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Abstract: Background: Radiation doses and capability of EOS, conventional radiography (CR),
and computed tomography (CT) to detect and measure enchondromas in a dedicated five-year-old
anthropomorphic phantom were compared. Methods: To simulate enchondromas, minced pieces of
chicken bone and cartilage were packed in conventional kitchen plastic foil to create ovoidal/rounded
masses and randomly hung on the phantom. The phantom was imaged five times with CR, CT,
and EOS, each time changing the number and position of inserts. All images were reviewed by a
senior radiologist and a radiology resident. Results: EOS and CR detected all inserts in 4/5 cases (80%),
while in one case 1/17 inserts was not seen. Excellent agreement of EOS with CR (88% reproducibility;
bias = 14 mm; repeatability coefficient (CoR) 2.9; 95% CI from —2.8 to 3.1 mm; p = 0.5) and CT
(81% reproducibility; bias = 15 mm; CoR 5.2; 95% CI from —5.5 to 5.2 mm; p = 0.7) was found.
EOS showed 71% interobserver reproducibility (CoR 7.2; bias = 0.6 mm; 95% CI from —6.6 to 7.8 mm;
p = 0.25). The EOS-Fast radiation dose was also significantly lower than the median radiation dose of
CR (644.7 (599.4-651.97) mGyocmz, p =0.004). Conclusions: Low-dose EOS has the same capability as
CR to detect and measure enchondroma-like inserts on a phantom and may be considered to monitor
patients with multiple enchondromas.

Keywords:  EOS; conventional radiography; computed tomography; radiation dose;
enchondroma; phantom

1. Introduction

Enchondromas are common, benign cartilage tumors that mostly develop in the metaphysis
of long bones in close proximity to growth plate cartilage [1-5]. Ollier disease, also known as
enchondromatosis, is a nonhereditary disorder defined by the presence of multiple enchondromas,
while Maffucci syndrome is that condition in which multiple enchondromatosis is associated with
soft tissue hemangiomas [6]. The prevalence of Ollier disease is estimated to be 1/100,000, while there
are about 200 reports of Maffucci syndrome. Both conditions usually present during childhood as a
possible consequence of a differentiation disorder during endochondral ossification of growth plate
tissue [7]. Clinical problems caused by enchondromas depend on the extent of skeletal involvement
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and include skeletal deformities associated or not with pathological fracture, limb-length discrepancy,
and the potential risk for malignant transformation to chondrosarcoma [3-5]. The diagnosis of Ollier
disease is mainly based on clinical and radiological evaluations, which typically show an irregular
distribution of multiple, radiolucent, homogenous lesions with an oval or elongated shape and a
well-defined, slightly thickened bony margin. Since children affected by Ollier disease will undergo
multiple radiographs during childhood for diagnosis and follow-up, the need for accurate assessment
of enchondromas has to balance with the risks associated with repeated radiation exposure. Repeated
exposure of children to radiation is a major concern, having been reported to be 2 to 5 times more
radiosensitive than adults [8] and to have the highest risk of cancer development, as radiologic
stochastic damage has a latency of one or even two decades. Thus, in the last few decades, much effort
has gone into developing radiologic techniques able to keep radiation doses “as low as reasonably
achievable” (ALARA), while not compromising image quality, especially in pediatric imaging [9].

EOS (EOS Imaging, Paris, France) is a relatively novel low-dose imaging system that is capable
of producing radiographic images with very low radiation exposure [10]. It exploits a biplanar
slot-scanning technology that employs highly sensitive gaseous photon detectors [11-13]. It consists
of a cabin in which the patient is positioned standing erect, and the two linear X-ray sources
and two gaseous detector arrays allow for the patient to be scanned in two orthogonal planes
simultaneously. The X-ray sources move in synchronous fashion so that the beam is always horizontal
to the patient, thus avoiding the magnification error (the so-called “parallax effect”) of teleradiography.
Once acquisition parameters have been set on the basis of three predefined morphotypes, the scan
can start. The scan has a variable duration of up to twenty seconds, making this modality sensitive to
motion artifacts. However, the acquisition can be shortened, further minimizing the dose with minimal
reduction of image quality [14].

