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Abstract

Introduction: Adolescent idiopathic scoliosis (AlS) is a spinal deformity that causes the
spine to bend laterally. Patients with AIS undergo frequent X-ray examinations to monitor the
progression of the disorder by through the measurement of the Cobb angle. Frequent
exposure of adolescents poses the risk of radiation-induced cancer. The aim of this research
was to design and build a bespoke phantom representing a 10-year-old child with AIS to
allow optimisation of imaging protocols for AIS assessment through the accuracy of Cobb

angle measurements.

Method: Poly-methyl methacrylate (PMMA) and plaster of Paris (PoP) were used to
represent human soft tissue and bone tissue, respectively, to construct a phantom exhibiting a
15° lateral curve of the spine. The phantom was validated by comparing the Hounsfield unit
(HU) of its vertebrae with that of human and sheep. Additionally, comparisons of signal-to-
noise ratio (SNR) to those from a commercially available phantom. An assessment of the

accuracy of the radiographic assessment of the Cobb angle measurement was performed.

Results: The HU of the PoP vertebrae was 628 (SD= 56), human vertebrae was 598 (SD=
79) and sheep vertebra was 605 (SD= 83). The SNR values of the two phantoms correlated

strongly (r = 0.93 (p = 0.00)). The measured scoliosis angle was 14 degrees.

Conclusion: The phantom has physical characteristics (in terms of spinal deformity) and
radiological characteristics (in terms of HU and SNR values) of the spine of a 10-year-old
child with AIS. This phantom has utility for the optimisation of x-ray imaging techniques in

10 year old children.

Implications for practice: A phantom to investigate new Xx-ray imaging techniques and

technology in the assessment of scoliosis and to optimise currently used protocols.



Introduction

Scoliosis is defined as a deformity of the spine in the form of a lateral curve (i.e. in the
coronal plane). Adolescent idiopathic scoliosis (AlS) is the most common type of scoliosis,
representing 75-90% of cases™? and its causes are unknown.? The United Kingdom (UK)
Scoliosis Association estimates that 3—4 per 1000 children in the UK are diagnosed with AlS.
In most cases, AlIS does not require treatment and, instead, is observed until patients mature

around 18-21 years old.

Confirmation of AIS diagnosis requires radiological examination of the spine. X-ray images
are used to determine the severity and flexibility of the curve and skeletal maturity.>* The
progression of the curve is monitored in follow-up X-ray imaging sessions by taking Cobb
angle measurements, and imaging can take place at 3-12-month intervals, depending on the
curve severity, patient age and management plan.® It is estimated that patients with mild AIS
can have three radiographs per year, and patients with severe AIS can have up to 12

radiographs per year.®

Due to the frequent exposure to X-rays, patients with AIS are at increased risk of developing
radiation-induced cancer later in life. This is mainly because of their young age, in that
patients are expected to have long lifespans, and radiation-induced cancer has a long latency
period that can be measured in decades.®® Therefore, the adherence to ALARP (as low as
reasonably practicable) principle is essential to optimise radiation dose and hence reduce the

radiation risk to patients.

Optimising an imaging protocol for Cobb angle measurements requires using a phantom to
avoid exposing humans to radiation. However, such phantoms typically have a normal spine,
which does not fit the purpose of testing the accuracy of Cobb angle measurements. An

alternative approach is to use a scoliotic spine model similar to that used by Chung et al.®,



shown in Figure 1. However, their phantom lacks soft tissue, meaning the effect of scatter
radiation is missing. Therefore, the aim of our research was to build a phantom with a
scoliotic spine and soft tissue substitute to give it the same bony anatomy appearance and
attenuation characteristics of a scoliotic patient. The phantom can then be used to optimise
the imaging of patients with AIS or test the accuracy of Cobb angle measurements when
using new imaging techniques. This paper explains how we designed, constructed and

validated our phantom.
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Figure 1: The phantom used by Chung et al. (2018).

Method

Poly-methyl methacrylate (PMMA) and plaster of Paris (PoP) were used for constructing the
phantom, representing soft tissue and bone tissue, respectively®®. The construction of the
phantom consisted of two steps: (1) building a scoliotic spine model to be used as a template

for the phantom, and (2) building the phantom.



