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Abstract: The paper reviews the current imaging methods in the diagnosis and monitoring of patients with adolescent idiopathic
scoliosis. Radiography is generally used in the initial diagnosis of the condition. Postero-anterior erect full spine radiograph is
generally prescribed, and is supplemented by lateral full spine radiograph when indicated. To reduce the radiation hazard, only the
area of interest should be exposed, and follow-up radiographs should be taken with as few projections as possible. When available,
EOS" stereoradiography should be used. The radiation of the microdose protocol is 45 times less than that of the conventional
radiography. Surface topography offers another approach to monitoring changes of curvatures in AIS patients. Recently, 3D
ultrasound has been found to be able to measure the Cobb angle accurately. Yet, it is still in the early developmental stages. The
inherent intrinsic and external limitations of the imaging system need to be resolved before it can be widely used clinically. For AIS
patients with atypical presentation, computed tomography (CT) and/or magnetic resonance imaging (MRI) may be required to assess
for any underlying pathology. As CT is associated with a high radiation dose, it is playing a diminishing role in the management of
scoliosis, and is replaced by MRI, which is also used for pre-operative planning of scoliosis.

The different imaging methods have their limitations. The EOS” stereoradiography is expensive and is not commonly available. The
surface topography does not enable measurement of Cobb angle, particularly when the patient is in-brace. The 3D ultrasound
scanning has inherent intrinsic technical limitation and cannot be used in all subjects. Radiography, however, enables diagnosis and
monitoring of the adolescent idiopathic scoliosis (AIS). It is thus the gold standard in the evaluation and management of scoliosis
curves.

Keywords: Adolescent idiopathic scoliosis, Imaging, Radiography, EOS®, 3D ultrasound imaging, Surface topography, Computed
tomography, Magnetic resonance imaging.

1. INTRODUCTION

Adolescent idiopathic scoliosis afflicts 2-3% of the population. It is generally noticed by parents, friends or detected
during a spinal screening utilizing a scoliometer which measures the angle of trunk rotation (ATR). Various studies
have shown that the method is reliable, with low inter-observer and intra-observer error [1]. Generally, when the ATR is
> 5°, the patient is likely to have a lateral spinal curvature in excess of 10°. When the ATR is > 7°, the patient needs to
be referred for radiographs for evaluation [2].

Different imaging methods are used in the management of idiopathic scoliosis. These include conventional
radiography, the low-dose stereoradiography (EOS®), surface topography, 3D ultrasound, computed tomography (CT)
and magnetic resonance imaging (MRI). Fluoroscopy is generally used intra-operatively and is not discussed in this
review paper.

These various imaging methods have different indications, advantages and disadvantages. At present, there is no
fixed algorithm as to when each imaging method is indicated [3] and radiography is still the gold standard in the
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diagnosis, evaluation and management of spinal deformities during growth. The different imaging methods are
discussed below.

2. RADIOGRAPHY

Radiography is commonly used in the diagnosis and follow-up management of patients with scoliosis. Depending
on the requirements of the physician, the standing frontal and lateral views of the full spine are generally requested [4.
5]. The general recommendation is to have the film covering the area of the back from C7 to the sacrum and include
both iliac crests to enable evaluation of the Risser index [5, 6]. In young patients, the radiograph may need to include
the hip to determine if the tri-radiate cartilage, which is the Y-shape epiphyseal plate between the ilium, ischium and
pubis has fused [7], as closure of the cartilage occurs after the peak height growth velocity phase [8].Weiss and Seibel
(2013), however, are of the opinion that it is not necessary to include the entire pelvis and the hip, as this increases the
radiation exposure and does not provide useful information in the management of scoliosis [9]. Instead, their suggestion
is to limit the x-ray exposure of the back both from T1 to S3 as well as to cover the medial aspect of the iliac crest.
Exclusion of the lateral pelvis does not permit the identification of a Risser stage less than 3. This, however, does not
have any impact clinically in the management of AIS as patients with a Risser sign of 0 can be identified through
observation of the Tanner stage, which is a scale depicting the physical development of children, adolescents and adults.
Patients in Risser stage 0 are generally in Tanner stage 1 [10]. In Tanner stage 1, the secondary sexual characteristics
have yet to develop. The inclusion of the medial aspect of the iliac crest in a PA film permits the identification of Risser
stages 3 and 4. This also provides sufficient information to enable practitioners who are treating patients with braces as
to when they can start weaning patients off the brace [9].

The lateral film should cover the area from T1 to the sacrum and be used as a reference for future comparison.
When the sagittal profile is not markedly abnormal, lateral spinal films can be dispensed [9] to reduce the radiation
dosage to the patient.

These films while termed as frontal and lateral view are not the frontal and lateral view of the spinal deformity. The
x-rays are actually the oblique view of the spinal deformity. Special views are generally required to ascertain the “true”
frontal and lateral view of the scoliotic deformity.

2.1. Diagnosis and Evaluation

During the initial evaluation, plain radiographs should be used for diagnosis. In the presence of atypical scoliosis
and segmental defects, the patient should be referred for MRI examination, as the incidence of spinal cord abnormalities
is high in these patients [11 - 15]. Further, in the absence of an increased spinal canal diameter or other signs that are
indicative of secondary scoliosis or syndromic scoliosis such as Marfan syndrome and neurofibromatosis, the patient
can be diagnosed with idiopathic scoliosis.

In the PA radiograph, the curve type, Cobb angle, apical vertebral rotation (AVR), coronal balance and Risser
staging need to be measured and determined. Clinicians should also record the upper and lower end vertebra used for
measuring, the apex and whether or not vertebral wedging is present.

2.2. Cobb Angle

As previously stated, scoliosis is a 3D spinal deformity. Despite this being the case, the evolution of curves together
with the success or failure of scoliosis treatment is still to a large extent and in the large majority of clinics worldwide
determined by changes in the Cobb angle, which is a 2D measurement [16]. Not surprisingly, this measurement is
subject to error. In 1993, Beauchamp ef al. also reported that the Cobb angle is subject to diurnal changes. Indeed, the
mean Cobb angle in the afternoon can be 5° more than that measured in the morning [17]. When the vertebral end points
were not defined, the mean inter-observer and intra-observer variation were relatively high, at 7.2° and 4.9°, respectively
[18]. When the end points were defined, however, the variability reduced, suggesting the importance of selecting
consistent end points when evaluating serial radiographs. At present, the margin of error of Cobb angle measurement is
generally regarded to be 5°. Morrissy et al. (1990) regards a 10° change in Cobb angle necessary to be 95% confident
that there is indeed a change of scoliosis [18].

According to the Scoliosis Research Society (SRS) 2005 and SOSORT 2006 and 2011 guidelines, patients with
Risser staging from 0 — 2 and Cobb angle between 25-40° need to be treated with bracing [16, 19, 20]. Bracing should
preferably be done in conjunction with physical rehabilitation (scoliosis-specific exercises), as these curve-specific
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exercises have not only been found to reduce curve progression [21, 22] but they also stabilize the curve during brace
weaning [20]. An adolescent patient with a Cobb angle > 45° and remaining spinal growth should be referred for
surgery [16, 20]. Recently, however, Bettany-Saltikov et al. (2015) identified no evidence to support the effectiveness
of surgical intervention compared to non-surgical interventions for patients with AIS [23].

2.3. Apical Vertebral Rotation

At the apex of a scoliotic curve, the vertebral body rotates towards the convexity of the curve and the spinous
process towards the concavity of the curve (Fig. 1). The extent of apical vertebral rotation is generally determined from
the PA spinal film using a number of different methods. These include the Nash and Moe method [24], the Raimondi
[25] or the Perdriolle methods and the Vidal method [25]. The Nash and Moe method is a radiological method. In this
method, the vertebra is divided into six segments longitudinally and grades O to 4 are assigned, depending on the
location of pedicle within segments (Fig. 2). When there is no vertebral rotation in the spine and the pedicles are
symmetrical, it is graded as 0. When the convex pedicle rotates past the midline, it is regarded as Grade 4. This method
has some drawbacks, however, as it only provides a rough approximation of axial rotation [26]. In 1993, Ho ef al.
conducted a research study which found that CT scans showed a rotation of up to 11 degrees whilst the Nash and Moe
method showed that there was no vertebral rotation at all (0 grade) [24]. Further, this method does not consider
vertebral asymmetries such as non-parallel endplates and concave vertebral walls [26].

Fig. (1). Rotation of vertebral body and spinous process in scoliosis. From the x-ray, it is apparent that the vertebral body of L1 (the
apex of the curve) rotates towards the convexity of the curve, which is the left and the spinous process rotates to the concavity of the
curve.

Measurements using the Raimondi and Perdriolle methods are more accurate [25]. The intra-observer and inter-
observer error for using the Perdriolle method was reported by Weiss to be £1° and +3° respectively [25]. Similarly,
Barsanti ef al. and Omeroglu et al. reported that over 92% and 98% of errors, respectively, were within = 5° [27, 28].
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However, the accuracy of the measurement reduces when the vertebral rotation is > 30° and the outline of the pedicle
loses its definition [5].
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Fig. (2). The Nash and Moe method of determining vertebral rotation clinically. The apical vertebral body is divided into six equal
segments longitudinally. When both pedicles are in view, there is no vertebral rotation. It is graded as “0”. When the pedicle in the
concave side (the right side) starts disappearing, it is graded as “1”. When the pedicle disappears, it is graded as “2”. When the
contralateral pedicle (pedicle in the convex side) is in the midline of the vertebra, it is graded as “3”. When it crosses the midline of
the vertebra, it is graded as “4”.

Knowing the extent of vertebral rotation is important clinically. When vertebral rotation exceeds 25°, trunk rotation
increases during forward bending as the paraspinal muscles on both sides of the back act unilaterally to rotate the apical
vertebra [29]. This is significant clinically as apical lumbar vertebral rotation in excess of 33% has been shown to be
associated with an increased incidence of low back pain [30].

Fig. (3). The tri-radiate cartilage. It is the Y shape epiphyseal plate between the ilium (—) ischium and pubis. When it is fused, it
indicates that the peak growth velocity phase has passed.
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2.4. Risser Sign

The Risser sign is an important prognostic sign for the management of idiopathic scoliosis. Two different staging
systems exist [7, 31], namely the US and French (European) systems. Both systems comprise of 6 stages; they have
identical Risser 0 and 5 stages, but different staging in-between (Fig. 3).

In the US system, the iliac crest is divided into 4 segments. When the iliac apophysis is not ossified, it is regarded as
stage 0. When the first lateral quadrant of the apophysis is ossified, it is regarded as Risser 1. With excursion of the
ossification medially, the Risser stage increases. In brief, the quadrant the ossification appears within defines the Risser
stage [7]. When the second quadrant is ossified, the Risser is 2. When the third quadrant is ossified, the Risser is 3.
When the fourth quadrant is ossified, it is Risser 4. When the iliac apophysis fuses with the iliac crest, it is Risser 5
[32].

Alternatively, in the European system, the iliac crest is divided into three segments. As with the American
classification, in the European classification, when the apophysis ossifies in the outmost segment, it is graded as Risser
1. For a classification of Risser 2, two thirds of the iliac crest needs to have ossified. For a Risser 3, the entire iliac
apophysis needs to be ossified. Risser 4 is assigned when the medial iliac apophysis fuses with the ilium [7]. Risser 5
represents the complete fusion of the apophysis to the iliac crest. Recently, Nault ef al. (2010) and Yang et al. (2014)
proposed a modification of the existing systems [7, 33]. Nault e al. (2010) included the closure of the tri-radiate
cartilage into the grading system. When the tri-radiate cartilage has not yet fused Fig. (3), it is graded as negative (0 -).
When the tri-radiate cartilage has fused, but the Risser sign is still 0, the staging is regarded as 0 [7]. This applies to
both the US and European systems (Fig. 4). Studies have shown that the two systems have high correlation [7, 31].
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Fig. (4). Different classifications of Risser sign. In the Risser + classification, Risser 0- represents Risser 0 stage when the tri-radiate
cartilage has not fused, and Risser 0 represents the stage when no ossification of the iliac crest is evident, but the tri-radiate cartilage
has fused.