In general, the EOS system is excellent in the evaluation of biomechanical alignment of the
spine and of the lower limbs, while it is not routinely used in the evaluation of focal bone lesions.
Indeed, the diagnostic accuracy of the EOS system to identify and measure bone tumors has not
been investigated previously. Moreover, the reduction of dose obtained by the EOS system has been
established. Nevertheless, this exam can be acquired with different speeds, which are associated
with different radiation doses and image quality, but a comparison of radiation doses of different
sets of EOS images and conventional radiography to image the whole skeletal system has not been
previously reported. The rationale for conducting this study was the lack of data concerning the
potential use of this low-dose imaging examination to follow patients with multifocal bone lesions,
namely enchondromatosis, in order to decrease the radiation burden on young patients affected by
these conditions but providing images with enough quality to be used for oncologic purposes. Thus,
the objective of this study was to compare radiation doses and the capability of the EOS imaging
system with those of conventional radiography and computed tomography (CT) to detect and measure
enchondromas in a dedicated phantom.

2. Materials and Methods

2.1. Study Design

Institutional review board approval was not needed since no humans were involved in the
present study. This report is concerned with the comparison of radiation doses and the capability
of the EOS imaging system, a conventional radiographic system, and a CT system to detect and
measure enchondromas in a dedicated five-year-old anthropomorphic phantom (ATOM Dosimetry
Verification Phantom, Model 705; pediatric 5 years; height = 110 cm; weight = 19 kg; physical
density = 1.52 g/cm?; electron density = 4.801 x 1023). This phantom is routinely used to perform
radiation dose measurements. To simulate enchondromas, minced pieces of chicken bone and cartilage
were packed in conventional kitchen plastic foil to create ovoidal/rounded masses. The inserts had
a shortest diameter ranging from 1.3 cm to 3.8 cm and a longest diameter ranging from 2 cm to
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4.9 cm. They were randomly hung on the phantom anteriorly, posteriorly, and laterally to simulate
a real irregular disposition of multiple enchondromas. The phantom was imaged with the use of
conventional radiography, CT, and EOS radiographic imaging. Anteroposterior (AP) and laterolateral
(LL) conventional radiography and EOS images, as well as CT scans, were performed five times.
Each time the number and position of inserts were changed, hanging 3, 6, 9, 16, and 17 inserts on the
phantom, respectively. The phantom was configured by a physicist who was then not involved in
image analysis.

2.2. Conventional Radiography

Full-length long radiographs of the phantom were made with direct digital acquisition using
a Siemens Ysio Max X-ray machine (Siemens AG, Erlangen, Germany) and a Fuji imaging machine
(FujiFilm, Stamford, CT) (35.4 X 124.5 cm) behind a standard bucky grid. The phantom was secured to
an Octostop immobilizer (Octostop, QC, Canada) with Velcro straps in a vertical orientation and was
positioned directly in front of the grid and cassette with the front of the phantom directed anteriorly
toward the X-ray source. The X-ray parameters were set automatically by the system.

2.3. Computed Tomography

The phantom was positioned in the center of a 64-slice Siemens CT scanner (Definition AS+,
Siemens Healthcare, Forchheim, Germany). The phantom was subjected to a whole-body CT scan from
head to feet with the following acquisition parameters: 120 kV; 60 mA; slice thickness 1 mm; pitch 0.8.

2.4. EOS

Different sets of radiographs were made with the EOS scanner. The phantom was fixed with
Velcro straps to an Octostop immobilizer and was placed with a vertical orientation in the scanning
chamber. The phantom was aligned with laser-light markings to ensure that the anterior side was
oriented anteriorly and in the center of the scanning field.

For radiation dose evaluation, three sets of imaging parameters (with 200 mA, 83 kV for AP
images and 102 kV for LL images) were used: (1) a slow setting (speed setting 4, 7.6 cm/s), (2) a
medium setting (speed setting 3, 11.4 cm/s), and (3) a fast ultralow-dose setting (speed setting 2,
15.2 cm/s). For each configuration of the inserts (i.e., 3, 6, 9, 16, and 17 inserts) and for each set of image
parameters, one AP and one LL view were acquired. Thus, a total of 15 AP and 15 LL images of the
phantom were acquired, with the phantom being removed and repositioned after each image was
made. Only EOS-Fast images were reviewed to detect and to measure the enchondromas-like inserts,
while EOS-Medium and EOS-Slow images were used to compare the radiation doses of the different
sets of images.

2.5. Image Analysis

Allimages were downloaded to a picture-archiving and communication system (Andra, Stockholm,
Sweden). A radiologist with more than five years of experience in musculoskeletal radiology and
research and a radiology resident reviewed the images in a random order and blinded to the number
of inserts and type of scan (for EOS images). The number of inserts visible on each image was counted
and their size was measured using an electronic caliper.