Designing a template for the phantom

The phantom was built based on CT images of the spine of 10-year old female; however, the
images were for a patient without scoliosis and CT images of AIS patients were not
obtainable because CT scanning is not widely used for assessing scoliosis due to the high
radiation dose. Instead, CT images were taken of a scoliotic spine model (Figure 2) that was
constructed from a standard (i.e. non-scoliotic) skeleton model to which a scoliotic curve was
added. This was done by using a standard anatomical skeleton model (Figure 2). The
vertebrae were removed from the model (Figure 3) and the supporting aluminium rod

replaced with one that had been reshaped to exhibit a 15° curvature. (Figure 5):
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Figure 2: Standard skeleton model used as a template for constructing a scoliotic spine
model.



Figure 3: Original rod in the frontal (left) and lateral (right) views.

The curve of this scoliotic spine model was based on the most common magnitude of curve in
AIS, which is 10-20° 11728 and hence the median angle [B] of 15° was chosen for this model
(half of this was the angle [a] 7.5°, and the length (C) of 0.15 m was half of the spine’s 0.3 m
full length) (Figure 4). Bending the rod to an angle [B] of 15° required calculating the offset
(A) between the aluminium rod when it is straight (representing a straight spine) and then

bent (representing a scoliotic spine), as followed:

1) Calculating the radius (R) of the circle that defines the curve of the scoliotic spine model:

2) Calculating €:

80° - 180° - 7.5°
- (180°-90° - o) = E=———— - (180°-90°-7.5?) = £ ~ 4°

E=86-y=>E€&=
3) Calculating A:

A
tan8=E=>A =tanEXC>A=tan4° X 0.15m =>4 =~ 0.01lm = 1cm



Figure 4: Diagram illustrating the amount of bending (A) needed to produce a scoliotic spine
with an angle () of 15°.

Therefore, the rod was bent laterally by 1 cm (Figure 5). Then, the labelled vertebrae were
mounted in their original order on the bent rod, and the remaining bones of the torso were
added too (Figure 6). With the scoliotic spine model ready, the next step was to image it
using CT (Toshiba Aquilion; Toshiba Medical Systems, Tokyo, Japan). The vertebrae came
from a standard skeleton, and were therefore of adult size. It was therefore necessary to scale
down the images to match the vertebral size of a 10-year-old girl from the CT images

(approximately 2 cm high and 4 cm wide).



Figure 6: The scoliotic spine model (left) and imaged using a third-generation 16-slice CT
scanner (Toshiba Aquilion; Toshiba Medical Systems, Tokyo, Japan) (right).



Constructing the phantom

PMMA slabs are commercially available with various dimensions. Accordingly, the length,
width and height of the stack of slabs, and hence the torso size, based on the size of an
average 10-year-old girl, and extracted from CT images of a 10-year-old girl, could be
constructed to be 50 cm (height), 25 cm (lateral) and 20 cm (deep), respectively. The chest
and waist circumferences were 62 cm and 57 cm, respectively, which are within the
anatomical reference data.'®2? The anonymised images of the 10-year-old girl were part of an

educational database; therefore, there were no ethical implications.

The research the phantom would be used for was the measurement of Cobb angle using CT
scanned projection radiograph (SPR) images. Therefore, the anteroposterior/posteroanterior
(AP/PA), and hence coronal, view of the phantom would be acquired to perform the
measurements. This was an important consideration for the phantom design, because if the
aim would have been to take axial or sagittal CT images, then this could have resulted in
image artefacts which would appear as lines in the SPR images created at the interface of
adjacent PMMA slabs. Another important consideration for the phantom design was the slab
thickness, whereby thin slabs, of 2 mm thickness, were used in the spine area to maintain the
anatomical details of each vertebra, and thick slabs, of 10 mm thickness, were used for the
remaining areas towards the anterior surface to increase time efficiency in constructing the

phantom.

The scaled-down CT images of the scoliotic spine model were printed on A3 paper (29.7 cm
x 42 cm) and used as a template for each PMMA slice. Each image was then aligned with its

corresponding PMMA slab, and the details were drawn (Figure 7).



