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Abstract in German

Hintergrund:

Neuartige dedizierte Cone-beam Computertomographie-Gerate (CBCT) zur
Untersuchung der Extremitaten sind seit wenigen Jahren verfugbar. Sie stellen
eine  mogliche Alternative zu den Ublicherweise zur weiterfUhrenden
Traumadiagnostik verwendeten Multidetektor-Computertomographen (MDCT) dar.
Entsprechende wissenschaftliche Literatur GUber den Einsatz von CBCT beim
kindlichen Extremitatentrauma ist rar gesat. Das Ziel dieser Arbeit war daher, die
neue und die etablierte Methode miteinander zu vergleichen, sowie die Vor- und
Nachteile in einem moglichst realitatsnahen kinderradiologischen Umfeld

herauszuarbeiten.
Material und Methoden:

Wir fihrten Oberflachendosismessungen an kindlichen anthropomorphen Hand-
und Sprunggelenksphantomen durch und fertigten prospektiv CBCT-

Untersuchungen von Extremitaten verletzter Kinder an.

Die Phantomstudie erfolgte mittels Thermoluminiszenzdosimetern, welche an den
Phantomen angebracht wurden. Dann wurden diese mehrfach mit verschiedenen
Belichtungsprotokollen an CBCT und MDCT untersucht und die Dosimeter

anschlieRend ausgewertet.

Im Studienzeitraum konnten prospektiv 61 Extremitaten-CBCTs von 59
Patientinnen und Patienten akquiriert werden, 10 davon wurden zusatzlich mit
MDCT untersucht, um einen direkten Vergleich zu ermdglichen. Die restlichen 51
MDCTs wurden anhand Untersuchungsregion, Geschlecht und Alter retrospektiv
aus dem lokalen Bildarchiv zugeordnet. 7 Untersuchungspaare mussten
ausgeschlossen werden, da bei Gipsverbanden oder Metallimplantaten
Diskrepanzen zwischen den Modalitaten vorlagen. Insgesamt wurden 54 CBCT-

MDCT-Paare eingeschlossen.
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Zusatzlich erfolgte eine vergleichende Gegenuberstellung der diagnostischen
Aussagekraft von digitalen Rontgenaufnahmen (DR) zu CBCTs an 47

korrespondierenden Untersuchungspaaren.
Resultate:

Die Messungen der Oberflachendosen an Hand- und Sprunggelenksphantomen
zeigten im Mittel einen signifikanten Dosisvorteil der CBCT gegenuber der MDCT
(3,0 Milligray bzw. 3,9 Milligray, p<0,001).

Erwartungsgemal} zeigte sich im Vergleich von CBCT und DR ein Vorteil fur die
Schnittbildgebungsmethode, welche eine hohere Anzahl an Frakturen erkennen
konnte. Die Sensitivitat lag hierbei zwischen 88,5% und 92,3% in der CBCT und
bei 65,4% in der DR.

In der Gegenuberstellung von CBCT und MDCT fand sich bei ersterer ein
vorteilhafteres Rauschverhalten, sowohl semi-objektiv als auch subjektiv
(p<0,001). Die CBCT-Untersuchungen waren allerdings regelmafig durch
Streifenartefakte beeintrachtigt, wodurch sich subjektiv die diagnostische
Sicherheit reduzierte (p=0.001).

Schlussfolgerungen:

Bei Kindern bot die speziell fir Extremitatenbildgebung bestimmte CBCT semi-
objektiv. gemessen eine hohere Bildqualitdt als vergleichbare MDCT-
Untersuchungen. Im Gegenzug wurden die subjektive Bildqualitdt und die
diagnostische Aussagekraft der CBCT schlechter bewertet, was insbesondere auf
das Vorliegen von Streifenartefakten zurtickgefuhrt werden konnte. AuRerdem war
die CBCT anfalliger gegentber Bewegungsartefakten, wenngleich diese
insgesamt  selten  gesehen  wurden. Bei  Verwendung  optimierter
Belichtungsprotokolle bewegten sich die applizierten Strahlendosen beider
Methoden (CBCT und MDCT) im niedrigen Bereich weniger Tage naturlicher
Hintergrundstrahlung und spielten daher in Hinsicht auf padiatrische

Traumaanwendungen bei strikter Indikationsstellung eine untergeordnete Rolle.
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Abstract in English

Background:

Novel dedicated cone-beam computed tomography (CBCT) devices for examining
the extremities have been available for a few years. They represent a possible
alternative to the multidetector computed tomography (MDCT) machines
commonly used for further trauma diagnostics. The corresponding scientific
literature on the use of CBCT in childhood extremity trauma is scarce. The aim of
this work was therefore to compare the new and the traditional method to identify
the specific advantages and disadvantages in a realistic pediatric radiological

setting.
Material and Methods:

We performed surface dose measurements on pediatric anthropomorphic hand
and ankle phantoms and prospectively acquired CBCT examinations of the

extremities of injured children.

The phantom study was carried out utilizing thermoluminescence dosimeters,
which were attached to the phantoms. Then they were irradiated several times
with different exposure protocols on CBCT and MDCT. The dosimeters were

subsequently read out.

During the study period, 61 limb CBCTs were obtained from 59 patients
prospectively, 10 of whom were additionally scanned with MDCT in parallel to
allow a direct comparison. The remaining 51 MDCTs were retrospectively matched
by examined region, gender, and age from the local image archive. Seven
examination pairs had to be excluded, as there were discrepancies between the
modalities concerning plaster casts or metal implants. A total of 54 CBCT-MDCT

pairs were included.

Besides, an analysis of the diagnostic value of digital radiography (DR) compared

to CBCTs was performed on 47 corresponding examination pairs.
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Results:

Measurements of surface doses on hand and ankle phantoms showed a
significant dose advantage of CBCT over MDCT (3.0 milligray and 3.9 milligray,

p<0.001, respectively) on average.

As expected, CBCT and DR demonstrated an advantage of the sectional imaging
technique, which was able to detect a higher number of fractures. Sensitivity was
between 88.5% and 92.3% in CBCT and 65.4% in DR.

When comparing CBCT and MDCT, the former showed a more favorable noise
characteristic, both semi-objectively and subjectively (p<0.001). However, CBCT
examinations were regularly affected by streak artifacts, which subjectively

reduced diagnostic certainty ratings (p=0.001).
Conclusions:

In children, CBCT which was designed explicitly for extremity imaging semi-
objectively performed better than the comparable MDCT. On the other hand, the
subjective image quality and the diagnostic certainty of CBCT were rated worse,
which could be attributed in particular to the presence of streak artifacts. Also,
CBCT was more susceptible to motion artifacts, although they were rarely seen.
Using optimized exposure protocols, the administered radiation doses of both
methods (CBCT and MDCT) were in the low range of a few days of natural
background radiation and therefore played a minor role in pediatric trauma setting

with strict study indications.
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1. Introduction

Modern extremity imaging would be hardly conceivable without computed
tomography (CT), which is also true in the pediatric population (1-5). Especially
since the introduction of multidetector CT (MDCT) in the late 1990s (6, 7), CT has
started its worldwide triumph, and most current diagnostic pathways are highly
dependent on this modality (2). In children, there still is a more limited set of CT
indications (8, 9) due to relatively high necessary doses and the resulting concern
for radiation-induced damage in later life. Recent studies on large populations
additionally fueled these worries about radiation effects, especially concerning
carcinogenesis (10-13). However, actual patient risks of low-dose exposures
applied by CT examinations stay a topic of contentious debates and ongoing

research (11).