2.6. Statistical Analysis

The continuous variables are reported as means + standard deviations. Intermodality and
interobserver reproducibility were tested by using the Bland—Altman method [15]. The radiation doses
in terms of Kerma-area product (KAP) [16], calculated from both conventional radiography and EOS
system examinations, are reported as medians + interquartile ranges, and differences were analyzed
using the Mann-Whitney U test. A p-value less than 0.05 was considered statistically significant,



Appl. Sci. 2020, 10, 8941 40f8

where appropriate [17]. Statistical analysis was performed using SPSS software (v. 25, IBM, Armonk,
NY, USA).

3. Results

3.1. Diagnostic Accuracy

Seventeen different inserts were used for this experiment, whose dimensions ranged from
20 X 14 mm to 49 X 34 mm.

The two different readers measured the longest insert length, with both EOS and conventional
radiography obtaining values ranging from 7 mm to 40 mm with the EOS system and from 6 mm
to 36 mm with conventional radiography. Both conventional radiography and EOS underestimated
the true length of the inserts by an average of 6.6 mm (25.2%) and 6.1 mm (23.9%), respectively,
when compared with the true length of a respective insert on its longest axis. The comparison of the
mean difference between the measurements for both modalities and the true length is reported in
Table 1.

Table 1. Insert length measurements with EOS and CR.

EOS Imaging System Conventional Radiography
Difference from true length of ~6.1 (from —18 to +1) ~6.6 (from —19 to +1.5)
phantom inserts (mm)
Relative magnification ** -23.9% -25.2%

* The values indicate the difference from the true length of the phantom inserts as provided by the manufacturer
and are expressed as the mean, with the range in parentheses. ** The relative magnification was derived by dividing
the difference between the measured length and the true length by the true length.

Both observers were able to detect the same number of inserts per phantom on EOS and
conventional radiography: This was equal to the number of inserts placed on the phantom in 4/5 cases
(80%), while in one case, 1 out of 17 inserts was not seen. On CT, both observers always detected the
correct number of inserts, as compared to the real number (Table 2).

Table 2. Number of inserts detected per phantom on the three imaging modalities by two different
observers who reviewed all images independently.

Observer 1 Observer 2
Phantom n. Inserts CT n. Inserts EOS n. Inserts CR n. Inserts CT n. Inserts EOS n. Inserts CR
#1 16 16 16 16 16 16
#2 17 16 16 17 16 16
#3 3 3 3 3 3 3
#4 6 6 6 6 6 6
#5 9 9 9 9 9 9
Total 51 50 50 51 50 50

Intermodality reliability, quantified as the mean of the difference between the two modalities’
measurements (bias) and the repeatability coefficient (CoR), showed excellent agreement for EOS,
conventional radiography, and CT with a bias calculated to be 0.14 mm (88% reproducibility; CoR 2.9;
95% CI from —2.8 to 3.1 mm; p = 0.5) and 0.15 mm (81% reproducibility; CoR 5.2; 95% CI from
-5.5 to 5.2 mm; p = 0.7) when comparing EOS to conventional radiography and CT, respectively.
The assessment of interobserver reliability in the EOS modality showed 71% reproducibility between
different observers, with a bias as low as 0.6 mm (CoR 7.2; 95% CI from —6.6 to 7.8 mm; p = 0.25)
(Figure 1).
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Figure 1. Intermodality and interobserver reliability of insert length measurements among different
modalities and among different observers: (A) Intermodality reliability between EOS imaging system
and computed tomography (CT) scanning. The mean of the measurements obtained with EOS and
CT for each insert is reported on the x-axis; the difference between the two measurements is reported
on the y-axis. (B) Intermodality reliability between the EOS imaging system and conventional X-ray.
The mean of the measurements obtained with EOS and X-ray for each insert is reported on the x-axis;
the difference between the two measurements is reported on y-axis. (C) Interobserver reliability
between measurements obtained by two different observers with the EOS imaging system. The mean
of the measurements is reported on the x-axis; the difference between them is reported on the y-axis.

3.2. Radiation Dose

By applying different image scanning speeds, the radiation dose delivered was progressively and
significantly lower for the EOS-Fast protocol (KAP 258.6 mGy cm?) compared with the EOS-Medium
protocol (KAP 387.89 mGy cm?, p < 0.001), and even more when compared with the EOS-Slow
protocol (KAP 517.19 mGy cm?, p < 0.001) (Figure 2). Moreover, the EOS-Fast radiation dose was also
significantly lower than the median radiation dose of conventional radiographs (644.7 (599.4-651.97)
mGy cm?, p = 0.004) for all phantom configurations (Figure 3). Figure 4 shows a case from this study.