Prognostically, patients with Risser 0- 2 are regarded as skeletally immature [34] and at high risk of progression. A
recent study attempted to determine the influence of Risser sign on the need for surgery in children wearing orthoses for
the treatment of AIS [35]. They found that 44.2% of the patients who were in Risser stage 0 and who wore a brace for
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an average of 11.3 hours per day had curves progress to surgery or to >50°; 6.9% of patients in Risser stage 1 who wore
a brace for an average of 13.4 hours per day progressed to surgery or to >50°. No patients in Risser stage 2 who wore a
brace for an average of 14.2 hours had curve progression to surgery or to >50° [35].

Interestingly, Ryan et al. (2007) compared the curve progression rates of two groups of patients at Risser 0, one
with tri-radiate cartilage open and another with the cartilage fused [34]. They found that the incidence of curve
progression is higher in patients with open tri-radiate cartilage as opposed to those with closed tri-radiate cartilages
[34]. Despite bracing, patients with an open tri-radiate cartilage progressed a mean of 3.12° and those with a closed or
fused tri-radiate cartilage progressed a mean of 6.86° [34]. Considering an increase of 5° Cobb as worsening of curve,
curves with open tri-radiate cartilage worsened 54% of the time and those with a closed tri-radiate cartilage worsened
21% of the time. The findings concurred with the findings by Karol et al. (2016), who showed that the surgical rate of
braced patients with open tri-radiate cartilage was higher than those with closed tri-radiate cartilage. The rate of surgery
for patients at Risser stage 0 was 32.4% for the 74 patients with closed tri-radiate cartilage and 63% for the 46 patients
with open tri-radiate cartilage (p=0.0005) [35].The outcome is possibly related to the difference in growth velocity
when the tri-radiate cartilage is open versus when it is fused. When the tri-radiate cartilage is still open, the growth
velocity is high; when the cartilage has fused, the growth velocity reduces [34]. Closure of the tri-radiate cartilage
occurs after the peak height velocity [8]. In the study by Ryan et al. (2007), the average growth velocity for patients
with an open tri-radiate cartilage was 0.34 cm/month and for patients with a closed tri-radiate cartilage the average was
0.23 cm/month. The high growth velocity in Risser stage 0- may contribute to curve progression. Once the tri-radiate
cartilage has fused and the patient has passed their peak height velocity, he/she should be regarded as relatively mature
[34]. Based on the study outcome (Ryan et al. 2007), patients in Risser stages 0-2 who were previously regarded as
immature should be regarded more like mature patients.

When the U.S. Risser sign reaches 2, the risk of curve progression reduces. Karol et al. (2016) showed that no
patients managed with bracing for AIS at U.S. Risser 2 had progression to surgery [35]. At Risser 3, it is customary to
regard the patient to be relatively skeletally mature. The brace can be weaned off gradually [36], but this has to be
managed with care. Determination of Risser 3, 4 and 5 may not be accurate on a frontal film, as the posterior third of
the iliac crest orients sagittally and is obscured by the sacroiliac junction (Fig. 5) [31]. The worst concordance rate for
Risser 3 is when comparing a PA against an AP film; Izumi found this to be only 19% [37]. Similarly, Yang et al.
(2014) showed that the mean concordance rates using plain radiographs and 3D computed tomography were 59.76%
and 67.42% using the U.S. and the European grading methods, respectively [33]. Further, skeletal growth and curve
progression are possible even after Risser 4-5 [38], Risser values which are usually taken to signify skeletal maturity.

direction of x-ray I

Fig. (5). The posterior aspect of the iliac crest (hatched area) is situated behind the sacroiliac joint and is thus obscured by the joint in
frontal view projection.
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Once a value of Risser 5 has been reached in a patient with AIS, and the patient is generally considered to be
skeletally mature, some curves still progress. The incidence of curve progression has been shown to vary from 10% to
68%, depending on the initial curve magnitude [6, 39]. Thus, brace weaning needs to be individualized and should not
be based on the Risser stage alone. Weaning should only commence when the curve has been found to stabilize.

It is important to note that Risser sign has high intra-observer and inter-observer reliability [7, 31, 40, 41].
Unfortunately, atypical iliac apophysis development is frequent [32, 33, 39]. This includes fragmented ossification,
short excursion of the ossification as well as posterior ossification. The ossified apophysis may also overlap the iliac
crest, obscuring the image. It is, however, important to consider that a study by Izumi et al. (1995) showed that when
the Risser sign of PA and AP films were compared, the agreement was only 58% out of the 89 cases studied [37]. So
the measurement of the Risser sign needs to be regarded with caution and in conjunction with other patient measures.
Despite these limitations, the Risser sign is still routinely used in the management of scoliosis.

2.5. Lateral Spinal Radiograph

A lateral spinal radiograph is generally taken during initial evaluation. In the lateral film, the pelvic incidence,
pelvic tilt, sacral angle, the spinal sacral axis, the lumbar lordosis, the thoracolumbar angle (T12-L1) and thoracic
kyphosis angle can be determined. A recent study has shown that the apex of primary and compensatory curves is
lordotic, with the anterior vertebral measurements longer than that of the posterior [42]. The lordosis does not involve
the entire spine, but is limited to the primary and compensatory curves [42].

Schlosser et al. (2016) showed that the anterior-posterior difference of spinal length, based on the “true” anterior
and posterior points on the vertebral endplates, was +3.8% for thoracic and +9.4% for (thoraco)lumbar curves, while in
the proximal and distal junctional segments between the primary and compensatory curves, no clear anterior-posterior
vertebral length discrepancy was observed (p <0.001) [42]. The “plus” sign indicated that the anterior vertebral length
was longer than that of the posterior. Recently, Schlosser et al. (2016) found that the anterior-posterior difference in
vertebral length in primary and compensatory curves correlated linearly with Cobb angle and axial vertebral rotation
(r>0.729 for thoracic curve; r>0.485 for thoracolumbar curve).

In adult AIS patients, the sagittal balance is more important than the coronal balance [43]. Positive sagittal
imbalance, which is defined as the anterior deviation of the C7 vertebral body plumb line measurement from the supero-
posterior corner of the S1 (Fig. 6) [43], has been found to correlate with adverse health status outcome [44].
Additionally, the presence of a thoracolumbar lordosis together with a positive sagittal imbalance has been found to

increase the likelihood of low back pain [44].
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Kotwicki (2008) demonstrated that lateral spinal radiographs can be used to complement the frontal spinal
radiograph in the assessment of the Risser sign [31]. The ossification of the iliac apophysis, particularly the posterior
third can be viewed more clearly in the lateral spinal radiograph [31], improving the accuracy of Risser staging. This is
especially true for Risser stages 3, 4 and 5 (Fig. 7).

In the lateral spinal radiograph, the double rib contour may also be seen [45]. In a normal spine with no rotation in
the horizontal plane, images of ribs from both sides should not appear one in front of another in a lateral spinal
radiograph. In the presence of scoliosis when there is trunk rotation, the rib contour of the convex side appears posterior
as compared to that of the concave side (Fig. 8). This is the double rib contour sign [45], which is an indirect sign of

vertebral rotation.
055iffp. .
k_/-"_J d Iy a
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Fig. (7). Ossification of the posterior iliac crest is more readily discerned in lateral view of the spine, as it is not obstructed by the
sacroiliac joint as in the frontal view.

2.6. Frequency of Radiographs

When diagnostic screening of children suggests the possibility of AIS, children should be evaluated by radiography
[4]. If no progression is evident, the child should not be radiographed more than once a year. Follow-up radiographs, if
needed, should be taken with as few projections as possible [46]. Unless the patient has a marked thoracic hypokyphosis
or lumbar hypolordosis, lateral spinal film should not be taken during each examination [3, 9] in order to keep the
exposure to radiation as low as possible.

When a brace is indicated, a pre-brace x-ray is required to establish a baseline against which future x-rays are
compared [3]. This baseline x-ray also provides the basis upon which the orthotist can design and fabricate the brace.
Once the brace has been fitted, an additional in-brace x-ray is required to determine the frontal and lateral balance of the
spine together with the degree or percentage of curve correction. This data is essential for the prognosis of the condition
[47, 48]. An in-brace correction of 30% or more is required to achieve the best final spinal and rib-cage correction when
the patient reaches skeletally maturity [47]. A larger in-brace correction of 40% or more was found [48] to accompany
an improvement of 7° Cobb at skeletal maturity. There is, at present, no general consensus for when the in-brace x-ray
should be taken [3]. Some physicians routinely take the x-ray on the day of brace fitting. Others suggest to take the x-
ray two to four weeks following brace fitting, to allow time for modification of the brace [3]. This allows patients to get
used to the brace and also allows the facilitation of viscoelastic changes in the spine through incremental loading of the
corrective forces [3].

Similarly, there is no standard protocol relating to when subsequent x-rays should be taken and whether they are to
be taken in or out of the brace [3]. Given the lack of consensus, however, it has to be stressed that out-of-brace x-rays
need to be taken after the patient has spent some time wearing the brace. This is especially true for infantile and juvenile
scoliosis patients, as the corrective forces of the brace may deform the ribs and soft tissues, creating chest wall and/or
sagittal plane deformities [3]. Out-of-brace x-rays used to evaluate progress should be taken 24-48 hours out of brace.

Depending on the treatment protocol, the number of radiographs taken during the treatment period necessarily
differs. Presciutti et al. (2014) reviewed the treatment charts of the idiopathic scoliosis patients they had seen between
2007 -2012 and found that patients treated by observation had a mean of 3.7 radiographs per year, those treated by
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bracing had 5.7 radiographs per year and those treated by surgery had 12.2 radiographs per year [49]. Although this is
significantly less than the 22 radiographs taken in three years reported by Nash et al. (1979) [50], 12 radiographs per
year is still very high and can increase the risk of breast cancer [49].

w-ray filem

¥

Radiation sowrce x

Fig. (8). The double rib contour sign. In the presence of truncal rotation, the apical rib on the convex side (y) projects posteriorly in
relation to the contralateral rib at the same level (x). This constitutes the double rib contour sign.

2.7. Radiation Dose and Hazard

The effects that the radiation have on the tissues or organs depend on three factors: the amount of radiation
absorbed, the type of radiation that the patient is exposed to, and the type of tissues that are irradiated. The radiation
doses that are actually absorbed by the tissue/s is equivalent to the concentration of energy deposited in the tissue/s as a
result of an exposure to ionizing radiation. It is measured in milligrays (mGy). The “equivalent dose” is an amount that
takes the damaging properties of different types of radiation into account. It varies with the type of radiation. It is
measured in milliSievert (mSv). The relationship is as follows:

Absorbed dose (mGy) x radiation weighing factor = equivalent dose (mSv)

As radiography has a radiation weighting factor of 1, the absorbed dose is the same numerically as the equivalent
dose, though with different units.