Lately, a limited set of dedicated extremity cone beam computed tomography
(CBCT) devices became available for clinical use (14-16). They offer comparably
compact sizes, machine mobility and promise a lower radiation dose at superior
image quality (17, 18). However, CBCT (synonyms: C-arm CT, cone beam volume
CT, or flat panel CT, digital volume tomography) machines still have to prove their
advantages over MDCT regarding image characteristics and radiation dose
properties, especially as currently available studies are partially inconsistent. Data

in pediatric populations are particularly scarce (19-21).

Apart from a broad spectrum of operational areas in dentistry and facial surgery
(22-29), radiotherapy (30-35) and intraoperative guidance (36-42), as well as a
variety of interventional applications (43-79) the method still did not gain adequate
traction in other fields of diagnostic imaging. Regarding extremity imaging, mainly
weight-bearing CBCT received some attraction in the recent literature (80-87).
Though, the authors of a current review on non-dental CBCT applications stated
the limited availability and heterogeneity of data on this topic, which rendered a

meta-analysis in their paper impossible (88).

Page 1 of 70



1.1. History of CBCT

The idea of CBCT is probably as old as computed tomography itself, inspired by
the possibility to complete a CT examination with a single X-ray tube rotation or
less (89). First attempts to build a CBCT machine can be dated back to the 1970s
with the “dynamic spatial reconstructor” created by the Biodynamics Research Unit
at the Mayo Clinic (90-95) but did not lead to significant clinical use (89). The
primary hurdle in the development was the absence of proper detectors with large-
enough areas and sufficient dynamic ranges, which were not available until the
late 1990s (89). Meanwhile attempts to build CBCT machines using image

intensifier equipment were unsuccessful (89).

For several decades, the development of CBCT and conventional single and
multiple slice CT took two segregated paths. However, with the evolution of
multidetector CT and increasingly broader detectors with more and more added
detector rows, the initially used fan-shaped geometry in MDCT re-approached to a
cone-beam geometry that both methods employ these days. As third and fourth
generation MDCT scanners also use cone beam X-rays, the term CBCT is
commonly referred to systems that specifically use any flat-panel detector (89).
The term CBCT is also used in the context of flat-panel CT throughout this

dissertation.

Development of the first commercial CBCT started in the mid-1990s in Italy (96). It
was first introduced in the European market in 1996 by the company “QR s.r.l.”
with the “NewTom 9000” for dental applications (97-99).

1.2. Similarities and differences between CBCT and MDCT

CBCT and MDCT images exhibit a similar image impression, and particularly non-
experienced viewers will struggle to discriminate between the modalities reliably.
Thus, the fundamental differences between modern CBCT and MDCT machines

may not be apparent at first glance.

Both technologies employ a cone-shaped Roentgen beam produced by their X-ray
tubes, rotating around the examined body region (89, 100, 101). They mainly differ
concerning detector technology. CBCT scanners are typically fitted with flat-panel
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detectors (102-104) with equispatial geometry (105), including amorphous silicon,
charge-coupled device (CCD) and complementary metal-oxide-semiconductor
(CMOS) detectors (89). They offer small pixel sizes and therefore fine-grained
acquired images, which enable CBCT to achieve superior spatial image resolution,
while on the other hand making it prone to scatter artifacts (106-111). Another
disadvantage of CBCT-detectors is a relatively lower dynamic range that is
aggravated by a usually smaller X-ray generator performance. Together, the result

is an only mediocre soft tissue contrast.

MDCT scanners, on the other hand, are equipped with curved equiangular
detectors in multiple rows (112) and pre-detector anti-scatter lamella. Figure 1

schematically shows the explained similarities and differences.

CBCT MDCT

Figure 1 Schematic comparison of CBCT and MDCT. CBCT uses a flat-panel
detector to generate multiple projection images from different angles, while MDCT
combines multiple detector slices (eight are shown in this example) to an image
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series. For a better visibility, only one fan-shaped detector row is accentuated.
Modified from Miracle et al. (open access) (113).

Due to the more straightforward build, CBCT manufacturers can construct smaller
form factor machines. This compactness also enables the design of mobile

devices that allow new use cases.

1.2.1. CBCT image acquisition

During CBCT examinations, an X-ray tube and a flat panel detector rotate opposite
from each other, mounted on a C-shaped arm, or built in a gantry. The machines
take multiple projections from different angles, usually ranging between 20 and 40
seconds for acquiring a complete volume of the examined body region.
Manufacturers often use incomplete gantry rotations less than 360 degrees.
Typically, the devices make a few hundred two-dimensional high-resolution

projection images.

1.2.2. CBCT image reconstruction

Image reconstruction is usually based on a modified Feldkamp algorithm (114).
The above-mentioned projection image set of the examined body part serves as a
basis for the following reconstruction of a three-dimensional volume, which usually
consists of isotropic voxels. Isotropic means that the voxels feature identical
dimensions in all three spatial directions, enabling high-resolution multi-planar

reconstructions (= MPRs).

1.2.3. CT-related image artifacts

The term artifact is etymologically derived from the Latin words “ars” (skill) and
“facere” (to make) (115, 116). In a radiological context, artifacts refer to systematic
errors in image generation, resulting in studies that partly or entirely do not reflect
the real patient anatomy or tissue attenuation (101, 117). These artificially
generated effects can impair the validity of a radiological report, or even make
diagnosing impossible. A radiologist, therefore, needs to be able to know,
recognize and interpret the numerous possible artifacts that may occur at every

step of image acquisition, reconstruction, and post-processing (101).
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CBCT and MDCT suffer from similar types of artifacts. They are usually
differentiated into categories based on the principle of their origin, further

described and discussed in the following paragraphs.

1.2.3.1. Physics-related artifacts

Artifacts related to physical effects are strongly linked to the type and construction
of a CT scanner and the chosen exposure parameters while scanning (101). A

brief selection of the essential physics-related artifacts is presented below.

Imaging systems are only theoretically free of internal impairments resulting in
noise. These inherent errors are small in modern CT scanners, making the so-
called “quantum noise” caused by the variations in X-ray photons reaching the

detector the principal cause of image noise (101).

X-ray beams consist of photons with different energy levels. Irradiated tissues
absorb lower-energy photons quicker, causing the X-ray beam to be composed of
higher energy components, referred to as “beam hardening.” The results are
“‘cupping artifacts,” where X-rays in the middle of an object are attenuated more
severely than peripherally, and “streak artifacts,” where information is lost between

two or more radiodense structures (111, 117).

Very dense structures can stop an X-ray beam, preventing photons from reaching
the detector, referred to as “photon starvation.” Photon starvation causes streak

artifacts, commonly seen behind metal implants (117, 118).

Partial volume artifacts increase the thicker an image slice is reconstructed from
the raw dataset, relevant for objects that partially reach into, or are thinner than the
reconstruction plane (101). These artifacts were common in the early days of CT.
In modern extremity CT, reconstructed slice thicknesses of 1 mm and lower
prevent partial volume effects almost entirely because thin multiplanar

reconstructions became standard (101).

Aliasing in CT images manifests as thin radiating streaks and reticulated patterns
that diverge outwards. In image reconstruction, a voxel's brightness is calculated

from multiple angle views. In cases of insufficient numbers of acquired projections,
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also known as “undersampling,” an erroneous brightness may be calculated,

resulting in aliasing artifacts (89, 101).

1.2.3.2. Patient-related artifacts

The main patient-dependent artifact during image acquisition is motion, including
breathing and pulsation. Motion artifacts can be avoided by decreasing acquisition
time in terms of higher rotation speeds and avoidance of table increment (119) or
mathematical compensation procedures in image reconstruction (120-122). Fast
acquisition times are typically available on modern MDCT scanners with large

detectors, which counteract susceptibility to patient motion.