Figure 7: A PMMA slab with the template outline drawn onto it using a pen, ready for
drilling.

The outline of the bones and lungs were manually cut out of the slabs (Figure 8), using a
hand milling machine, to create compartments to be filled with PoP for bones and air for
lungs. The slabs were then combined with each other by stacking every three, to five adjacent
slabs together, depending on the formed shape. The edges of the cut-outs in the stacks of
slabs were smoothed to improve the accuracy of the anatomical shapes.?® To keep all the
slabs correctly stacked up, they were drilled at all four corners and held together with plastic
screws. A further cut-out was added to the slabs in the middle of the phantom at the level of
the lumbar spine to house a sheep vertebra to be used in the validation of the phantom. The
sheep vertebra was chosen because it shares some structural features with a human vertebra

and can be used as an alternative to a human vertebra in radiographic research.?*



Figure 8: The bony compartments of the ribs and spine cut into one of the PMMA slabs.

The bony compartments in the slabs were then filled with PoP to simulate bone tissue. PoP is
a dry powder and must be mixed with water to form a workable paste. The plaster-to-water
ratio affects the paste’s density in that more water makes the paste less dense.'%?® To identify
the ratio that produces a paste with similar HU to the vertebrae of a 10-year-old girl, several
mixtures with different ratios were made and scanned with a CT scanner after they
completely dried over a period of 14 days (Table 1). This was long enough for all the water to
evaporate from the paste at room temperature and for its HU became constant, as determined
by Mohammed Ali et al. (2018). Three samples of each mixture were made to ensure the

density was accurate.

Table 1: Plaster-to-water ratios used to identify the correct density.




Batch Sample Water (ml) Plaster (g)
1 1 20 50

2 30 50

3 40 50
2 1 42 50

2 44 50

3 46 50

4 48 50

The HU of the 10-year-old girl’s vertebrae was extracted from the CT images.?®?® Taking
into account that vertebrae consist of trabecular and cortical bone tissue, the latter is denser
and forms the endplates of the vertebrae. As Cobb angle measurement is performed using
vertebral endplates, it was necessary to know the HU of the endplates to ensure the plaster-to-
water ratio of the paste has a very similar HU. We calculated that the HU of a 10-year-old
girl’s vertebral endplates was 598 HU (SD = 79) (Figure 9). The HU of the water-to-plaster

ratio of 48:50 was the closest to that of the vertebral endplates.



Figure 9: Series of CT scan slices show the variation in the density of a vertebra, using the
10-year-old female CT image data. The series goes from image 1 to image 6, as labelled;
images 4 and 5 are at the edge of the vertebra.

Two adjacent slabs were combined in preparation for the PoP filling and weighted down to
ensure no PoP leaked between slabs. The PoP powder was prepared in small cups of 50-g
portions and mixed with water only when a portion was about to be used for filling. The
mixing discontinued when the paste reached the desired consistency, just when it was about
to solidify. It was not practical to use a runny mixture because it would go between the slabs,
even though they were weighted down. The paste was then ‘pushed’ into the compartments to
ensure they were filled, whereby any excess paste was removed so that the paste was flat and
flush with the top slab. After that, the paste was left to dry for six days before HU monitoring
began. However, the drying was slower than anticipated, because it was more difficult for the
water to evaporate due to the combined slabs. Therefore, the slabs were disassembled to
expose the set paste, or PoP, to more air and hence speed up the drying process. At day 25, no

changes in HU were observed; however, the PoP was left for more than 1 month to ensure



that it was completely dry (Figure 10). Finally, the slabs were reassembled again, and the PoP

put back into the slabs.
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Figure 10: Drying of PoP, with PoP within the phantom.

Validation of the phantom

The phantom was built to provide a tool for testing the accuracy of Cobb angle measurements
when using x-ray imaging machines. However, before experimentation could be carried out
on the phantom, it had to be validated for representing the human body and hence fulfilling

the purpose for which it had been designed.

