent pediatric studies have shown that
dual energy x-ray absorptiometry vertebral fracture assess-
ment has similar sensitivity and specificity to radiographs with
lower radiation dose; therefore, dual energy x-ray absorptiom-
etry should be considered for vertebral fracture diagnosis in
children, when feasible. It is likely that EOS will have an
increasing role.

There is no agreed standardised method for diagnosing
vertebral fracture in children and it is difficult to be certain
of the validity of mild fractures.

@ Springer

Conclusion

There is no reliable method to assess vertebral fractures in
children. This situation may be improved by the development
of a software tool for semiautomated vertebral fracture assess-
ment. Such a tool should be specifically designed for paediat-
ric use and encompass normal physiological variation, which
almost certainly accounts for some observer variability in di-
agnosing vertebral fractures in this population.
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