The effective radiation dose takes into account the sensitivities of tissues and organs to radiation, as different body
parts have different sensitivities to radiation. The relationship between equivalent dose and effective dose is as follows:

Equivalent dose (mSv) x tissue weighting factor = effective dose (mSv)

From the equation it can be seen although both the equivalent and effective doses are in mSv units, they refer to
different radiation doses.

It is important to consider that radiography is associated with ionizing radiation, which has been found to increase
the risk of malignancy [50 - 52]. Many studies have shown that AIS patients are at increased risk of having breast
cancer from repeated radiographic examination [49 - 51]. Simony et al. (2016) investigated the cancer rate of 170 AIS
patients treated between 1983 and 1990 [52]. On average, each patient had 16 radiographs throughout the entire
treatment. The calculated mean radiation exposure was 0.8 — 1.4 mSv per examination and 2.4 — 5.6 mSv/year. This
radiation dose was comparable to that generated by modern radiography equipment [52]. Of the studied cohort, 9
patients were found to have cancers. Four had endometrial cancer and three had breast cancer. The overall cancer rate
was 4.3%, which was five times higher than the age-matched Danish population [52]. Interestingly, the authors found
that patients who had endometrial cancer were treated at an earlier age than those who had breast cancer [52]. The
reason for this discrepancy is unknown but could possibly be related to the response of different biologic tissues or
organs to radiation based on the patients’ age or physiological maturity [52].

Additionally, Presciutti et al. (2014) compared the radiation dose received by patients who were treated by
observation, bracing and surgery. They found that the surgical group received 8-14 times more radiation than the braced
and observation groups [49]. These results suggest that it is imperative to find ways to reduce the radiation dose to
patients destined for surgery.
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Fig. (9). The anode heel effect. The strength of the radiation is weaker in anode as compared to the cathode. The effect stems from
the absorption of the X-ray photons as they leave the anode. The effect varies with the heel angle of the anode (a, ). In an anode
with a smaller heel angle (o), the X-ray photons have to traverse a longer distance to exit the anode. This attenuates the X-ray
photons more. By contrast, in an anode with a larger heel angle (B), the X-ray photons have to traverse a shorter distance to exit the
anode. The radiation is thus stronger. In either instance, however, the radiation towards the anode is less than that towards the
cathode.

2.8. Reducing the Radiation Dose

As discussed above, reducing the radiation dose to patients may help reduce the risk of cancer [53]. This could be
achieved through a number of methods: viz. reducing the number of radiographs to as few as possible [54], reducing the
exposed area [9] and using the optimal radiographic technique.

Houghton et al. (1986) suggested using X-rays (PA) for patients with AIS on three occasions only [55]: At the
initial visit to confirm the diagnosis, when there has been rapid growth or change in the deformity and before surgery to
locate the exact levels for spinal fusion [56].

However, a lateral spinal radiograph should only be taken during the initial assessment of a scoliosis patient. It
should be not taken together with a PA film on every subsequent x-ray examination [3] unless the patient has a
significant sagittal plane deformity. For the frontal film, a PA projection is preferable to AP film, despite the fact that an
AP film produces a better image quality than a PA film, as it substantially reduces the patient’s effective dose [57, 58]
due to the fact that the focal film distance is shorter.

The effective radiation dose to the patient is also influenced by the positioning of the X-Ray’s anode or cathode in
relation to body part, or the anode heel effect phenomenon [58]. In general, the x-ray beam consists of a central ray and
a divergent beam. The rays that are parallel or near parallel to the inclined anode get absorbed by the anode itself (Fig.
9). The x-ray intensity at the anode is therefore lower than that on the cathode. Thus taking scoliosis radiography with
the patient’s head towards the anode versus towards the cathode changes the patient’s effective dose [58]. It was found
that when the head was positioned towards the anode (Head Towards Anode HTA) position this was associated with a
smaller effective dose to the patient as compared to the head towards the cathode (Head Towards Cathode HTC)
position. With HTA positioning, a right lateral projection reduced the effective dose to 85% and 84% when compared
with a left lateral projection for patients aged between 10 and 15 years. An AP-HTA projection caused a 183% and a
181% larger effective dose than a PA-HTA and breast-absorbed-doses in excess of 555% and 879% for patients aged
between 10 and 15 years [58]. Thus if possible, the patient should be radiographed in a right lateral and PA position to
reduce the effective radiation dose. A PA film reduces both the risk of breast [50, 59] and thyroid cancer for scoliosis
patients exposed to repeated radiographs.

Further, initial radiographs should include the pelvis to assist in the diagnosis of the patient. The initial radiograph
should also include Risser staging. Subsequent full spinal x-rays can be limited to the exposure of the areas of interest,
viz. from C7 to S3 [9]. The cervical spine, ribs and lower pelvis can be excluded to reduce radiation exposure [9] and x-
ray shielding of genitals needs to be employed.
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(a) (b) ()

Fig. (10). The different standing positions used in the measurement of trunk surface asymmetries using surface topography. (a) The
clavicle position; (b) the folding position and (c) the straight out position.

3. EOS®

EOS" is a low dose radiographic equipment that uses an ultra-sensitive multi-wire proportional chamber detector to
detect x-rays. The system simultaneously takes the AP and lateral images of the whole body in a standing position in a
calibrated environment. The 2D images that are taken can then be reconstructed to form 3D images using dedicated
software.

EOS” has a low radiation dose with an image quality of the spine that is comparable to that of computed
radiographs [60]. As EOS” enables 3D reconstruction, it enables both the measurement of 3D angles as well as the
measurement of distances [61]. This usually requires imaging by computed tomography that has a higher radiation dose.
Moreover, studies have shown that 3D measurements from the EOS” has very high intra- observer repeatability for the
Cobb angle, thoracic kyphosis and lumbar lordosis with better inter-observer reproducibility than the 2D methods [62].
The measurement of AVR was also very accurate; the average apical vertebral orientation as measured by EOS® and
CT scanning was 9.31° and 6.61° respectively (p = 0.65) [63]. The positioning of the patient did not affect the
measurements significantly. Additionally, and most importantly, any malpositioning of patients to £10° did not
significantly impact the accuracy of the EOS® reconstructed images [63, 64].

Recently, an EOS" microdose protocol was introduced to further reduce the radiation exposure to patients,
particularly to pediatric patients who require repeated radiographs [65]. Ilharreborde et al. (2016) evaluated the
precision of the 3D reconstruction of radiographs using this new microdose protocol. They found that the reconstructed
images were accurate. The intra-operator repeatability was better than the inter-operator reproducibility for all
parameters with values ranging between 3° and 8° for frontal and sagittal parameters and between 1° and 8° for pelvic
measurements [65]. The agreements were good for all measurements (ICC >0.91) [65], suggesting that the microdose
protocol can be clinically used for the monitoring of scoliosis.

3.1. Radiation Dose

EOS" has been in clinical use since 2000. It reduces radiation exposure by approximately 6 times that of
conventional radiography [54, 60, 63, 65]. Recently, as a result of technical advances, the microdose protocol was
developed further reducing the radiation dose to patients.
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In conclusion, the radiation dose of low dose EOS" is significantly lower than that of conventional radiography. For
a frontal film, the radiation dose with low dose EOS" was 0.07mGy as compared to 0.92mGy for a conventional
radiograph [66, 67]. For a microdose protocol, the radiation dose is even lower and is around 5.5 fold less than that of
the low dose EOS® [65]. This translates to a 45 fold reduction in radiation compared to conventional radiographs,
making the radiation dose to the patient negligible (Table 1) [65].

Table 1. Radiation exposure (in mGy) of different imaging techniques for spinal examination (Richards ez al. 2010).

- Full spine film
Imaging Techniques Frontal (mGy) Lateral (mGy)
EOS" microdose 0.019 0.044
EOS” low dose 0.132 0.214
Conventional Radiography 1.662 1.862
Full spine CT scan 15.6
Low dose full spine CT scan 5

CT — computed tomography
4. SURFACE TOPOGRAPHY (RASTERSTEREOGRAPHY RS)

Repeated radiographic examination over time is generally required in AIS patients to document the treatment
effectiveness or progression of the deformity. These serial radiographs may result in relatively high cumulative
radiation doses. It is from this background that surface topography was developed [68], with the objective of reducing
the need for radiography in the monitoring and management of scoliosis. At present, many surface topography systems
are in use. The common ones include the Jenoptik Formetric system [69], Inspeck System [70], Integrated Shape
Imaging System version 2 (ISIS2) [71] as well as the Quantec Spinal Imaging System [72]. Current data supports the
accuracy and reproducibility of all four systems [69].

The underlying principles of the different systems are similar. The devices project structured or stripes of white light
(raster lines) onto the back of a patient, either sequentially or simultaneously. Multi-light sectioning refers to the
technique when all the raster lines are projected onto the back of the patient at the same time. The latter method is
preferable as the time to capture a frame is shorter, reducing the possibility of blurring of images due to patient
movement. Deformed projected light on the back of the patient is then recorded by a video camera. In combination with
calibration data, 3-D images of the sectioned surface points are constructed using the triangulation method [61].

The preparation of patients differs, depending on the systems. Some require marking bony landmarks with external
skin markers [71], while others [61] detect the bony landmarks automatically. The latter method reduces the need for an
experienced operator [71] and error due to palpation [61].

Weiss et al. showed that some trunk surface parameters altered significantly during maximum inspiration as
compared to end expiration [74]. They compared the surface measurements of 77 AIS patients with a mean Cobb angle
of 38° using Formetric device in maximal inspiration and end expiratory positions. They found that the kyphotic angle
(p<0.001), lordotic angle and the spinal length differed significantly in the two positions [73]. To avoid breathing
artefacts, they recommended measuring trunk surface parameters at the end of expiration [74].

4.1. Reliability of Rasterstereography

A number of studies have attempted to determine the reliability of the surface topography measurements as
compared to conventional radiography [69, 74, 75]. A recent systematic review of twelve studies evaluating the validity
of RS shows that the accuracy of the method varies [76]. RS cannot accurately determine Cobb angle, though the
measurements correlate well with that measured on x-rays [69, 74, 75, 77]. A recent multicenter study found that the 4D
Formetric underestimated Cobb angle by a mean of 8.12 degrees [69]. Similarly, Bettany et al. found that ISIS1
underestimated large curves and overestimated small curves [56]. They found that the correlation with Cobb angle was
best for thoracic and thoracolumbar curves [56]. Correlation was also high for the double and primary lumbar curves.
The poorest correlation was found for the compensatory lumbar curves [56]. The best correlation was found for medium
curves in the 25-40° range [56].This is understandable in view of the fact that RS measures the surface of the back
whereas x-rays measure the internal skeletal elements of the spine [56].

Weiss et al. (1997) determined the margin of error for the measurement of lateral deviation and rotation using the
Formetric system [73]. They reported that the errors of maximum and average lateral deviation were 6mm and 3 mm
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respectively and that of maximum and average trunk rotation to be 3° and 1°, respectively. The lateral deviation [79] and
trunk rotation [80, 81] correlated better with that determined by radiography.

Liljenqvist et al. reported an unacceptable high root mean square (rms) difference for a vertebral rotation of 7.9
degrees comparing RS and radiography. However, other authors [78, 79, 82] reported a smaller rms difference
comparing digitized x-rays and RS [76]. Schulte et al. in a longitudinal study averaging 8 years showed that the
progression of lateral deviation and vertebral rotation of curves closely correlated with those obtained by radiography
[79]. The mean difference between RS and radiographs was 3.21mm for lateral vertebral deviation and 2.45° for
vertebral rotation [79].