Flow-artifacts can principally occur in contrast-enhanced (CE) examinations and
may degrade the depiction of vessels. As CT in pediatric extremity trauma usually

is performed without contrast, the effect is of minor relevance.

Radiopaque materials (like for example metal implants) within the scan area
commonly result in major streak artifacts, described before in more detail in the

paragraph photon starvation (117).

1.2.3.3. Hardware-related artifacts

Ring artifacts of different intensities may occur due to uncalibrated or defect
detector elements (117). When visible, detectors usually are quickly re-calibrated,
or, if not successful, need to be repaired (123); thus, we do not see ring artifacts

frequently in routine.

Out of field artifacts typically occur when a part of the patient is outside the scan
field. Due to the partially missing information, the reconstruction will lead to

artifacts, especially in off-centered regions (117).

Tube arcing artifacts are rare, caused by an intermittent short circuit between the
anode and the cathode of the X-ray tube. It results in a unique form of streak
artifact (124).

Windmill artifacts are a type of streak artifact from helical scanning, pronounced in
examinations with high pitch settings. Usually, they are of no relevance in pediatric
extremity CBCT and MDCT, often performed with no or low pitch (117).
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MPR (multiplanar reformation) artifacts occur when image planes are
reconstructed from non-isotropic voxels (117), which is of no relevance in any
modern CBCT or MDCT scanner.

Beam Aliasing
hardening

Contrast

~ Photon
starvation Motion

Figure 2. Selected examples of various common CT image quality measures and
artifacts. The primary image quality criteria resolution, contrast, and noise are
shown on the left, artifacts on the right half of the figure.

1.2.3.4. Software-related artifacts

Image reconstruction and post-processing may introduce plenty of possible
artifacts due to image manipulation. None of these artifacts are typical or common,
and they do not demand further discussion in the context of pediatric extremity CT

applications.
1.3. Extremity CBCT devices

A limited number of dedicated CBCT devices for extremity scanning is

commercially available at the time of writing:

e Carestream OnSight 3D (Carestream Health, Inc., Rochester, New York,
USA, https://www.carestream.com) (14, 84, 125)

e CurveBeam InReach™, LineUp™ and pedCAT™ (CurveBeam, Warrington,

Pennsylvania, USA, https://www.curvebeam.com) (126)

e Planmed Verity™ (Planmed Oy, Helsinki, Finland,
https://www.planmed.com) (17, 18, 127)
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They provide similar features like small build, movability, and possibilities to

perform examinations under weight-bearing.
1.4. Extremity CT indications in children

As mentioned before, pediatric CT examinations require strict indications (11, 12).
Referrer and radiologist have to select patients profiting from this cross-sectional
imaging method carefully. CT studies are therefore primarily performed in cases of
complicated, comminuted and intraarticular fractures, or in regions where
radiographs poorly depict fractures and in cases of suspected bone tumors.
Preceding X-rays in two or more planes are still the basis of decision-making for

CT in almost all cases sent to our pediatric radiology division.

Specifying the term extremity imaging (CT, radiography) in this manuscript, lower
extremity refers to all regions including the thigh distally (thigh, knee, lower leg,
ankle, foot, toes) and upper extremity to the upper arm distally (upper arm, elbow,

forearm, wrist, hand, fingers).

In a data analysis of the local pediatric radiology division’s examinations, we saw a
moderate relative increase in extremity trauma radiographs by 16% since 2007. In
contrast, the amount of corresponding trauma CTs rose by 274% in the same
period. Approximately 1% of our extremity trauma patients receive an MDCT
today, which steadily increased from 0.3% ten years ago. Figure 3 depicts these

findings.
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Figure 3. Comparison of the entire extremity CT and radiograph numbers per year
in the author’s institution. The line shows the number of extremity radiographs per
year, while the bars represent the amount of corresponding CTs with a relative
increase in the last years.

Concerning body regions, lower extremity CT studies were relatively more
frequent than the upper extremity. However, the gap between them decreased
(compare Figure 4). Regarding the upper extremity CTs, elbow study numbers

increased the most.

90
80 —
70 =
60 .
50 — -
40 —

;MFHFFF

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

O Upper extremity O Lower extremity

Figure 4. The yearly number of extremity MDCT examinations at the author’s
institution. Grey bars represent the upper, white bars the lower limb. An increase
in the number of examinations is obvious.
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Regarding study indications, pediatricians and pediatric surgeons indicated nearly
5% of all CTs in the context of possible or definite bone tumors and pathological
fractures. About 9% of CTs were performed based on orthopedic questions like
tarsal coalitions or osteochondral lesions. The remaining vast maijority of studies

was related to acute trauma or trauma complications.

The fundamental hypothesis of this dissertation was that dedicated pediatric
extremity CBCT should achieve higher image quality measures when compared to
its direct competitor, MDCT. Semi-objective study quality, subjective image
impression, and surface radiation dose served as the relevant parameters to
address that statement. We additionally hypothesized a potentially more elevated
amount of motion artifacts in CBCT, due to comparatively longer acquisition times.
Another topic of interest was the evaluation of image artifacts compared between
the CT modalities. To proof these conjectures, we performed experiments on
extremity phantoms and injured pediatric patients at a tertiary center for pediatric

radiology and traumatology.
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2. Material and Methods

We conducted side by side image quality assessments and dose measurements
of a CBCT and an MDCT scanner in anthropomorphic phantoms and assessed a

pediatric trauma patient sample in this single-center prospective study.
2.1. Study CT scanners

Radiographers acquired all study-related images on a novel dedicated extremity
CBCT device, and a modern MDCT equipped with the latest dose-saving
application. Both of the compared machines represent state of the art technology
with the MDCT currently known as the gold standard for many, but not all pediatric
trauma indications (9, 128-130).

21.1. CBCT

A Verity™ scanner (Planmed Oy, Helsinki, Finland) was used to acquire the CBCT
images (compare Figure 5). This device consists of a small gantry mounted on a
movable framework. The gantry itself can be tilted and height-adjusted to fit the
investigated region. As a consequence, studies under weight-bearing are possible.
In this study, patients were positioned on a seat next to the gantry opening. The
examined body part was then centered in the middle of the gantry, as indicated by
the laser position markers. The acquired cylindrical field of view (FOV) was 12 or 6
cm proximo-distally with a diameter of 16 cm. Standard examination protocols
were analyzed and exposure parameters lowered by one third on average. The
prefabricated unchangeable acquisition time was 36 seconds. CBCT tube rotation
angle was 210°. As recommended, the included lead curtain shield (131) was

used in addition to the routinely applied body shielding whenever possible (21).

Page 11 of 70



Figure 5. CBCT (on the right) and MDCT (on the left) next to each other. The
CBCT device was kept in the MDCT scanner room exclusively, as local
regulations require a radio-protected facility for operation. The associated seat is
not shown in this photograph.