The density of the simulated bone in the phantom was compared with that of the spine of a
10-year-old girl. The comparison was made using the HU, an accepted measure for
identifying the density of materials.?®?°, because it shows the attenuation characteristics of
the materials. Prior irradiating the phantom for HU measurements, the CT scan was check for
the accuracy of HU and the results were within the acceptable tolerance *°*!The phantom was

scanned using CT, with acquisition parameters used were to those for scanning the girl (kVp



=80 and mA = 120), because the HU is affected by the quality of the radiation (i.e. kV).*2
Bone homogeneity was evaluated using the standard deviation of the HU values. All HU
measurements were performed using RadiANT image viewing software (MediAnt, Poznan,

Poland).

The phantom was also validated using pixel values. Here, the signal and noise level in the
phantom’s images were compared with that of a commercially available and validated
phantom: a multipurpose ATOM chest phantom (LUNGMAN, Kyoto Kagaku Co., Kyoto,
Japan). The phantom represents a male chest torso and has an embedded portion of a
synthetic spine (i.e. epoxy resin) that is similar to human bone.® The images of the two
phantoms were acquired using a DR system (Konica Minolta Medical Imaging, Ramsey, NJ,
USA) (Figure 11) at a range of kV and mA values shown in Table 2. The values of kVp were
selected based on Local diagnostic reference figures and the selected range of mAs values

would cover the possible values of automatic exposure control when irradiating a 10-year old

child.
Table 2: The variation of kVp and mAs values used to acquire the two phantom images for
SNR calculation
kVp mAS
75 1
80 2
85 3.2
90 4
95 5
100 6.3
105 7.1
110 8
115 9
120 10
11
12,5
14
16
18
20




Figure 11: Region of interest (ROI) used to calculate the SNR (signal-to-noise ratio).

Finally, the degree of the curve was measured directly on the phantom to confirm that the
angle was 15°. This could be achieved because the PMMA slabs were transparent and the
spine was visible. The Cobb angle was then determined manually using a pencil to outline the

vertebral endplates and a protractor to measure the angle.

One important part of the Cobb method is identifying the most tilted vertebrae. To do so, all
tilted vertebrae are selected, and the Cobb method is performed on all combinations of two
vertebrae (e.g. when selecting T5 and T6 as the superior vertebrae, and L1 and L2 as the
inferior vertebrae, angle measurements are performed four times, as follows: T5 and L1, T5
and L2, T6 and L1, T6 and L2). Then, the measurements are compared and the pair of

vertebrae with the largest angle is selected as the most tilted vertebrae.



Data analysis

All data were tested for normality based on the Shapiro-Wilk test, and p values greater than
0.05 were representing normally distributed data. Consequently, the relationship between the
signal-to-noise ratio (SNR) values of the constructed and the LUNGMAN phantoms were

analysed using Spearman’s correlation test.



Results

Validation of the phantom

Table 3 reports the HU for human vertebra, sheep vertebra and PoP vertebra. Table 4

andTable 5 show the relationship between SNR values of the constructed and LUNGMAN

phantoms at several kVp and mAs values. Table 4 shows the correlation between the two

phantoms at each kVp when changing the mAs values, and Table 5 shows the correlation

between the phantoms at each mAs when changing the kVp values. The overall correlation

was strong and positive: r =0.93 (p = 0.00). Also, Cobb angle measurement on the phantom

confirmed that the constructed curve was 14°. The pairs of vertebrae that formed the angle

were T5 and L2, T5 and L3, and T6 and L3. The phantom and its images are shown in Figure

12 Figure 13.

Table 3: Comparison of HU for different bone tissues with the HU of PoP

Vertebra Real spine Real spine Sheep Sheep PoP
(Whole) (Edges™) (Whole) (Edges™) vertebrae
Average HU 460 598 116 605 628
SD 107 79 155 83 56

* Refers to the cortical part of the vertebrae.