The reliability of RS in determining the sagittal profile has not been studied extensively [61, 76]. Weiss et al.
compared the absolute values of thoracic kyphosis as measured in RS and in radiographs [83]. They found a correlation
of 0.78 between the two values, with a mean difference of 14 degrees. Yet, it has to be noted that the radiographic
thoracic kyphotic angle was measured from T4 to T12, whereas the RS kyphotic angle was measured from T1 to T12
[76]. This means, in essence, that different angles were being compared by the two different instruments. Similarly,
Knott et al. found that the Formetric 4D back shape measuring system overestimated the thoracic kyphosis by an
average of 7.26 degrees [69].

In order to improve the reliability of RS for the measurement of sagittal alignment, de Séze et al. compared the
measurements taken in three different standing positions (Fig. 10), viz. the clavicle position, the folding position and the
straight out posture [84]. They found that the straight out posture, i.e. standing with arms and hands supported
horizontally in front is closest to the natural standing posture. Parameters evaluating the upper part of the trunk
presented higher reproducibility than the other two postures [77].

4.2. Clinical Applications

As the RS data correlates well with the spinal deformity, RS can be used for screening and monitoring scoliosis
[69]. While RS cannot replace radiography entirely, it can reduce the need for x-rays. Radiographs can be reserved for
cases when progression of curves is documented or surgery is planned. Also, RS may be useful in monitoring curve
progression and posture in pregnant women when radiography is contraindicated [85, 86].

The use of RS in screening scoliosis is controversial [87, 88]. Chowanska et al. investigated if RS could replace the
scoliometer in screening for scoliosis, using a portable rasterstereography device (CQ Electronic System, Wroclaw,
Poland), and concluded that RS is not suitable for scoliosis screening. The sensitivity and specificity of the imaging
method were not satisfactory. For the value of surface trunk rotation (STR) > 5°, the sensitivity was 64.5% and the
specificity was 88%. For the value of STR > 4° the sensitivity was 77.4% and the specificity was 71.1%. No STR value
simultaneously provided a satisfactory sensitivity and a satisfactory specificity [87]. The cut-off value for the STR
parameters to determine if the patient had scoliosis or not could not be established. Also, the screening process took
longer and the children had to uncover the entire back [87]. Conversely, using an experimental RS setup, Pino-Almero
et al. reported that RS has a higher specificity and sensitivity than the scoliometer in detecting scoliosis and
recommended its use in the detection of scoliosis to reduce the use of radiography [88]. The difference in the
interpretation of the results is possibly related to the fact that the former study considered the practical application of the
screening while the latter study only considered the technical aspect of the findings.

Further, RS has been shown to be effective in monitoring the progression of curves [74, 79, 89, 90]. Schulte et al.
(2008), in a longitudinal study, found that an increase in lateral deviation and trunk rotation correlated well with the
progression of the curves and suggested that RS can be used reliably to monitor the progression of curves [79].
Similarly, de Korvin et al. (2014) reported that an increase of > 2° in any one gibbosity or in the sum of the gibbosities
in an RS examination indicated a 5° increase in Cobb angle [89]. Theologis et al. (1997) using ISIS also showed that rib
hump may progress before the Cobb angle [91]. RS is thus able to specifically indicate the progression of curves and
reduce the number of radiographs required for follow-up [79, 89] up to 50% [89]. Schulte et al. (2008) recommended an
RS examination every 3 to 6 months and a radiographic examination every 12 to 18 months, provided that the RS
examination does not show rapid deterioration of the scoliosis [79]. Surface topography may also be used to assess
changes in the back surface after surgery [92].

5.3D ULTRASOUND

Similar to surface topography, 3D-ultrasound has been developed in an attempt to reduce radiation exposure to AIS
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patients. Letts ef al. were the first to use ultrasound to assess scoliosis curves [93]. They applied ultrasonic digitization
to identify spinous processes and documented spinal curvature using the Ferguson method [93]. In the past decade,
there have been an increasing number of studies investigating the possibility of using ultrasound images to determine
spinal curvatures [94 - 96], vertebral rotation [97 - 99] and Risser sign [100 - 102].

Ungi et al. used the ultrasound system with a tracked transducer to determine spinal curves [94]. They used
transverse processes as landmarks. Results showed that the Cobb angle determined using the ultrasound imaging
method correlated very well with that determined using radiographs. It has to be noted, however, that the data was
obtained from pediatric and adult phantoms.

Suzuki et al. and Chen ef al. used spinous process and vertebral lamina as bony landmarks [97, 103]. Suzuki et al.
used ultrasound imaging to measure vertebral rotation in AIS patients in the prone position. They used the spinous
process and lamina as landmarks to calculate vertebral rotation and found that there was a strong linear relationship
between vertebral rotation and Cobb angle in thoracic and lumbar curves in untreated AIS patients [97]. When the
patients were braced, however, the relationship was lost. Chen et al. (2011) proposed to use the centre of lamina method
(COL) to estimate the curvature and vertebral rotation of scoliosis. The method has subsequently been used [95, 99] in a
number of studies.

Wang et al. attempted to validate the accuracy and reliability of the measurement of Cobb angle and vertebral
rotation with the 3D ultrasound [95, 99]. They scanned the spine of the patient lying supine on a purpose-design couch
with a central rectangular slot [95]. Positioning of the patient was similar to that of MRI scanning in routine clinical
examination [95]. They identified the apical vertebra and the lamina of the upper and lower end vertebrae from the
ultrasound image manually and used dedicated software to calculate the Cobb angle [95] and vertebral rotation [99].
They found that the measurements correlated very well with that determined from MRI taken a few hours prior to the
ultrasound imaging [99]. The ultrasound scanning method was regarded as having a very good intra- and inter-rater
reliability [95, 99, 104], but it under-estimated the Cobb angle when compared to that determined by radiography [104].
In an attempt to improve the accuracy of the ultrasound imaging, Zheng R et al. used previous radiographs of patients to
aid identification of bony landmarks and measurement of Cobb angles. They found that the ultrasound imaging, with
the aid of previous radiographs improves the accuracy and reliability of the measurement of the Cobb angle on patients
with AIS [96].

Ultrasound imaging has also been used to evaluate Risser sign staging. Between Risser 1 and 3 stages, the
correlation of ultrasound imaging with radiography was high [100 - 102], but this was not found for Risser 4 and 5
[102]. The inconsistencies in identification of Risser stages 4 and 5 by ultrasonography may be due to the overlap of the
images by the transverse process of L5 and that of the medial iliac apophysis [101]. Patients with Risser stage 4, with
the medial iliac apophysis not yet completely ossified may be regarded as Risser stage 5, as the bony structure of the
transverse process of L5 may be mistakenly regarded as ossification of the medial iliac apophysis [101].

5.1. Limitations of 3D Ultrasound

The method, though promising is not without limitation. Part of the limitation is intrinsic to the technology while
other factors are extrinsic, relating to the curve severity, curve type and the morphology of the patient [104]. The flat
transducer of the ultrasound machine did not entirely make full contact with the skin in some patients, particularly in
those with large humps [99] and with winged scapulae [104]. This resulted in some missing images and difficulties in
identification of bony landmarks.

Also, the image of the spine was poor in those with high BMI (25 kg/m®) [104]. This is possibly related to the
attenuation of the ultrasound signals by the thick subcutaneous tissues. Obesity also increases the difficulty of the
assessment of the Risser sign [100, 102]. Torlak et al. (2012) showed that the evaluation of the iliac apophysis was
more difficult with a subcutaneous fat thickness in excess of 16 mm. For patients with a Cobb angle in excess of 50°,
the image was poor as well [104]. This was due to the marked vertebral rotation of the spine [104]. Similar to surface
topography, the Cobb angle measured is smaller than that made from radiographs [104]. This may be related to the fact
that ultrasound images are taken posteriorly and provide anatomical features of vertebral posterior elements rather than
the vertebral bodies used in Cobb angle measurement from radiographs [105].

6. COMPUTED TOMOGRAPHY

Computed tomography is another imaging method that provides excellent visualization of the bony spinal column
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and permits the accurate measurement of vertebral rotation. Despite this, it is not used in the monitoring of scoliosis as
the radiation dose is high. The main role of CT is to assess for any underlying occult pathology and for the pre-
operative planning of scoliosis. There are currently no clear guidelines on which children with scoliosis should have the
more advanced (and expensive) imaging methods [12].

Additionally, in patients with suspected osteopenia, dual-energy x-ray absorptiometry (DEXA) may be indicated. It
uses a very small dose of ionizing radiation to obtain images of the lumbar spine and hips to measure bone density. The
Cobb angle was found to be inversely and independently related to the bone mineral density and bone mineral content
in peripubertal girls [106]. Osteopenia has also been associated with a higher risk of curve progression [107].

7. MAGNETIC RESONANCE IMAGING (MRI)

When the clinical history and physical examination elicit certain worrying features such as pain, neurological
symptoms or an atypical curve pattern, patients should be referred for advanced imaging. This allows for early and
accurate detection of an underlying cause, allows for optimal planning and timing of surgery and helps reduce
associated risks. The presence of congenital bony defects should also prompt MRI examination.

When radiographs show evidence of congenital defects, including defects of formation, such as hemi-vertebrae,
anteriorly wedged and butterfly vertebrae and defects of segmentation such as unsegmented bars and block vertebrae,
the patient should be referred for MRI examination as the defects are associated with a high incidence of spinal cord
anomalies [11 - 14, 108, 109]. Trenga et al. (2016) reported 55% of the 75 patients with congenital defects had
associated spinal cord anomalies. Patients with a mixed formation and segmentation defects had a higher incidence of
spinal cord anomalies than those with only formation or segmentation defects alone. Also, the incidence of spinal cord
anomalies was higher when two or more vertebrae were involved [109]. The rate of spinal cord anomalies (87%) was
highest when the deformity involved the sacroccygeal area [109]. Of interest is that MRI revealed 47% of the bony
anomalies not seen in radiographs, as it overcame the obscuring effects of the skull and pelvic viscera and improved the
characterization of the abnormal vertebrae [109].

The prevalence of spinal cord abnormalities in infantile and juvenile “presumed” idiopathic scoliosis ranges from
11.1% to 26.0% [15]. Zhang et al. (2016) examined 504 infantile and juvenile patients diagnosed with “presumed
idiopathic” scoliosis by MRI for potential neural axis abnormalities. The patients were all below the age of 10 at
diagnosis, had an initial primary curve of >20° and normal neurological findings on history and physical examination.
Results showed that 18.7% of patients had a neural axis abnormality. In total, Arnold-Chiari malformation with or
without syringomyelia accounted for 64.8% (61/94) among all the abnormalities [15]. The study found that male
gender, left thoracic curve and right lumbar curve are significantly associated with higher incidence of neural axis
abnormalities [15]. It is therefore very important that patients with infantile and juvenile scoliosis with an atypical
scoliosis pattern have MRI examination.

The incidence of neuraxis abnormalities in patients with AIS is lower than that of JIS; it is reported to range from
3% to 4% [110, 111]. AIS patients with atypical scoliosis curve patterns, which include left thoracic curve, short curve
(4-6 segments), reduced vertebral rotation, absence of apical vertebral lordosis and rapidly progressing curves [112] or
neurological signs should be referred for MRI examination to rule out the possibility of neuraxis abnormalities.

CONCLUSION

In summary, different imaging techniques have different indications and applications in the management of AIS.
Radiography is currently the gold standard in the evaluation and management of scoliosis curves. The current consensus
is to reduce radiographs to as few as reasonably possible and to reduce the radiographic exposure to just the region of
interest. EOS” is at present an ideal imaging method for evaluating scoliosis. Yet, it is very expensive and is not
commonly available. Surface topography is very useful in documenting the changes in body contour and can
supplement the use of radiography, thus reducing the radiation dose to the patient. 3D ultrasound scanning is at present
at an early stage of development and still has a number of limitations. Finally, computed tomography is playing a
diminishing role in the management of spinal deformity and is gradually being replaced by MRI especially in the
diagnosis and pre-operative planning of scoliosis.