2.1.2. MDCT

Radiological technologists conducted the study-related MDCT examinations on a
Toshiba Aquilion One (Toshiba Medical Systems Corporation, Otawara-shi,
Japan), shown in Figure 5. This device equipped with the latest software and
hardware updates had been in use at the author’s institution since 2008. The
MDCT detector can acquire 320 rows of 0.5 mm collimated slices, covering a
maximum scan range of 16 cm per single tube rotation (2). The injured extremity
was centered in the gantry as efficiently as possible before scout images were
obtained before every volumetric image acquisition. Dose-optimized pediatric
MDCT protocols were used in all patients. There were no adaptions to these
routinely employed protocols for this study. Proximo-distal extension varied from
10 to 16 cm. Tube rotation time was 0.5 seconds. MDCT examinations were done

without table movement (pitch) within one 360 degrees tube rotation (21).
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2.2. Phantoms

We conducted the dosimetric studies with the aid of the left lower leg and the right
forearm of the pediatric whole-body phantom “PBU-70" (Kyoto Kagaku Co. Ltd,
Kyoto, Japan) (132), resembling a 4-year-old child (height = 105 cm, weight = 20

kg). The phantom extremities consisted of cortical and trabecular bone, embedded

in soft tissue-like material. Figure 6 shows both phantoms placed on the gantry of
the CBCT scanner (21).

Figure 6. Ankle (above) and wrist (below) phantom in the gantry of the CBCT.
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2.2.1. Dosimeters

Medical physicists used 1x6 mm square rod thermoluminescence dosimeters
(TLD) made of Lithium fluoride (LiF) TLD-100™ (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) to capture surface radiation doses. X-ray quality
of CBCT and MDCT was taken into consideration individually TLDs, by applying
calibration and correction factors determined by the Competence Center of
Medical Physics and Radiation Protection, University Hospital of Graz, Austria.
The WIinREMS software analyzed the TLD glow-curves generated by a Harshaw
TLD Model 5500 reader equipped with planchet heating system (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA). We measured surface doses in six
positions around the examined joints, at every 1, 3, 5, 7, 9, and 11 o’clock position.
In every measurement cycle, a pair of TLDs were stuck onto the phantom as
depicted in Figure 7. All dosimeters were consecutively irradiated ten times per
study protocol, which ensured that a sufficient amount of radiation had been
applied for the readout process. Moreover, all protocols were repeated three times
to prove the consistency of the measurements. After the separate exposures, an
experienced medical physicist interpreted the TLD readouts. 322 (of 324) TLD
readouts were conducted successfully, while 2 TLD readouts failed as a

consequence of material fatigue (21).
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Figure 7. TLDs attached in clockwise positions around the pediatric wrist phantom.
Before the start of every measurement, we manually taped the dosimeters to the
phantoms as depicted in the image above.

2.3. Patients

2.3.1. Patients receiving CBCT

From September 2015 to June 2016, we prospectively recruited a total number of
59 unique pediatric patients (32 male, 27 female), who received CBCT
examinations of at least one extremity region. The mean age of the patients was
14.3 years (range 8.8 to 17.7 years). One patient underwent CBCT examinations
of two different joints, and one patient had a follow-up CBCT, resulting in overall
61 performed CBCT studies. These patients were referred by the local pediatric
surgeons to clinically indicated CT examinations of injured extremities. In
consenting patients, CBCT examinations were performed by radiological

technologists instead of the usually done MDCTs.

2.3.2. Patients undergoing MDCT

A limited subgroup of 10 patients (8 male, two female) agreed to undergo both
CBCT and MDCT in parallel. We retrospectively matched the other 51 CBCTs to
MDCTs from the local PACS archive manually. These had all been performed on

the same study MDCT device, sex, and extremity region, and at the same age in

Page 15 of 70



years in the last decade. Seven of the 61 CBCT-MDCT pairs were excluded due to
discrepancies in the presence of casts or metal implants. 54 study pairs remained
for further comparisons (wrist n=19, ankle n=11, elbow n=9, finger n=6, foot n=5,
hand n=3, knee n=1). Figure 8 details the above-described recruitment process
leading to a mean patient age of 14.3 +2.2 years in CBCT versus 14.4 +2.2 years
in MDCT; each group contained 24 females and 30 males. Age differences did not

reach statistical significance (p=0.832).

2.3.3. Patients sustaining DR

Fifty-eight digital radiographs (DRs) of the same region as in CBCT were available
for comparison. Of these 58 CBCT-DR pairs, eleven were excluded because of a
date difference of more than 14 days. Thus, 47 CBCT-DR pairs (wrist n=16, ankle

n=11, elbow n=6, finger n=5, foot n=4, hand n=4, knee n=1) were included.
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61 CBCTs acquired prospectively
(between 09/2015 and 06/2016)

7761 patients screened for eligibility

955 extremity MDCTs
from 2008 to 2017
screened for eligibility

<.--------.

58 DRs acquired

(same patient and region)

10 parallel MDCTs
acquired prospectively

(same patient and region)

51 archived MDCTs
matched retrospectively

(same region, age, sex)

Groups re-converged,
as differences not
statistically significant

58 CBCT-DR pairs
(same patient and region)

61 CBCT-MDCT pairs
(same region, age, sex, MDCT

machine)
Excluded: Excluded:
’ 11 pairs, because ’ 1 parallel and 6 matched pairs
examination dates not Differences in cast: 3
within 14 days Differences in metal implants: 4

54 CBCT-MDCT pairs
(corresponding region, age, sex,
MDCT machine, cast, and metal

implant)

47 CBCT-DR pairs
(same patient and region,
within 14 days)

Image quality analyses

Blinded consensus reading and dose comparison

Figure 8. Flowchart of the study design. Beginning with the prospectively acquired
CBCT studies, we assigned the corresponding DR and MDCT examinations for
further analyses.
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2.4. Image acquisition

2.4.1. Phantom scanning settings

Concerning the measurements of surface doses in the pediatric phantoms, we
generated three imaging protocols called CBCT, MDCT (routine), and MDCT
(CTDI equivalent). The MDCT (routine) protocol was actually in use at the author’s
clinical division. When considering the unalterable linkage between selected
radiation dose and resulting image quality, marked differences in peak kilovoltages
and tube currents, as well as different ways of image acquisition and
reconstruction between the study devices, make clear that we could not perfectly
match the machines for the comparison. Therefore, the pediatric radiologists at our
division consensually agreed on CBCT exposure settings based on initial scans of
animal limbs. In every extremity region, three age-dependent exposure levels were
prepared with the goal of barely sufficient image quality to diagnose a respective
fracture securely. Manufacturer's preselected parameters were labeled “high,”
representing a suitable option for teenagers older than 12 years. The two other
exposure levels were called “medium” (suitable for schoolers aged 6 to 12 years)

and “low” (preschoolers younger than six years) (21).

The MDCT protocol set named “MDCT routine” contained the routinely used
MDCT exposure settings at the local institution. A second MDCT protocol denoted
“‘MDCT (CTDI equivalent)” was matched to the dose of CBCT protocols based on
the CTDl,o (16 cm phantom). With this protocol, we intended to demonstrate dose
conformity between CBCT and MDCT. Table 1 summarizes the three protocols
and their respective exposure settings for scanning the pediatric wrist and ankle

phantoms (21).
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Table 1. Exposure parameters for scanning phantoms of the ankle and wrist.

s« £ 5§ F
E 3 E D
c £ S O
9 o 3 £
Exposure o < 5 9 Z’:” E>§ o
Protocol Phantom level 2z E g0 E be @
low 80.0 40 6.000 240 1.1 145
Ankle medium 84.0 6.0 6.000 36.0 21 26.9
high 92.0 8.0 6.000 48.0 40 516
CBCT
low 80.0 20 6.000 120 06 7.2
Wrist medium 84.0 40 6.000 240 14 18.0
high 88.0 6.0 6.000 36.0 25 325
low 100.0 300 0500 150 1.6 20.3
Ankle medium 120.0 30.0 0500 150 25 295
high 120.0 400 0500 20.0 32 394
MDCT (routine)
low 100.0 300 0500 150 14 16.7
Wrist medium 12000 200 0500 10.0 16 17.6
high 120.0 30.0 0500 150 22 26.3
low 80.0 20.0 1.000 20.0 1.1 135
Ankle medium 100.0 500 0.375 188 21 253
high 120.0 300 0.750 225 4.0 4738
MDCT (CTDI equivalent)
low 80.0 300 0375 113 06 7.7
Wrist medium 100.0 200 0625 125 14 174
high 120.0 400 0375 150 25 29.6

All relevant parameters (kVp, mA, mAs, and dose measures) for phantom
irradiations are shown for CBCT, MDCT (routine), and MDCT (CTDI equivalent)

protocols (21).