KAP (CR vs EOS)
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0

Figure 2. Bar graph illustrating the mean radiation dose by modality. CR = conventional radiographs
and EOS = EOS imaging system at three different speed settings (speed 2 =15.2 cm/s; speed 3 = 11.4 cm/s;
speed 4 = 7.6 cm/s).
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Figure 3. Radiation doses delivered by the EOS-Fast (speed 2), EOS-Medium (speed 3), and EOS-Slow
(speed 4) protocols, and CR examinations.

3
\

Figure 4. EOS (A), CR (B), and CT (C) images of a phantom with six inserts (arrows).

4. Discussion

The results from this study indicate that EOS performs similarly to conventional radiography in
both number detection and length evaluation of enchondroma-like inserts in a standardized phantom
setting. The mean difference between insert length assessed with EOS and conventional radiograph,
and their true length was in fact as low as 6.1 mm and 6.6 mm, respectively. However, it should be
underlined that an underestimation of the insert size was expected, in view of the bidimensional
imaging provided by both techniques that does not make a precise identification of the longest diameter
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of the inserts possible. Notably, these results were obtained by testing the capability of the reviewers to
detect and measure the enchondroma-like inserts on EOS fast-speed images, which should present
minimal reduction of image quality when compared with the other sets of EOS images.

The intermodality reliabilities of EOS imaging, conventional radiography, and CT were also
excellent, which is essential when dealing with a new diagnostic test not yet used in the clinical
routine [18]. Moreover, perfect agreement of measurements performed by different observers with the
EOS system was observed, thus demonstrating that EOS is both accurate and reproducible. There was
only a single case where the number of inserts was different between conventional radiography and
EOS versus CT and the actual number of inserts placed on the phantom. In this case, two inserts were
placed very close to one another. Thus, the bidimensional images of conventional radiography and
EOS showed them almost superimposed on one another, making the distinction almost impossible.

This study also demonstrates that, since radiation dose is inversely related to scanning speed,
you can impact the radiation dose administered by the EOS system by changing the speed of the
image-acquisition parameters. Indeed, doubling the speed from EOS-Slow (7.6 cm/s) to EOS-Fast
(15.2 cm/s), the radiation dose decreased from 517.19 mGy cm? to 258.6 mGy cm? without affecting
the capability of observers to detect and measure the inserts on the phantom. These data lead us
to consider EOS as a potential imaging tool technique for detecting and following enchondromas
over time, while minimizing radiation exposure. A drawback of EOS to consider is the increased risk
of motion artifacts related to the fact that EOS is performed with the patient in a standing position
and the acquisition time at a speed setting of 4 is about 8 s. This should be considered especially in
pediatric patients who are particularly prone to movement during a scan. This limitation can be partly
overcome, given that image-acquisition time can be decreased to three to four seconds (on the EOS-Fast
speed setting of 2) without affecting the capability of observers to detect and measure the inserts on
a phantom.

In the future, we may envision a clinical setting where initial evaluation of enchondromas is
performed using conventional radiography and follow-up is performed using EOS. In case of a change
in the number and size of enchondromas, a standard workup should then be resumed. Clearly,
one limitation of this approach is that EOS is not a widely available imaging modality.

A limitation of this work is that the image quality of conventional radiography was not compared
with that of EOS at different acquisition speeds. It is known that EOS is very good in assessing spine
and limb orientation, but, especially at higher speeds, image quality may also decrease in favor of
radiation dose reduction. However, the excellent results of this study were obtained by testing the
capability of the reviewers to detect and measure the enchondroma-like inserts on EOS fast-speed
images, which should have had reduced image quality when compared with the other sets of EOS
images. Also, the enchondroma-like inserts were attached on the external surface (i.e., the “skin”) of
the phantom, which is not exactly what happens in enchondromatosis. However, this was the best
approximation possible, as the anthropomorphic phantom is not empty and lesions cannot be placed
inside its body.

In conclusion, low-dose EOS digital radiographic evaluation has the same capability as
conventional radiography to detect and measure enchondroma-like inserts on a phantom. Thanks to
its lower radiation dose, this method may be considered in the follow-up of patients with multiple
enchondromas. However, clinical studies are warranted to confirm these preliminary results on
a phantom.
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