CONSENT FOR PUBLICATION
Not applicable.



Imaging in the Diagnosis and Monitoring of Children The Open Orthopaedics Journal, 2017, Volume 11 1515

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or otherwise.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

[1] Amendt LE, Ause-Ellias KL, Eybers JL, Wadsworth CT, Nielsen DH, Weinstein SL. Validity and reliability testing of the Scoliometer. Phys
Ther 1990; 70(2): 108-17.
[http://dx.doi.org/10.1093/ptj/70.2.108] [PMID: 2296610]

[2] Bunnell WP. Outcome of spinal screening. Spine 1993; 18(12): 1572-80.
[http://dx.doi.org/10.1097/00007632-199309000-00001] [PMID: 8235833

[3] Knott P, Pappo E, Cameron M, ef al. SOSORT 2012 consensus paper: Reducing x-ray exposure in pediatric patients with scoliosis. Scoliosis
2014;9: 4.
[http://dx.doi.org/10.1186/1748-7161-9-4] [PMID: 24782912]

[4] de Mauroy J, Weiss H, Aulisa A, et al. 7th SOSORT consensus paper: Conservative treatment of idiopathic & Scheuermann’s kyphosis.
Scoliosis 2010; 5: 9.
[http://dx.doi.org/10.1186/1748-7161-5-9] [PMID: 20509962]

[5] Cassar-Pullicino VN, Eisenstein SM. Imaging in scoliosis: What, why and how? Clin Radiol 2002; 57(7): 543-62.
[http://dx.doi.org/10.1053/crad.2001.0909] [PMID: 12096851]

[6] Urbaniak JR, Schaefer WW, Stelling FH III. Iliac apophyses. Prognostic value in idiopathic schliosis. Clin Orthop Relat Res 1976; (116):
80-5.
[PMID: 1277656]

[7] Nault ML, 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. J Bone Joint Surg Am 2010; 92(5): 1073-81.
[http://dx.doi.org/10.2106/JBJS.H.01759] [PMID: 20439651]

[8] Song KM, Little DG. Peak height velocity as a maturity indicator for males with idiopathic scoliosis. J Pediatr Orthop 2000; 20(3): 286-8.
[http://dx.doi.org/10.1097/01241398-200005000-00003] [PMID: 10823591]

[9] Weiss HR, Seibel S. Region of interest in the radiological follow-up of patients with scoliosis. Hard Tissue 2013; 2(4): 33.
[http://dx.doi.org/10.13172/2050-2303-2-4-673]

[10] Dimeglio A, Canavese F. Progression or not progression? How to deal with adolescent idiopathic scoliosis during puberty. J Child Orthop
2013; 7(1): 43-9.
[http://dx.doi.org/10.1007/s11832-012-0463-6] [PMID: 24432058]

[11]  Alam A, Teh J. MRI assessment of scoliosis. Imaging 2005; 17(3): 226-35.
[http://dx.doi.org/10.1259/imaging/33022116]

[12]  Musson RE, Warren DJ, Bickle I, Connolly DJ, Griffiths PD. Imaging in childhood scoliosis: A pictorial review. Postgrad Med J 2010;
86(1017): 419-27.
[http://dx.doi.org/10.1136/pgm;j.2009.089128] [PMID: 20634252]

[13]  Hertzler DA II, DePowell JJ, Stevenson CB, Mangano FT. Tethered cord syndrome: A review of the literature from embryology to adult
presentation. Neurosurg Focus 2010; 29(1): El.
[http://dx.doi.org/10.3171/2010.3.FOCUS1079] [PMID: 20593997]

[14] Gupta N, SR, G B, Shetty A. Vertebral and intraspinal anomalies. Indian population with congenital scoliosis: A study of 119 consecutive
patients. Asian Spine J 2016; 10(2): 276-81.
[http://dx.doi.org/10.4184/asj.2016.10.2.276] [PMID: 27114768]

[15] Zhang W, Sha S, Xu L, Liu Z, Qiu Y, Zhu Z. The prevalence of intraspinal anomalies in infantile and juvenile patients with “presumed
idiopathic” scoliosis: A MRI-based analysis of 504 patients. BMC Musculoskelet Disord 2016; 17: 189.
[http://dx.doi.org/10.1186/s12891-016-1026-7] [PMID: 27121616]

[16] Richards BS, Bernstein RM, D’Amato CR, Thompson GH. Standardization of criteria for adolescent idiopathic scoliosis brace studies: SRS
Committee on Bracing and Nonoperative Management. Spine 2005; 30(18): 2068-75.
[http://dx.doi.org/10.1097/01.brs.0000178819.90239.d0] [PMID: 16166897]

[17]  Beauchamp M, Labelle H, Grimard G, Stanciu C, Poitras B, Dansereau J. Diurnal variation of Cobb angle measurement in adolescent
idiopathic scoliosis. Spine 1993; 18(12): 1581-3.
[http://dx.doi.org/10.1097/00007632-199309000-00002] [PMID: 8235834]

[18] Morrissy RT, Goldsmith GS, Hall EC, Kehl D, Cowie GH. Measurement of the Cobb angle on radiographs of patients who have scoliosis.
Evaluation of intrinsic error. J Bone Joint Surg Am 1990; 72(3): 320-7.
[http://dx.doi.org/10.2106/00004623-199072030-00002] [PMID: 2312527]


http://dx.doi.org/10.1093/ptj/70.2.108
http://www.ncbi.nlm.nih.gov/pubmed/2296610
http://dx.doi.org/10.1097/00007632-199309000-00001
http://www.ncbi.nlm.nih.gov/pubmed/8235833
http://dx.doi.org/10.1186/1748-7161-9-4
http://www.ncbi.nlm.nih.gov/pubmed/24782912
http://dx.doi.org/10.1186/1748-7161-5-9
http://www.ncbi.nlm.nih.gov/pubmed/20509962
http://dx.doi.org/10.1053/crad.2001.0909
http://www.ncbi.nlm.nih.gov/pubmed/12096851
http://www.ncbi.nlm.nih.gov/pubmed/1277656
http://dx.doi.org/10.2106/JBJS.H.01759
http://www.ncbi.nlm.nih.gov/pubmed/20439651
http://dx.doi.org/10.1097/01241398-200005000-00003
http://www.ncbi.nlm.nih.gov/pubmed/10823591
http://dx.doi.org/10.13172/2050-2303-2-4-673
http://dx.doi.org/10.1007/s11832-012-0463-6
http://www.ncbi.nlm.nih.gov/pubmed/24432058
http://dx.doi.org/10.1259/imaging/33022116
http://dx.doi.org/10.1136/pgmj.2009.089128
http://www.ncbi.nlm.nih.gov/pubmed/20634252
http://dx.doi.org/10.3171/2010.3.FOCUS1079
http://www.ncbi.nlm.nih.gov/pubmed/20593997
http://dx.doi.org/10.4184/asj.2016.10.2.276
http://www.ncbi.nlm.nih.gov/pubmed/27114768
http://dx.doi.org/10.1186/s12891-016-1026-7
http://www.ncbi.nlm.nih.gov/pubmed/27121616
http://dx.doi.org/10.1097/01.brs.0000178819.90239.d0
http://www.ncbi.nlm.nih.gov/pubmed/16166897
http://dx.doi.org/10.1097/00007632-199309000-00002
http://www.ncbi.nlm.nih.gov/pubmed/8235834
http://dx.doi.org/10.2106/00004623-199072030-00002
http://www.ncbi.nlm.nih.gov/pubmed/2312527

1516

[19]

[20]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

The Open Orthopaedics Journal, 2017, Volume 11 Ng and Bettany-Saltikov

Weiss HR, Negrini S, Rigo M, et al. Indications for conservative management of scoliosis (guidelines). Scoliosis 2006; 1: 5.
[http://dx.doi.org/10.1186/1748-7161-1-5] [PMID: 16759357]

Negrini S, Aulisa AG, Aulisa L, et al. 2011 SOSORT guidelines: Orthopaedic and Rehabilitation treatment of idiopathic scoliosis during
growth. Scoliosis 2012; 7(1): 3.
[http://dx.doi.org/10.1186/1748-7161-7-3] [PMID: 22264320]

Monticone M, Ambrosini E, Cazzaniga D, Rocca B, Ferrante S. Active self-correction and task-oriented exercises reduce spinal deformity and
improve quality of life in subjects with mild adolescent idiopathic scoliosis. Results of a randomised controlled trial. Eur Spine J 2014; 23(6):
1204-14.

[http://dx.doi.org/10.1007/500586-014-3241-y] [PMID: 24682356]

Kuru T, Yeldan I, Dereli EE, Ozdingler AR, Dikici F, Colak I. The efficacy of three-dimensional Schroth exercises in adolescent idiopathic
scoliosis: A randomised controlled clinical trial. Clin Rehabil 2016; 30(2): 181-90.
[http://dx.doi.org/10.1177/0269215515575745] [PMID: 25780260]

Bettany-Saltikov J, Weiss HR, Chockalingam N, et al. Surgical versus non-surgical interventions in people with adolescent idiopathic
scoliosis. Cochrane Database Syst Rev 2015; (4): CD010663.
[PMID: 25908428]

Ho EK, Upadhyay SS, Chan FL, Hsu LC, Leong JC. New methods of measuring vertebral rotation from computed tomographic scans. An
intraobserver and interobserver study on girls with scoliosis. Spine 1993; 18(9): 1173-7.
[http://dx.doi.org/10.1097/00007632-199307000-00008] [PMID: 8362322]

Weiss HR. Measurement of vertebral rotation: Perdriolle versus Raimondi. Eur Spine J 1995; 4(1): 34-8.
[http://dx.doi.org/10.1007/BF00298416] [PMID: 7749905]

Lam GC, Hill DL, Le LH, Raso JV, Lou EH. Vertebral rotation measurement: A summary and comparison of common radiographic and CT
methods. Scoliosis 2008; 3: 16.
[http://dx.doi.org/10.1186/1748-7161-3-16] [PMID: 18976498]

Barsanti CM, deBari A, Covino BM. The torsion meter: A critical review. J Pediatr Orthop 1990; 10(4): 527-31.
[http://dx.doi.org/10.1097/01241398-199010040-00020] [PMID: 2358493]

Omeroglu H, Ozekin O, Bigimoglu A. Measurement of vertebral rotation in idiopathic scoliosis using the Perdriolle torsionmeter: A clinical
study on intraobserver and interobserver error. Eur Spine J 1996; 5(3): 167-71.
[http://dx.doi.org/10.1007/BF00395508] [PMID: 8831118]

de Mauroy JC. Idiopathic scoliosis and chaos. Stud Health Technol Inform 2008; 135: 53-7.
[PMID: 18401080]

Weinstein SL, Ponseti IV. Curve progression in idiopathic scoliosis. J Bone Joint Surg Am 1983; 65(4): 447-55.
[http://dx.doi.org/10.2106/00004623-198365040-00004] [PMID: 6833318]

Kotwicki T. Improved accuracy in Risser sign grading with lateral spinal radiography. Eur Spine J 2008; 17(12): 1676-85.
[http://dx.doi.org/10.1007/s00586-008-0794-7] [PMID: 18946691]

Risser JC. The Iliac apophysis; an invaluable sign in the management of scoliosis. Clin Orthop 1958; 11(11): 111-9.
[PMID: 13561591]

Yang JH, Bhandarkar AW, Suh SW, Hong JY, Hwang JH, Ham CH. Evaluation of accuracy of plain radiography in determining the Risser
stage and identification of common sources of errors. J Orthop Surg 2014; 9: 101.
[http://dx.doi.org/10.1186/s13018-014-0101-8] [PMID: 25407253]

Ryan PM, Puttler EG, Stotler WM, Ferguson RL. Role of the triradiate cartilage in predicting curve progression in adolescent idiopathic
scoliosis. J Pediatr Orthop 2007; 27(6): 671-6.
[http://dx.doi.org/10.1097/BPO.0b013e3181373ba8] [PMID: 17717469]

Karol LA, Virostek D, Felton K, Jo C, Butler L. The effect of the Risser stage on bracing outcome in adolescent idiopathic scoliosis. J Bone
Joint Surg Am 2016; 98(15): 1253-9.
[http://dx.doi.org/10.2106/JBJS.15.01313] [PMID: 27489315]

Weiss HR, Lehnert-Schroth C, Moramarco M. Schroth Therapy — Advancements in Conservative Scoliosis Treatment. Lambert Academic
Publishing 2015.