Images were reconstructed in three planes relative to the axis of the examined

body part (axial, coronal and sagittal). Slice thickness was set to 1.4 mm.

2.4.2. Patient scanning settings

Typical parameters used for scanning patients prospectively with CBCT and

MDCT (parallel and matched) are shown in Table 2.
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Table 2. Exposure parameters and reconstruction settings of both study devices
for patient scanning.

Significan
CBCT MDCT (Toshiba t
(Planmed Aauilion O diff
Verity) quilion One) ifference
s (p)
'(:rfrf) of view 160 x 160 120 x 120 -
3.2+1.0
CTDly [16 cm ) p<0.001
phantom] mGy 2.3 £0.8 without AIDR3D 4.1 p<0.001
(mean SD) £1.0 p<0.001
with AIDR3D 2.9 £0.7 '
34.8 +18.1
N without AIDR3D 45.4 p=0.021
oLonoyen 78, s
Image - - with AIDR3D 30.3 p=0.378
acquisiti +14.3
on kVp (mean
+SFI)3) 91.0 £3.5 120.0 2.7 p<0.001
TSAD()mea” 46414  37.6+11.3 p<0.001
Té“g)(mea” 276485 19.0 5.8 p<0.001
Rotation /
exposure time 6.0/36.0 0.5/0.5 p<0.001
(seconds)
Slice thickness 1.3 0.2
(mean +SD) mm 1.3 £0.3 mm p=0.104
axial,
Planes coronal, axial, coronal, sagittal -
Image sagittal
reconstr
uction Kernel Sharp FC 18 [AIDRSD (after
2012)] /STD/W/CB
Pixel matrix 800x800 512x512 -
Pixel spacin 0.2 £0.0
(mean iso)g ol 0.2 +t0.1 mm p=0.009

Relevant parameters are given for the CBCT and the MDCT machine.
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2.5. Image analyses

We analyzed all collected imaging studies (CBCT, MDCT, and DR) semi-
objectively and subjectively in a random manner and blinded to the examination
details. To achieve anonymization, the doctoral candidate loaded the examinations
into synedra View Personal, Version 17 “Poseidon” (synedra information

technologies GmbH, Innsbruck, Austria, https://www.synedra.com/), manually

assigned ID-numbers and automatically removed any kind of personal information.

2.5.1. Semi-objective image analysis

The doctoral candidate (Observer 1, S.T.), a radiology resident with six years of
professional experience, performed all semi-objective image analyses by opening
and arranging a pair of CBCT and MDCT examinations side by side in FIJI 1.49v
(133) an Imaged distribution (open source image processing software,
http://rsbweb.nih.gov/ij/). The investigator placed polygonal regions of interest
(ROI) in corresponding axial image slices, which was repeated three times in
different matching slice positions for every structure. The arithmetically averaged
mean and standard deviation of the readout Hounsfield units (HU) or, respectively
grey values for cortical bone, fat, muscle, and the background air was noted. We
also generated a logarithmic histogram of every whole axial image stack’s grey
values, to retrieve the spectrum of grey values including the minimum and
maximum pixel intensity, and to manually locate the upper boundary of the cortical
bone peak. Both parameters were necessary to normalize the examinations, as

deficient comparability between the device’s HU is known (134-138).
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Figure 9. Histogram of a sample axial CT stack. Data is presented in absolute
values (black area) and logarithmic transformation (the grey area). The peak of
cortical bone was manually selected based on the logarithmic histogram. The
histogram was generated with ImageJ.

In ankle and wrist phantoms, normalized/corrected image noise, contrast-to-noise
and signal-to-noise ratios (CNR and SNR respectively) were calculated based on
the before-mentioned parameters. Image noise was defined as the mean standard
deviation of air, and was corrected by dividing it through the mean thousandth HU
of cortical bone as the densest structure (NOISE = SD air / [MEAN cortical bone *
0.001]). CNR was calculated by subtracting mean air from mean cortical bone and
dividing it through the standard deviation of air (CNR = [MEAN cortical bone —
MEAN air] / SD air). SNRs were calculated for all tissues separately by dividing
mean tissues by their respective standard deviations (SNR = MEAN tissue / SD
tissue) (21).

In the ten examinations that were performed parallel in traumatized patients, a
correction factor for the cortical bone was calculated from the differences in the
cortical bone peaks, shown in Figure 9. Hounsfield units in MDCT were 37%
higher than the grey values in CBCT examinations, which was considered and
corrected in CBCT studies (HUcor).
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2.5.2. Subjective image impression

Three pediatric radiologists with 4, 6 and 28 years of experience in reporting
musculoskeletal CT rated subjective image quality consensually on a Likert scale
with five grades (1 = excellent, 2 = good, 3 = average, 4 = fair, 5 = poor). The
analyzed features were overall image quality, sharpness, noise, contrast, beam

hardening, ring, and aliasing artifacts (21).

Two observers, pediatric radiologists with at least three years of experience in
interpreting musculoskeletal CT studies (Observer 1 = S.T. and Observer 2 =
R.M.), analyzed all anonymized examinations. We randomly assigned ID numbers
to all studies. After image analysis, a questionnaire on subjective image
impression was filled out. The observers rated diagnostic certainty, image quality
and artifacts as displayed in Table 2. Radiologists reviewed the studies in a dark
reading room on calibrated four-megapixel RadiForce RX440 monitors (Eizo,
Hakusan, Japan), and presented the images in the local PACS software
syngo.plaza VB20A (Siemens Healthineers, Erlangen, Germany). The observers
assessed the studies in bone and soft tissue windows and were allowed and

encouraged to alter center and windows settings as desired.

2.5.3. Comparison of CBCT and DR

In consensus, the doctoral candidate (S.T.) and a radiologist with 29 years of
professional experience (E.S.) established a reference reading of the 47 study
pairs. This evaluation considered all available information, clinically (information in
the local hospital information system, including follow-up visits) as well as
radiologically (DR, CBCT, MDCT, MRI) to decide, whether a recent fracture was

present.

Two radiologists with 4 (E.N.) and 8 (R.M.) years of experience in musculoskeletal
imaging rated DR and CBCT studies blinded and randomly on professional
equipment with a delay of at least four weeks between the modalities. The
parameters of interest were the presence of a recent fracture, the diagnostic
certainty, and the image quality.