Table 4: The correlation between SNR values of constructed and LUNGMAN phantoms at

several kVp values when changing mAs values.

kVp Spearman’s correlation p-value
75 0.99 0.00
80 0.99 0.00
85 0.99 0.00
90 0.97 0.00
95 0.95 0.00
100 0.97 0.00
105 0.97 0.00
110 0.97 0.00
115 0.72 0.00
120 091 0.00




Table 5: The correlation between SNR values of constructed and LUNGMAN phantoms at
several mAs values when chaniini kVE values.
1 0.88 0.00
2 0.88 0.00
3.2 0.97 0.00
4 0.95 0.00
5 0.96 0.00
6.3 0.97 0.00
7.1 0.99 0.00
8 0.90 0.00
9 0.98 0.00
10 0.98 0.00
11 0.95 0.00
125 0.99 0.00
14 0.94 0.00
16 0.96 0.00
18 0.97 0.00
20 0.97 0.00

Figure 12: The phantom on the CT table (left); an AP projection image of the phantom
acquired using SPR mode (middle); and an AP view image acquired using the DR.




Figure 13: A 3D image of the phantom

Discussion

Attempts have been undertaken to develop new x-ray imaging machines and imaging
protocols to minimise the radiation risk to patients with AlS. In the published studies that
have optimised AIS imaging techniques, phantoms with normal spine were used, and finding
the optimum image quality was based on evaluating image quality rather than testing the
accuracy of Cobb angle measurements,3-3 which cannot be used to test the accuracy of the
measurements. The aim of our work was to build a phantom which could be used for testing

the accuracy of Cobb angle measurements and optimising AIS imaging.

The human body contains several types of tissue that interact differently with X-ray photons.
Therefore, the phantom should not only mimic the size and shape of the human body33 but
should have materials with photon mass attenuation and mass absorption coefficients similar
to that of human tissue.®”* PMMA and PoP were chosen to build our phantom because

PMMA is commonly used as a soft tissue substitute in diagnostic radiology studies,



especially for non-dosimetry phantoms;3**" and it has similar physical properties to soft
tissues. It has a mass attenuation coefficient (u/p) similar to that of soft tissue in the
diagnostic energy range;**“° and PoP has mass attenuation coefficient similar to that of
bone*®. Both materials are inexpensive and easy to use and hence, suitable for this study due

to its budget and time constraints.

The constructed phantom has the physical characteristics (in terms of spinal deformity) and
radiological characteristics (in terms of HU and SNR values) of a 10-year-old child with AlS.
The phantom was validated against a phantom that has been widely used in dose
optimisation, and a strong correlation was observed. This phantom permits testing of Cobb
angle measurement accuracy. Our phantom can also be used for dose optimisation work, to
determine the optimum imaging protocol that provides the most accurate Cobb angle

measurements while reducing radiation dose to patients.

Our phantom is constructed from low-cost materials. The cost of building the phantom was
less than £200, excluding labour. In comparison, commercially available, phantoms designed
for radiological studies can cost £10,000 or more, and normally these have a normal straight

spine.

An alternative method for constructing a phantom could be 3D printing. Although this
approach is still under development, the technology is promising for phantom production.
The technology has enabled researchers to produce phantoms with specific purposes in mind
and they can include pathologies °*°!. However, the process of constructing a phantom using
3D printers can be complex and is currently expensive 5254, The technology is capable of
mimicing the geometry of the human body accurately; however, the materials used to

produce the phantoms are still not tissue equivalent materials 535,



Although our phantom represented the spine of patients with AIS very well, it is not,
however, without limitations. First, its design does not allow for the acquisition of lateral
images due to the configuration of the PMMA slabs producing significant artefacts. Second,
the PMMA and PoP have a uniform representation of soft tissue and bone, respectively,
which does not reflect the nature of the human body. The geometry of the phantom may not
be similar to the geometry of human in reality, which is complex and cannot be replicated
using the inexpensive materials used in our work. For instance, we used an approximate
shape for the lungs to ensure the presence of air inside the phantom. Finally, the phantom
does not include the pelvis region, which could have an impact on scatter within the image.

The inclusion of the pelvis in the phantom is suggested for future work.

Conclusion

We constructed and validated a phantom with a scoliotic spine using commercially available
materials. The phantom was relatively cheap to construct compared to commercially
available models. It does lack the anatomical detail that is visible in other phantoms, but it is
suitable to be used in dose / image quality optimisation research which investigates new x-
ray imaging techniques and technology for the assessment of scoliosis and to optimise

currently used protocols.
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