Izumi Y. The accuracy of Risser staging. Spine 1995; 20(17): 1868-71.
[http://dx.doi.org/10.1097/00007632-199509000-00004] [PMID: 8560333]

Little DG, Sussman MD. The Risser sign: A critical analysis. J Pediatr Orthop 1994; 14(5): 569-75.
[http://dx.doi.org/10.1097/01241398-199409000-00003] [PMID: 7962495]

Zaoussis AL, James JI. The iliac apophysis and the evaluation of curves in scoliosis. ] Bone Joint Surg 1958; 40B: 442-53.

Dhar S, Dangerfield PH, Dorgan JC, Klenerman L. Correlation between bone age and Risser’s sign in adolescent idiopathic scoliosis. Spine
1993; 18(1): 14-9.
[http://dx.doi.org/10.1097/00007632-199301000-00003] [PMID: 8434315]


http://dx.doi.org/10.1186/1748-7161-1-5
http://www.ncbi.nlm.nih.gov/pubmed/16759357
http://dx.doi.org/10.1186/1748-7161-7-3
http://www.ncbi.nlm.nih.gov/pubmed/22264320
http://dx.doi.org/10.1007/s00586-014-3241-y
http://www.ncbi.nlm.nih.gov/pubmed/24682356
http://dx.doi.org/10.1177/0269215515575745
http://www.ncbi.nlm.nih.gov/pubmed/25780260
http://www.ncbi.nlm.nih.gov/pubmed/25908428
http://dx.doi.org/10.1097/00007632-199307000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8362322
http://dx.doi.org/10.1007/BF00298416
http://www.ncbi.nlm.nih.gov/pubmed/7749905
http://dx.doi.org/10.1186/1748-7161-3-16
http://www.ncbi.nlm.nih.gov/pubmed/18976498
http://dx.doi.org/10.1097/01241398-199010040-00020
http://www.ncbi.nlm.nih.gov/pubmed/2358493
http://dx.doi.org/10.1007/BF00395508
http://www.ncbi.nlm.nih.gov/pubmed/8831118
http://www.ncbi.nlm.nih.gov/pubmed/18401080
http://dx.doi.org/10.2106/00004623-198365040-00004
http://www.ncbi.nlm.nih.gov/pubmed/6833318
http://dx.doi.org/10.1007/s00586-008-0794-7
http://www.ncbi.nlm.nih.gov/pubmed/18946691
http://www.ncbi.nlm.nih.gov/pubmed/13561591
http://dx.doi.org/10.1186/s13018-014-0101-8
http://www.ncbi.nlm.nih.gov/pubmed/25407253
http://dx.doi.org/10.1097/BPO.0b013e3181373ba8
http://www.ncbi.nlm.nih.gov/pubmed/17717469
http://dx.doi.org/10.2106/JBJS.15.01313
http://www.ncbi.nlm.nih.gov/pubmed/27489315
http://dx.doi.org/10.1097/00007632-199509000-00004
http://www.ncbi.nlm.nih.gov/pubmed/8560333
http://dx.doi.org/10.1097/01241398-199409000-00003
http://www.ncbi.nlm.nih.gov/pubmed/7962495
http://dx.doi.org/10.1097/00007632-199301000-00003
http://www.ncbi.nlm.nih.gov/pubmed/8434315

Imaging in the Diagnosis and Monitoring of Children The Open Orthopaedics Journal, 2017, Volume 11 1517

[43]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Goldberg MS, Poitras B, Mayo NE, Labelle H, Bourassa R, Cloutier R. Observer variation in assessing spinal curvature and skeletal
development in adolescent idiopathic scoliosis. Spine 1988; 13(12): 1371-7.
[http://dx.doi.org/10.1097/00007632-198812000-00008] [PMID: 3212571]

Schlosser TP, van Stralen M, Chu WC, et al. Anterior overgrowth in primary curves, compensatory curves and junctional segments in
adolescent idiopathic scoliosis. PLoS One 2016; 11(7): e0160267.
[http://dx.doi.org/10.1371/journal.pone.0160267] [PMID: 27467745]

Glassman SD, Bridwell K, Dimar JR, Horton W, Berven S, Schwab F. The impact of positive sagittal balance in adult spinal deformity. Spine
2005; 30(18): 2024-9. b
[http://dx.doi.org/10.1097/01.brs.0000179086.30449.96] [PMID: 16166889]

Glassman SD, Berven S, Bridwell K, Horton W, Dimar JR. Correlation of radiographic parameters and clinical symptoms in adult scoliosis.
Spine 2005; 30(6): 682-8.
[http://dx.doi.org/10.1097/01.brs.0000155425.04536.f7] [PMID: 15770185]

Grivas TB. Rib index. Scoliosis 2014; 9(1): 20.
[http://dx.doi.org/10.1186/s13013-014-0020-9] [PMID: 25635184]

Khong PL, Ringertz H, Donoghue V, et al. ICRP publication 121: Radiological protection in paediatric diagnostic and interventional
radiology. Ann ICRP 2013; 42(2): 1-63.
[http://dx.doi.org/10.1016/j.icrp.2012.10.001] [PMID: 23218172]

Appelgren G, Willner S. End vertebra angle-a roentgenographic method to describe a scoliosis. A follow-up study of idiopathic scoliosis
treated with the Boston brace. Spine 1990; 15(2): 71-4.
[http://dx.doi.org/10.1097/00007632-199002000-00004] [PMID: 2326714]

Landauer F, Wimmer C, Behensky H. Estimating the final outcome of brace treatment for idiopathic thoracic scoliosis at 6-month follow-up.
Pediatr Rehabil 2003; 6(3-4): 201-7.
[http://dx.doi.org/10.1080/13638490310001636817] [PMID: 14713586]

Presciutti SM, Karukanda T, Lee M. Management decisions for adolescent idiopathic scoliosis significantly affect patient radiation exposure.
Spine J 2014; 14(9): 1984-90.
[http://dx.doi.org/10.1016/j.spinee.2013.11.055] [PMID: 24333453]

Nash CL Jr, Gregg EC, Brown RH, Pillai K. Risks of exposure to X-rays in patients undergoing long-term treatment for scoliosis. J Bone
Joint Surg Am 1979; 61(3): 371-4.
[http://dx.doi.org/10.2106/00004623-197961030-00009] [PMID: 429405]

Bone CM, Hsieh GH. The risk of carcinogenesis from radiographs to pediatric orthopaedic patients. J Pediatr Orthop 2000; 20(2): 251-4.
[http://dx.doi.org/10.1097/01241398-200003000-00023] [PMID: 10739292]

Simony A, Hansen EJ, Christensen SB, Carreon LY, Andersen MO. Incidence of cancer in adolescent idiopathic scoliosis patients treated 25
years previously. Eur Spine J 2016; 25(10): 3366-70.
[http://dx.doi.org/10.1007/s00586-016-4747-2] [PMID: 27592106]

Ronckers CM, Doody MM, Lonstein JE, Stovall M, Land CE. Multiple diagnostic X-rays for spine deformities and risk of breast cancer.
Cancer Epidemiol Biomarkers Prev 2008; 17(3): 605-13.
[http://dx.doi.org/10.1158/1055-9965.EPI-07-2628] [PMID: 18349278]

Hull NC, Binkovitz LA, Schueler BA, Kolbe AB, Larson AN. Upright biplanar slot scanning in pediatric orthopedics: Applications,
advantages, and artifacts. AJR Am J Roentgenol 2015; 205(1): W124-32.
[http://dx.doi.org/10.2214/AJR.14.14022] [PMID: 26102410]

Houghton GR, De Roguin B, Turner-Smith AR. The evaluation of ISIS in idiopathic scoliosis.Surface Topography and Spinal Deformity.
Stuttgart: Gustav Fischer, Verlag 1986; pp. 205-12.

Bettany JA, Forbes H, Edgar MA, Harrison DJ. The ISIS experience at the Royal National Orthopaedic Hospital. In: Alberti , Ed. Surface
Topography and Spinal Deformity VI. Stuttgart: Gustav Fischer 1992.

Lescreve JP, Van Tiggelen RP, Lamoureux J. Reducing the radiation dosage in patients with a scoliosis. Int Orthop 1989; 13(1): 47-50.
[SICORT].
[http://dx.doi.org/10.1007/BF00266722] [PMID: 2656547]

Ben-Shlomo A, Bartal G, Shabat S, Mosseri M. Effective dose and breast dose reduction in paediatric scoliosis X-ray radiography by an
optimal positioning. Radiat Prot Dosimetry 2013; 156(1): 30-6.
[http://dx.doi.org/10.1093/rpd/nct038] [PMID: 23511710]

Gialousis G, Yiakoumakis EN, Makri TK, et al. Comparison of dose from radiological examination for scoliosis in children among two
pediatric hospitals by Monte Carlo simulation. Health Phys 2008; 94(5): 471-8.
[http://dx.doi.org/10.1097/01.HP.0000303105.91168.ea] [PMID: 18403968]

Deschénes S, Charron G, Beaudoin G, ef al. Diagnostic imaging of spinal deformities: reducing patients radiation dose with a new slot-
scanning X-ray imager. Spine 2010; 35(9): 989-94.
[http://dx.doi.org/10.1097/BRS.0b013e3181bdcaa4] [PMID: 20228703]


http://dx.doi.org/10.1097/00007632-198812000-00008
http://www.ncbi.nlm.nih.gov/pubmed/3212571
http://dx.doi.org/10.1371/journal.pone.0160267
http://www.ncbi.nlm.nih.gov/pubmed/27467745
http://dx.doi.org/10.1097/01.brs.0000179086.30449.96
http://www.ncbi.nlm.nih.gov/pubmed/16166889
http://dx.doi.org/10.1097/01.brs.0000155425.04536.f7
http://www.ncbi.nlm.nih.gov/pubmed/15770185
http://dx.doi.org/10.1186/s13013-014-0020-9
http://www.ncbi.nlm.nih.gov/pubmed/25635184
http://dx.doi.org/10.1016/j.icrp.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23218172
http://dx.doi.org/10.1097/00007632-199002000-00004
http://www.ncbi.nlm.nih.gov/pubmed/2326714
http://dx.doi.org/10.1080/13638490310001636817
http://www.ncbi.nlm.nih.gov/pubmed/14713586
http://dx.doi.org/10.1016/j.spinee.2013.11.055
http://www.ncbi.nlm.nih.gov/pubmed/24333453
http://dx.doi.org/10.2106/00004623-197961030-00009
http://www.ncbi.nlm.nih.gov/pubmed/429405
http://dx.doi.org/10.1097/01241398-200003000-00023
http://www.ncbi.nlm.nih.gov/pubmed/10739292
http://dx.doi.org/10.1007/s00586-016-4747-2
http://www.ncbi.nlm.nih.gov/pubmed/27592106
http://dx.doi.org/10.1158/1055-9965.EPI-07-2628
http://www.ncbi.nlm.nih.gov/pubmed/18349278
http://dx.doi.org/10.2214/AJR.14.14022
http://www.ncbi.nlm.nih.gov/pubmed/26102410
http://dx.doi.org/10.1007/BF00266722
http://www.ncbi.nlm.nih.gov/pubmed/2656547
http://dx.doi.org/10.1093/rpd/nct038
http://www.ncbi.nlm.nih.gov/pubmed/23511710
http://dx.doi.org/10.1097/01.HP.0000303105.91168.ea
http://www.ncbi.nlm.nih.gov/pubmed/18403968
http://dx.doi.org/10.1097/BRS.0b013e3181bdcaa4
http://www.ncbi.nlm.nih.gov/pubmed/20228703