Page 23 of 70



2.6. Statistical analyses

Collected data were imported and processed in SPSS Statistics Version 21 (IBM
Corp., Armonk, NY). Descriptive tests were used to explore the obtained values. In
the case of a proven normal distribution, mean values were compared with
independent samples t-tests. Median and ranges are given for parameters lacking
a normal distribution, followed by non-parametric testing. Pearson linear
correlations were calculated to show relations between radiation dose and image
quality. We used intraclass correlation coefficients [two-way mixed average
measures, ICC(3,k)] to demonstrate test-retest reliability, and also prepared a
Bland-Altman plot. The blinded CBCT and DR readings were compared with the
reference test by calculating the area under the curve (AUC), sensitivity and
specificity. The nonparametric Wilcoxon signed-rank test evaluated diagnostic
certainty. As a general rule, p values lower than 0.05 were assumed to be

statistically significant.
2.7. Ethics committee

Local ethics committee (Medical University of Graz, IRB00002556) approval was
obtained (No. 27-452 ex 14/15) before the prospective CBCT examinations.
Patients and parents were educated about study-related chances and risks and
needed to give written informed consent before undergoing CBCT image
acquisitions. An additional ethics committee vote was granted for retrospective
MDCT(-CBCT) study matchings (No. 30-508 ex 17/18). Phantom dose

measurements did not require an ethical review board authorization.
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3. Results

Analyses from surface dose measurements performed in phantoms of the
pediatric ankle and wrist as well as patient scans of CBCT compared with MDCT

are presented in the following sections.
3.1. Phantom surface dose assessment

Mean surface radiation dose equaled 3.0 £1.9 mGy in CBCT (average of the low,
medium, and high protocols for ankle and wrist). The surface doses were
significantly higher in the MDCT (routine) protocol (p<0.001), with 3.9 £1.1 mGy.
As presumed, we saw no statistically significant difference between CBCT and the
CTDI-equivalent MDCT protocol, with a mean of 3.0 £1.9 mGy, and 3.0 £1.4 mGy
respectively (p=0.903) (21).

Surface doses significantly correlated linearly with CTDl,, (R=0.957) and DLP
(0.950), both p<0.001, and were found to be significantly lower compared to
MDCT (routine) apart from the “high” exposure setting in the ankle and the wrist
phantom (p=0.633) and the “high” (p=0.131) as well as overall three settings in the
ankle phantom (p=0.053) (21). Table 3 summarizes the particular findings.
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Table 3. Results of surface dose measurements between CBCT and MDCT
(routine).

—_— N
< c = > 22
T2 3 9 aQ =
= g " g o 0O
Phantom Exposure level  Protocol =g == = =<
, , ) CBCT 107 3.0 1.9
Ankle + Wrist  low + medium + high . <0.001
MDCT (routine) 108 3.9 1.2
CBCT 53 3.8 2.1
Ankle low + medium + high _ 0.053
MDCT (routine) 54 4.5 1.3 ns
) , ) CBCT 54 2.2 1.3
Wrist low + medium + high ) <0.001
MDCT (routine) 54 3.4 0.7
CBCT 36 1.3 0.5
low . <0.001
MDCT (routine) 36 3.0 0.3
, ) CBCT 36 28 0.9
Ankle + Wrist  medium . <0.001
MDCT (routine) 36 3.7 0.8
hiah CBCT 35 5.0 1.7 0.633
i
g MDCT (routine) 36 5.1 0.9 ns
CBCT 18 1.8 0.4
low ) <0.001
MDCT (routine) 18 3.0 0.4
) CBCT 18 3.4 0.8
Ankle medium . <0.001
MDCT (routine) 18 45 0.4
hiah CBCT 17 6.4 1.2 0.131
i
g MDCT (routine) 18 5.9 0.6 ns
CBCT 18 0.9 0.2
low ) <0.001
MDCT (routine) 18 29 0.3
) . CBCT 18 2.1 0.3
Wrist medium . <0.001
MDCT (routine) 18 3.0 0.3
. CBCT 18 3.6 0.9
high ) 0.004
MDCT (routine) 18 4.4 0.4

Summary of the results including independent samples t-test for CBCT and MDCT
(routine) in both phantoms. All three exposure settings are displayed. The letters
‘ns” indicate non-significant differences (21).

Caused by the incomplete tube rotation (210 degrees) of the CBCT device, TLDs
at the posterior 5 and 7 o’clock locations received significantly less surface dose
when compared to their anterior counterparts at 1 and 11 o’clock, with an average
of 25 1.5 mGy and 3.5 2.0 mGy respectively (p=0.014). This finding is
graphically demonstrated in Figure 10. The MDCT TLDs did not show this

behavior, as tube rotation is here complete with 360 degrees (21).
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Figure 10. Box plots of surface radiation doses. On top: Mean surface radiation
doses of the three exposure protocols in the ankle and wrist phantoms. At the
bottom: Doses of the different TLD positions in the pediatric ankle and wrist
phantoms (21).
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Table 4. Collected dose measurements (mGy) displayed for both devices, both
phantoms, and all used protocol settings (21).

Total Total

TLD1 TLD2 TLD3 TLD4 TLDS5 TLD6 TLD TLD

Exposur mean mean mean mean mean mean mean SD

Protocol Phantom e level (mGy) (mGy) (mGy) (mGy) (mGy) (mGy) (mGy) (mGy)

low 22 1.7 1.6 1.4 1.6 2.1 1.8 0.4
Ankle medium 4.3 3.4 2.6 2.7 3.1 4.3 34 0.8

high 77 71 53 53 62 70 64 1.2
CBCT

low 10 09 08 07 08 11 09 0.2

Wrist medium 26 20 18 17 22 24 21 03

high 44 37 28 28 39 43 36 09

low 32 33 29 27 29 30 30 04

Ankle  medium 43 45 43 43 44 49 45 0.4

MDCT high 66 55 52 55 641 63 59 06

(routine) low 33 28 26 27 30 31 29 03

Wrist medium 34 33 31 27 28 30 30 03

high 46 47 43 42 43 41 44 03

low 24 24 20 18 21 23 22 03

Ankle  medium 34 35 32 30 33 37 34 04

MDCT high 56 53 45 46 51 64 52 14
(CTDI

equivalent) low 14 13 13 12 12 13 13 041

Wrist medium 26 24 23 2.2 25 24 24 0.2
high 41 3.9 3.7 3.8 3.9 4.0 3.9 0.4

In the phantoms, all semi-objective image quality parameters were superior in
CBCT (p<0.001), despite activated iterative reconstruction in MDCT. Average
noise was 33.3 +17.8 HU., in CBCT, and 63.2 +15.6 HU in MDCT. Corrected
CNR was 55.4 +28.5 HU.or in CBCT, and 39.4 +5.1 HU in MDCT. Corrected SNR
was 28.2 £15.1 HUor for CBCT, and 8.8 +1.8 HU for the MDCT machine (21).

Correlation analyses revealed that overall the subjective image quality decreased,
the lower the exposure settings were chosen (0.594, p=0.009). In that context,
surface doses significantly negatively correlated with image quality (CBCT R=-
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0.816, p=0.048; MDCT R=-0.693, p=0.012). On average, total image quality did
not differ significantly (p=0.456) between CBCT (2.7 £0.8 points) and MDCT (3.0
1.0 points), as well as between the study protocols [2.7 £0.8 points for CBCT,
and 2.3 +0.5 points for MDCT (routine), p=0.421]. Moreover, sharpness and

contrast were not different too (21).

We found a significant linear correlation between semi-objective (measured) and
subjective (rated) noise assessments (R=0.809, p<0.001). The raters found more
beam hardening artifacts in CBCT, and more noise and aliasing in MDCT
(p<0.001) (21). Detailed median subjective image quality ratings are given in Table
5.

Table 5. A consensus rating of image quality in the pediatric ankle and wrist
phantoms.

- 3 (=]
sz & b g f s
ey ¢ & 3 8% %
Exposure oo S 8 Z o5 <
Protocol Phantom level n <
low 3 1 3 2 3 2
Ankle medium 2 2 2 2 3 1
high 2 2 1 1 2 1
CBCT
low 4 3 4 2 4 2
Wrist medium 3 1 2 1 3 2
high 2 1 1 1 3 2
low 3 1 3 4 1 4
Ankle medium 2 2 3 3 1 3
. high 2 2 2 2 1 3
MDCT (routine)
low 3 1 2 4 1 3
Wrist medium 2 1 3 2 1 3
high 2 1 2 3 1 4
low 4 1 4 5 1 4
Ankle medium 4 2 4 4 1 3
MDCT (CTDI high 3 3 3 3 1 3
equivalent) low 5 1 5 5 1 3
Wrist medium 3 2 4 3 1 3
high 3 2 3 3 1 3

The table lists all study protocols and exposure settings, ranging from 1 = excellent
to 5 = poor on a five-point Likert scale (21).
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With a total ICC(3,k) of 0.953, an excellent test-retest reliability was found for the
TLD surface dose assessments (p<0.001). Divided into CBCT and MDCT, ICCs
were 0.946 and 0.922 (both p<0.001) respectively (21). The results of the test-

retest reliability are demonstrated in Figure 11.

® o o o o....+1:96SD

Difference (mGy)
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Figure 11. A Bland-Altman plot depicts test-retest reliability of the conducted
surface dose analyses in the pediatric ankle and wrist phantoms. The drawn
through horizontal line represents the mean value of 0.003 (SD +0.66) mGy. The
dotted horizontal lines are the upper and lower 1.96 SD intervals at 1.288 and -
1.282 mGy. The plot includes valid measurements from all six TLD positions (21).

3.2. Comparison of CBCT and DR

The reference reading procedure of the 47 compared CBCT-DR pairs defined 26
(55.3%) studies with and 21 (44.7%) without the presence of a recent visible

fracture.

Blinded Observer 1 had an AUC of 0.938 (sensitivity 0.923, specificity 0.952) for
diagnosing a fracture in CBCT, and 0.779 (sensitivity 0.654, specificity 0.905) in
DR. Observer 2’s AUC was 0.918 (sensitivity 0.885, specificity 0.952) in CBCT,
and 0.708 (sensitivity 0.654, specificity 0.762) in DR. One scaphoid fracture was
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not diagnosed by both observers, only clearly visible on a supplementing MRI

examination.

Observer 1 ROC curves

0.8

Sensitivity

Observer 2 ROC curves

Sensitivity

—cBCT —cBCT
---DR ---DR
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0.0 T T I
. 04 0.6 0.8

Figure 12.

Observer

T T T
0.2 0.4 0.6 0.8
1 - Specificity

1 - Specificity

ROC curves of both observers for CBCT and DR.

1 rated diagnostic certainty significantly higher in CBCT than DR

(p=0.011) using the Wilcoxon signed-rank test, whereas Observer 2 did not

(p=0.156).
3.3. Comparison of CBCT and MDCT

The performed non-parametric tests revealed no statistically significant differences

regarding MDCTs performed in parallel and MDCTs matched retrospectively in the
main image quality parameters [noise p=0.250, CNR p=0.880, SNR (bone
p=0.825, fat p=0.250, muscle p=0.280), CT dose index (CTDl,,) p=0.269, and

Dose length product (DLP) p=0.478].

Both MDCT groups were therefore

recombined and treated as a single entity in the further analyses.

Corrected image noise was on average significantly lower in CBCT, compared to
MDCT with 28.4 HUor, and 52.2 HU (p<0.001). So was mean normalized CNR
with 112.1 £26.6 HUcor in CBCT and MDCT 59.3 +13.5 HU (p<0.001).

Normalized SNRs were found to be significantly different for cortical bone (CBCT =
2054 +303 HUor and MDCT = 1955 +173 HU, p<0.001), fat (CBCT = 39 8 HU o
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and MDCT = 21 +4 HU, p<0.001), and muscle (CBCT = 38 +8 HU.or and MDCT =
22 +4 HU, p<0.001). The mentioned values are shown in Figure 13.
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Figure 13. Semi-objective image quality parameters compared between CBCT and
MDCT, presented as a bar-chart. 95% confidence interval (Cl) error bars are
displayed.

Subjective image quality comparison revealed a median overall image quality
rating of 3 (range 2 to 5 points) in CBCT and 2 in MDCT (range 1 to 4 points),
statistically significantly different (p<0.001). Diagnostic certainty was also rated in
favor of MDCT (CBCT = 1, range 1 to 5, and MDCT = 1, range 1 to 2 points,
p<0.001). Image sharpness, the depiction of fine details and visualization of
trabecular bone were rated significantly better in CBCT, while image contrast and
joint representation were superior in MDCT. Cortical bone and soft tissue were not
significantly different in the conducted observer grading in the available soft tissue

kernels.
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Figure 14. Subjective image impression ratings. Top) Mean image quality and
artifacts, independently rated by three pediatric radiologists. Bottom) Diagnostic
certainty ratings and image artifacts.

Concerning artifacts, the observers rated beam hardening more severely in CBCT

(median 3, range 2 to 5 points in CBCT; and median 1, range 1 to 1 point in
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MDCT; p<0.001). Noise was less pronounced in CBCT (median rating 2, range 1
to 3 in CBCT; and 3, range 2 to 5 points in MDCT; p<0.001), as was aliasing
(median 1, range 1 to 2 points in CBCT; and 2, range 1 to 5 points in MDCT,
p<0.001). Ring artifacts were uncommon, without statistically significant
differences. Motion artifacts were rarely, but exclusively seen in CBCT (median 1,
range 1 to 5 points in CBCT; and 1, range 1 to 1 point in MDCT, p=0.013).

Semi-objective image noise measurements and subjective noise ratings correlated
significantly (R=0.631, p<0.001). Contrast perception and CNR were associated
(R=0.222, p=0.021). A negative correlation was seen between pixel-spacing and

sharpness impression (R=-0.231, p=0.016).

Page 34 of 70



Table 6. Subjective image interpretation.