1518 The Open Orthopaedics Journal, 2017, Volume 11 Ng and Bettany-Saltikov

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Drerup B. Rasterstereographic measurement of scoliotic deformity. Scoliosis 2014; 9(1): 22.
[http://dx.doi.org/10.1186/s13013-014-0022-7] [PMID: 25520745]

Somoskedy S, Tunyogi-Csapd M, Bogyd C, Illés T. Accuracy and reliability of coronal and sagittal spinal curvature data based on patient-
specific three-dimensional models created by the EOS 2D/3D imaging system. Spine J 2012; 12(11): 1052-9.
[http://dx.doi.org/10.1016/j.spinee.2012.10.002] [PMID: 23102842]

Al-Aubaidi Z, Lebel D, Oudjhane K, Zeller R. Three-dimensional imaging of the spine using the ESO system: Is it reliable? A comparative
study using computed tomography imaging. J Pediat Orthop 2013; 22 2409-2012

Glaser DA, Doan J, Newton PO. Comparison of 3-dimensional spinal reconstruction accuracy: Biplanar radiographs with EOS versus
computed tomography. Spine 2012; 37(16): 1391-7.
[http://dx.doi.org/10.1097/BRS.0b013e3182518a15] [PMID: 22415001]

Tlharreborde B, Ferrero E, Alison M, Mazda K. EOS microdose protocol for the radiological follow-up of adolescent idiopathic scoliosis. Eur
Spine J 2016; 25(2): 526-31.
[http://dx.doi.org/10.1007/s00586-015-3960-8] [PMID: 25906380]

Kalifa G, Charpak Y, Maccia C, et al. Evaluation of a new low-dose digital x-ray device: First dosimetric and clinical results in children.
Pediatr Radiol 1998; 28(7): 557-61.
[http://dx.doi.org/10.1007/s002470050413] [PMID: 9662585]

Damet J, Fournier P, Monnin P, et al. Occupational and patient exposure as well as image quality for full spine examinations with the EOS
imaging system. Med Phys 2014; 41(6): 063901.
[http://dx.doi.org/10.1118/1.4873333] [PMID: 24877841]

Drerup B, Hierholzer E. Automatic localization of anatomical landmarks on the back surface and construction of a body-fixed coordinate
system. J Biomech 1987; 20(10): 961-70.
[http://dx.doi.org/10.1016/0021-9290(87)90325-3] [PMID: 3693377]

Knott P, Sturm P, Lonner B, et al. Multicenter comparison of 3D spinal measurements using surface topography with those from conventional
radiography. Spine Deform 2016; 4(2): 98-103.
[http://dx.doi.org/10.1016/j.jspd.2015.08.008] [PMID: 27927552]

Pazos V, Cheriet F, Song L, Labelle H, Dansereau J. Accuracy assessment of human trunk surface 3D reconstructions from an optical
digitising system. Med Biol Eng Comput 2005; 43(1): 11-5.
[http://dx.doi.org/10.1007/BF02345117] [PMID: 15742714]

Berryman F, Pynsent P, Fairbank J, Disney S. A new system for measuring three-dimensional back shape in scoliosis. Eur Spine J 2008;
17(5): 663-72.
[http://dx.doi.org/10.1007/500586-007-0581-x] [PMID: 18247064]

Goldberg CJ, Kaliszer M, Moore DP, Fogarty EE, Dowling FE. Surface topography, Cobb angles, and cosmetic change in scoliosis. Spine
2001; 26(4): E55-63.
[http://dx.doi.org/10.1097/00007632-200102150-00005] [PMID: 11224901]

Weiss HR, Lohschmidt K, El Obeidi N. Trunk deformity in relation to breathing. A comparative analysis with the Formetric system.Research
into Spinal Deformities. Amsterdam: 10S Press 1997; pp. 323-6.

Frerich JM, Hertzler K, Knott P, Mardjetko S. Comparison of radiographic and surface topography measurements in adolescents with
idiopathic scoliosis. Open Orthop J 2012; 6: 261-5.
[http://dx.doi.org/10.2174/1874325001206010261] [PMID: 22888376]

Mangone M, Raimondi P, Paoloni M, et al. Vertebral rotation in adolescent idiopathic scoliosis calculated by radiograph and back surface
analysis-based methods: correlation between the Raimondi method and rasterstereography. Eur Spine J 2013; 22(2): 367-71.
[http://dx.doi.org/10.1007/s00586-012-2564-9] [PMID: 23135792]

Mohokum M, Schiilein S, Skwara A. The validity of rasterstereography: A systematic review. Orthop Rev (Pavia) 2015; 7(3): 5899.
[http://dx.doi.org/10.4081/0r.2015.5899] [PMID: 26605027]

de S¢ze M, Randriaminahisoa T, Gaunelle A, de Korvin G, Mazaux JM. Inter-observer reproducibility of back surface topography parameters
allowing assessment of scoliotic thoracic gibbosity and comparison with two standard postures. Ann Phys Rehabil Med 2013; 56(9-10):
599-612.

[http://dx.doi.org/10.1016/j.rehab.2013.10.003] [PMID: 24238970]

Drerup B, Hierholzer E. Assessment of scoliotic deformity from back shape asymmetry using an improved mathematical model. Clin
Biomech (Bristol, Avon) 1996; 11(7): 376-83.
[http://dx.doi.org/10.1016/0268-0033(96)00025-3] [PMID: 11415649]

Schulte TL, Hierholzer E, Boerke A, et al. Raster stereography versus radiography in the long-term follow-up of idiopathic scoliosis. J Spinal
Disord Tech 2008; 21(1): 23-8.
[http://dx.doi.org/10.1097/BSD.0b013e318057529b] [PMID: 18418132]

Drerup B. Improvements in measuring vertebral rotation from the projections of the pedicles. J Biomech 1985; 18(5): 369-78.
[http://dx.doi.org/10.1016/0021-9290(85)90292-1] [PMID: 4008507]


http://dx.doi.org/10.1186/s13013-014-0022-7
http://www.ncbi.nlm.nih.gov/pubmed/25520745
http://dx.doi.org/10.1016/j.spinee.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23102842
http://dx.doi.org/10.1097/BRS.0b013e3182518a15
http://www.ncbi.nlm.nih.gov/pubmed/22415001
http://dx.doi.org/10.1007/s00586-015-3960-8
http://www.ncbi.nlm.nih.gov/pubmed/25906380
http://dx.doi.org/10.1007/s002470050413
http://www.ncbi.nlm.nih.gov/pubmed/9662585
http://dx.doi.org/10.1118/1.4873333
http://www.ncbi.nlm.nih.gov/pubmed/24877841
http://dx.doi.org/10.1016/0021-9290(87)90325-3
http://www.ncbi.nlm.nih.gov/pubmed/3693377
http://dx.doi.org/10.1016/j.jspd.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27927552
http://dx.doi.org/10.1007/BF02345117
http://www.ncbi.nlm.nih.gov/pubmed/15742714
http://dx.doi.org/10.1007/s00586-007-0581-x
http://www.ncbi.nlm.nih.gov/pubmed/18247064
http://dx.doi.org/10.1097/00007632-200102150-00005
http://www.ncbi.nlm.nih.gov/pubmed/11224901
http://dx.doi.org/10.2174/1874325001206010261
http://www.ncbi.nlm.nih.gov/pubmed/22888376
http://dx.doi.org/10.1007/s00586-012-2564-9
http://www.ncbi.nlm.nih.gov/pubmed/23135792
http://dx.doi.org/10.4081/or.2015.5899
http://www.ncbi.nlm.nih.gov/pubmed/26605027
http://dx.doi.org/10.1016/j.rehab.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24238970
http://dx.doi.org/10.1016/0268-0033(96)00025-3
http://www.ncbi.nlm.nih.gov/pubmed/11415649
http://dx.doi.org/10.1097/BSD.0b013e318057529b
http://www.ncbi.nlm.nih.gov/pubmed/18418132
http://dx.doi.org/10.1016/0021-9290(85)90292-1
http://www.ncbi.nlm.nih.gov/pubmed/4008507

Imaging in the Diagnosis and Monitoring of Children The Open Orthopaedics Journal, 2017, Volume 11 1519

(81]

(82]

[83]

(84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

Liljenqvist U, Halm H, Hierholzer E, Drerup B, Weiland M. 3-dimensional surface measurement of spinal deformities with video
rasterstereography. Z Orthop Thre Grenzgeb 1998; 136(1): 57-64.
[http://dx.doi.org/10.1055/s-2008-1044652] [PMID: 9563188]

Hackenberg L, Hierholzer E, Potzl W, Gotze C, Liljenqvist U. Rasterstereographic back shape analysis in idiopathic scoliosis after posterior
correction and fusion. Clin Biomech (Bristol, Avon) 2003; 18(10): 883-9.
[http://dx.doi.org/10.1016/S0268-0033(03)00169-4] [PMID: 14580831]

Weiss HR, Elobeidi N. Comparison of the kyphosis angle evaluated by video rasterstereography (VRS) with x-ray measurements. Stud Health
Technol Inform 2008; 140: 137-9.
[PMID: 18810015]

Horton WC, Brown CW, Bridwell KH, Glassman SD, Suk SI, Cha CW. Is there an optimal patient stance for obtaining a lateral 36"
radiograph? A critical comparison of three techniques. Spine 2005; 30(4): 427-33.
[http://dx.doi.org/10.1097/01.brs.0000153698.94091.8] [PMID: 15706340]

Betsch M, Wehrle R, Dor L, ez al. Spinal posture and pelvic position during pregnancy: A prospective rasterstereographic pilot study. Eur
Spine J 2015; 24(6): 1282-8.
[http://dx.doi.org/10.1007/s00586-014-3521-6] [PMID: 25155835]

Michonski J, Walesiak K, Pakuta A, Glinkowski W, Sitnik R. Monitoring of spine curvatures and posture during pregnancy using surface
topography - case study and suggestion of method. Scoliosis Spinal Disord 2016; 17(11 (Suppl 2)): 31.

Chowanska J, Kotwicki T, Rosadzinski K, Sliwinski Z. School screening for scoliosis: Can surface topography replace examination with
scoliometer? Scoliosis 2012; 7(1): 9.
[http://dx.doi.org/10.1186/1748-7161-7-9] [PMID: 22472020]

Pino-Almero L, Minguez-Rey MF, Rodriguez-Martinez D, Cibrian-Ortiz de Anda RM, Salvador-Palmer MR. Clinical application of back
surface topography by means of structured light in the screening of idiopathic scoliosis. J Ped Orthop 2016. B, Aug 8

De Korvin G, Randriaminahisoa T, Cugy E, Cheze L, de Séze M. Detection of progressive idiopathic scoliosis during growth using back
surface topography: A prospective study of 100 patients. Ann Phys Rehabil Med 2014; 57(9-10): 629-39.
[http://dx.doi.org/10.1016/j.rehab.2014.09.002] [PMID: 25267453]

Komeili A, Westover L, Parent EC, EI-Rich M, Adeeb S. Monitoring for idiopathic scoliosis curve progression using surface topography
asymmetry analysis of the torso in adolescents. Spine J 2015; 15(4): 743-51.
[http://dx.doi.org/10.1016/j.spinee.2015.01.018] [PMID: 25615848]

Theologis TN, Fairbank JC, Turner-Smith AR, Pantazopoulos T. Early detection of progression in adolescent idiopathic scoliosis by
measurement of changes in back shape with the Integrated Shape Imaging System scanner. Spine 1997; 22(11): 1223-7.
[http://dx.doi.org/10.1097/00007632-199706010-00010] [PMID: 9201860]

Bettany J, Partridge C, Edgar M. Topographical, kinesiological and psychological factors in the surgical management of adolescent idiopathic
scoliosis. In: D’Amico M, Ed. Three Dimensional Analysis of Spinal Deformities. IOS Press 1995; pp. 321-7.

Letts M, Quanbury A, Gouw G, Kolsun W, Letts E. Computerized ultrasonic digitization in the measurement of spinal curvature. Spine 1988;
13(10): 1106-10.
[http://dx.doi.org/10.1097/00007632-198810000-00009] [PMID: 3061023]

Ungi T, King F, Kempston M, et al. Spinal curvature measurement by tracked ultrasound snapshots. Ultrasound Med Biol 2014; 40(2):
447-54.
[http://dx.doi.org/10.1016/j.ultrasmedbio.2013.09.021] [PMID: 24268452]

Wang Q, Li M, Lou EH, Wong MS. Reliability and validity study of clinical ultrasound imaging on lateral curvature of adolescent idiopathic
scoliosis. PLoS One 2015; 10(8): €0135264.
[http://dx.doi.org/10.1371/journal.pone.0135264] [PMID: 26266802]

Zheng R, Young M, Hill D, et al. Improvement on the accuracy and reliability of ultrasound coronal curvature measurement on adolescent
idiopathic scoliosis with the aid of previous radiographs. Spine 2016; 41(5): 404-11.
[http://dx.doi.org/10.1097/BRS.0000000000001244] [PMID: 26926163]

Suzuki S, Yamamuro T, Shikata J, Shimizu K, Iida H. Ultrasound measurement of vertebral rotation in idiopathic scoliosis. J Bone Joint Surg
Br 1989; 71(2): 252-5.
[PMID: 2647754]

Burwell RG, Aujla RK, Cole AA, et al. Spine-rib rotation differences at the apex in preoperative patients with adolescent idiopathic scoliosis:
Evaluation of a three-level ultrasound method. Stud Health Technol Inform 2002; 91: 246-50.
[PMID: 15457731]

Wang Q, Li M, Lou EH, et al. Validity study of vertebral rotation measurement using 3-D ultrasound in adolescent idiopathic scoliosis.
Ultrasound Med Biol 2016; 42(7): 1473-81.
[http://dx.doi.org/10.1016/j.ultrasmedbio.2016.02.011] [PMID: 27083978]

Wagner UA, Diedrich V, Schmitt O. Determination of skeletal maturity by ultrasound: A preliminary report. Skeletal Radiol 1995; 24(6):
417-20.
[http://dx.doi.org/10.1007/BF00941236] [PMID: 7481897]


http://dx.doi.org/10.1055/s-2008-1044652
http://www.ncbi.nlm.nih.gov/pubmed/9563188
http://dx.doi.org/10.1016/S0268-0033(03)00169-4
http://www.ncbi.nlm.nih.gov/pubmed/14580831
http://www.ncbi.nlm.nih.gov/pubmed/18810015
http://dx.doi.org/10.1097/01.brs.0000153698.94091.f8
http://www.ncbi.nlm.nih.gov/pubmed/15706340
http://dx.doi.org/10.1007/s00586-014-3521-6
http://www.ncbi.nlm.nih.gov/pubmed/25155835
http://dx.doi.org/10.1186/1748-7161-7-9
http://www.ncbi.nlm.nih.gov/pubmed/22472020
http://dx.doi.org/10.1016/j.rehab.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25267453
http://dx.doi.org/10.1016/j.spinee.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25615848
http://dx.doi.org/10.1097/00007632-199706010-00010
http://www.ncbi.nlm.nih.gov/pubmed/9201860
http://dx.doi.org/10.1097/00007632-198810000-00009
http://www.ncbi.nlm.nih.gov/pubmed/3061023
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.09.021
http://www.ncbi.nlm.nih.gov/pubmed/24268452
http://dx.doi.org/10.1371/journal.pone.0135264
http://www.ncbi.nlm.nih.gov/pubmed/26266802
http://dx.doi.org/10.1097/BRS.0000000000001244
http://www.ncbi.nlm.nih.gov/pubmed/26926163
http://www.ncbi.nlm.nih.gov/pubmed/2647754
http://www.ncbi.nlm.nih.gov/pubmed/15457731
http://dx.doi.org/10.1016/j.ultrasmedbio.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/27083978
http://dx.doi.org/10.1007/BF00941236
http://www.ncbi.nlm.nih.gov/pubmed/7481897

1520

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

The Open Orthopaedics Journal, 2017, Volume 11 Ng and Bettany-Saltikov

Thaler M, Kaufmann G, Steingruber I, Mayr E, Liebensteiner M, Bach C. Radiographic versus ultrasound evaluation of the Risser Grade in
adolescent idiopathic scoliosis: A prospective study of 46 patients. Eur Spine J 2008; 17(9): 1251-5.
[http://dx.doi.org/10.1007/s00586-008-0726-6] [PMID: 18663485]

Torlak G, Kiter E, Oto M, Akman A. Ultrasonographic evaluation of the Risser sign. Is it a reliable and reproducible method? Spine 2012;
37(4): 316-20.
[http://dx.doi.org/10.1097/BRS.0b013e31821cfe3f] [PMID: 21508885]

Chen W, Lou EH, Le LH. Using ultrasound imaging to identify landmarks in vertebra models to assess spinal deformity. Engineering in
Medicine and Biology Society. In: EMBC, 2011 Annual International Conference of the IEEE; 2011.

Zheng YP, Lee TT, Lai KK, et al. A reliability and validity study for Scolioscan: A radiation-free scoliosis assessment system using 3D
ultrasound imaging. Scoliosis Spinal Disord 2016; 11: 13.
[http://dx.doi.org/10.1186/s13013-016-0074-y] [PMID: 27299162]

Herzenberg JE, Waanders NA, Closkey RF, Schultz AB, Hensinger RN. Cobb angle versus spinous process angle in adolescent idiopathic
scoliosis. The relationship of the anterior and posterior deformities. Spine 1990; 15(9): 874-9.
[http://dx.doi.org/10.1097/00007632-199009000-00007] [PMID: 2259973]

Lee WT, Cheung CS, Tse YK, et al. Association of osteopenia with curve severity in adolescent idiopathic scoliosis: A study of 919 girls.
Osteoporos Int 2005; 16(12): 1924-32.
[http://dx.doi.org/10.1007/s00198-005-1964-7] [PMID: 16163440]

Sun X, Wu T, Liu Z, et al. Osteopenia predicts curve progression of adolescent idiopathic scoliosis in girls treated with brace treatment. J
Pediatr Orthop 2013; 33(4): 366-71.
[http://dx.doi.org/10.1097/BPO.0b013e31827b7b5f] [PMID: 23653023]

Basu PS, Elsebaie H, Noordeen MH. Congenital spinal deformity: A comprehensive assessment at presentation. Spine 2002; 27(20): 2255-9.
[http://dx.doi.org/10.1097/00007632-200210150-00014] [PMID: 12394903]

Trenga AP, Singla A, Feger MA, Abel MF. Patterns of congenital bony spinal deformity and associated neural anomalies on X-ray and
magnetic resonance imaging. J Child Orthop 2016; 10(4): 343-52.
[http://dx.doi.org/10.1007/s11832-016-0752-6] [PMID: 27339475]

Hausmann ON, Boni T, Pfirrmann CW, Curt A, Min K. Preoperative radiological and electrophysiological evaluation in 100 adolescent
idiopathic scoliosis patients. Eur Spine J 2003; 12(5): 501-6.
[http://dx.doi.org/10.1007/s00586-003-0568-1] [PMID: 12905054]

Maiocco B, Deeney VF, Coulon R, Parks PF Jr. Adolescent idiopathic scoliosis and the presence of spinal cord abnormalities. Preoperative
magnetic resonance imaging analysis. Spine 1997; 22(21): 2537-41.
[http://dx.doi.org/10.1097/00007632-199711010-00014] [PMID: 9383861]

© 2017 Ng and Bettany-Saltikov.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a
copy of which is available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.


http://dx.doi.org/10.1007/s00586-008-0726-6
http://www.ncbi.nlm.nih.gov/pubmed/18663485
http://dx.doi.org/10.1097/BRS.0b013e31821cfe3f
http://www.ncbi.nlm.nih.gov/pubmed/21508885
http://dx.doi.org/10.1186/s13013-016-0074-y
http://www.ncbi.nlm.nih.gov/pubmed/27299162
http://dx.doi.org/10.1097/00007632-199009000-00007
http://www.ncbi.nlm.nih.gov/pubmed/2259973
http://dx.doi.org/10.1007/s00198-005-1964-7
http://www.ncbi.nlm.nih.gov/pubmed/16163440
http://dx.doi.org/10.1097/BPO.0b013e31827b7b5f
http://www.ncbi.nlm.nih.gov/pubmed/23653023
http://dx.doi.org/10.1097/00007632-200210150-00014
http://www.ncbi.nlm.nih.gov/pubmed/12394903
http://dx.doi.org/10.1007/s11832-016-0752-6
http://www.ncbi.nlm.nih.gov/pubmed/27339475
http://dx.doi.org/10.1007/s00586-003-0568-1
http://www.ncbi.nlm.nih.gov/pubmed/12905054
http://dx.doi.org/10.1097/00007632-199711010-00014
http://www.ncbi.nlm.nih.gov/pubmed/9383861
https://creativecommons.org/licenses/by/4.0/legalcode

	Imaging in the Diagnosis and Monitoring of Children with Idiopathic Scoliosis 
	1. INTRODUCTION
	2. RADIOGRAPHY
	2.1. Diagnosis and Evaluation
	2.2. Cobb Angle
	2.3. Apical Vertebral Rotation
	2.4. Risser Sign
	2.5. Lateral Spinal Radiograph
	2.6. Frequency of Radiographs
	2.7. Radiation Dose and Hazard
	2.8. Reducing the Radiation Dose

	3. EOS® 
	3.1. Radiation Dose

	4. SURFACE TOPOGRAPHY (RASTERSTEREOGRAPHY RS)
	4.1. Reliability of Rasterstereography
	4.2. Clinical Applications

	5. 3D ULTRASOUND
	5.1. Limitations of 3D Ultrasound

	6. COMPUTED TOMOGRAPHY
	7. MAGNETIC RESONANCE IMAGING (MRI)
	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