Group differences (Median tests) Interrater differences [ICC(3,k)]
between CBCT and MDCT separate for CBCT and MDCT
Median Range
(Mean*) (SD*) Min Max
[paralle [paralle [paralle [paralle 95% CI 95% CI
Paramet Possible Modalit | /match I/match I/match I/match Significa (lower (upper  Significan
Category er answers y ed] ed] ed] ed] nce (p) ICC limit) limit) ce (p)
CBCT | 065 048" 0 1 083 074 0.90 p<0.001
Fracture Yes or no p=0.176
MDCT | 0.76* 039 0 1 0.88  0.80 0.92 p<0.001
General v
Diagnosti go(o de)“1’ CBCT | 1 4 1 5 0.73 0.58 0.84 p<0.001
c - p<0.001
certainty 5p(o\£)er;y MDCT | 1[1/1] 1[0/ 1[11]  2[1/2] 040  0.06 0.63 p=0.012
Overall (\{je“{ CBCT | 3 3 2 5 067 0.9 0.83 p<0.001
image ggo(V)er - p<0.001
quality poor)y MDCT | 2[2/2] 3[2/3] 1[1/1] 4[3/4] 0.66  0.42 0.81 p<0.001
(Very
Sharpne good) 1 CBCT | 2 2 1 3 o013 043  0.10 0.65 p<0.001
ss Sp(cyoer;y MDCT | 2[2/2] 2[2/2] 1[11] 3[3/3] 039  -0.02 0.65 p<0.001
(Vder31’ CBCT | 2 1 1 2 017  -0.09 0.41 p=0.063
Contrast ggiv)er - p<0.001
poor)y MDCT | 1[1/1] 1[1/2] 1[1/1]  3[2/3] 063 035 0.78 p<0.001
_ Detail (\fje)“{ cBCT | 1 2 1 3 020  -0.19 048  p=0.138
§ resolutio ggTVer - p=0.005
8 n poor)y MDCT | 2[2/2] 2[2/2] 1[11] 3[3/3] 0.36  0.04 0.59 p=0.014
Q
£ (Very  cper | 1 2 1 3 008  -0.13 030  p=0.209
= Bone good) 1 — p=0.316
= (cortical) Sp(cyoer;y MDCT | 1[11] 1[0/1] 1[11]  2[1/2] 012  -0.14 0.36 p=0.164
Bone (\{jer%’ cBCcT | 2 2 1 3 039 007 062  p=0.001
(trabecul gg?v)er - p<0.001
ar) poor)y MDCT | 2[2/2] 3[2/3] 1[1/1] 4[3/4] 053 028 0.71 p<0.001
(Vde)“1’ CBCT | 1 3 1 4 009  -008 0.28 p=0.096
Joints gg"(Ver - p=0.143
poor)y MDCT | 1[1/A1] 1[4 1[11]  2[2/2] 0.08  -0.10 0.27 p=0.168
(Very N
Soft  goomyt. CBCT | 3 3 2 5 ) 0.24 0.07 0.50 p<0.001
tissue 5 (Ver: p=0.187
poor)y MDCT | 3[3/3] 2[2/2] 2[2/2] 4[4/4] 023  -0.07 0.49 p<0.001
CBCT | 1 1 1 2 0.01  -0.20 0.24 p=0.452
Aliasing SSN(OSl?/)ele; p<0.001
MDCT | 2[2/2] 4[2/4] 1[1/1] 5[3/5] 056  0.07 0.78 p<0.001
CBCT | 3 3 2 5 051  0.06 0.74 p<0.001
Beam
hardenin (5N°S”ee)e1re‘ p<0.001
9 (Severe) wipeT | 1] o001 A[A] 1 [1A] 008  -0.89 038  p=0.610
2
F _ CBCT | 1 4 1 5 090 084 0.94 p<0.001
] Motion (5'\'(2”6‘?,)&:&) 0=0.013
MDCT | 1[1/1] 0[0/0] 1[1/1]  1[1/1] - - - -
CBCT | 2 2 1 3 029  -0.04 0.54 p=0.035
Noise gN(Osl?ele; p<0.001
MDCT | 3[3/3] 3[2/3] 2[2/2] 5[4/5] 054  0.29 0.72 p<0.001
Ring  (None) 1- CBCT | 1 0 1 1 0495 0.02 -0.78 0.41 p=0.533
5(Severe) wmpcT | 1111 20121 1[A] 3[23] 0.88 0.82 0.93 p<0.001

Questions were answered by the observers anonymized and randomized.
Differences between CBCT and MDCT and interrater correlation coefficients are
given within the modalities. *Mean and SD instead of Median and Range.
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The interrater assessment showed variable agreements, with satisfying results in
fracture detection, diagnostic certainty, overall image quality, and motion and ring
artifacts, all listed in Table 6. All other ratings presented divisive amounts of

consensus.

CTDly (16 cm phantom) was 2.3 £0.8 mGy on average in CBCT, and 3.2 +1.0
mGy in MDCT (p<0.001). DLP was 27.9 £11.9 mGy*cm in CBCT and 34.8 £18.1
mGy*cm in MDCT (p=0.021). The MDCT machine used in this study received a
software update in 2012 with iterative reconstruction methods (AIDR3D) which
resulted in a significant reduction of CTDl, (from mean 4.1 1.0 mGy to 2.9 +0.7
mGy, p<0.001), and DLP (from mean 45.4 £21.9 mGy*cm to 30.3 +14.3 mGy*cm,
p=0.004) at approximately constant image quality parameters. When leaving the
16 MDCT examinations without AIDR3D unconsidered, CTDIl,, was still lower
(p<0.001), but DLP was not (p=0.378).
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4. Discussion

Based on the conducted surface dose measurements and image quality analyses
in phantoms and a small patient sample, CBCT has matured to a workable
pediatric extremity CT alternative. However, there is potential for improvement
compared to MDCT that tarnishes the overall performance of the modality,
especially regarding beam hardening artifacts and motion artifacts. These
downsides are likely to impair, if not prevent the widespread employment of CBCT
in pediatric radiology at present, even more, because MDCT equipment is
mandatory available and more universally employable. A user would, therefore,
want a specialized device to surpass the established methods in its field of
application markedly. The unique features of the examined CBCT device like
mobility and weight-bearing examinations cannot wholly compensate these
shortcomings, mainly when using the methods in a hospital setting. However, in

case of further improvements to the CBCT disadvantages, there may be certain

potential use cases.

Figure 15. Example of a Tillaux fracture of the distal left tibia in an anteroposterior
DR of the ankle (left), in a coronal reformat of the CBCT (middle), and MDCT

(right).
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4.1. Related literature

4.1.1. Comparable studies

Only one study by Pugmire et al. addressed extremity CBCT applications in
children to date. The authors analyzed 34 CBCTs of the foot and ankle in children
and reported that the novel method may be “a viable lower dose alternative to
MDCT” and can give relevant clinical information to influence decision making
possibly (20). They reported a dose saving of 43% in comparison to MDCT. As

typical in studies involving children, and partly alike this manuscript, the paper

suffers from a low number of included patients and the retrospective study design.
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Figure 16. Side-by-side samples of CBCT and MDCT of corresponding patients. In
the first row, a comminuted fracture of a metacarpal base with multiple adjacent
bone fragments is seen. The second row shows a medial malleolar fracture.

4.1.2. Related studies in adults and phantoms

In adults, a few more extremity CBCT studies are available, all published in the

last years.

A study by Neubauer et al. compared examinations of the hand, describing lower
doses in CBCT when scanning with standard protocols (139). However, when
exposure protocols were optimized in MDCT, it was able to achieve a superior
image quality at lower doses than CBCT. The authors concluded that dose
optimizations were useful in both modalities. A similar manuscript from the same
group, by Lang et al., dealing with distal radius fractures, found that diagnostic
accuracy was at a comparable level, but the depiction of the majority of anatomical
structures was better in MDCT (140). The reason for this conclusion was the
higher number of artifacts in CBCT, which is in accordance with the findings of our

analyses in children.

Most authors described extremity CBCT as a possible alternative to MDCT (20,
127, 140, 141). Huang et al. reported their experience in 50 subjects, focusing on
study durations and radiation dose. They found that CBCTs provided more
relevant information than DR and occasionally MDCT, but the detection of
hardware-related complications was easier in DR (142). Regarding DR, Edlund et
al. described CBCT to be superior to radiography in the setting of suspected
scaphoid fractures, while they diagnosed even more fractures with MRI (141).
Other manuscripts assessed the diagnostic accuracy of digital radiographs
compared to corresponding CBCTs in fractures of the wrist and scaphoid (143,
144). The authors reported significantly higher precision and more confidence
regarding fracture detection in CBCT as a cross-sectional method, which is neither
new nor surprising to anyone acquainted with medical imaging. Many studies
addressed the diagnostic performance of CT compared to radiography in the
setting of trauma and various regions of the human body before (145-152), and it
is a well-known fact that CT outperforms X-ray examinations in many aspects. In

the current work there was also one patient with a questionable scaphoid fracture
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in CBCT, only securely identified with MRI. Another paper by Shih et al. found
CBCT to be superior than DR in recognizing subtle osteolytic changes in patients

suffering from diabetic infections of the foot (153).

Figure 17. Imaging of the wrist of a 17-year-old adolescent with a fracture of the
trapezoid bone. The fracture was seen on CBCT, but only seen on a second-look
in DR.

Overall, most of the presented studies cover special aspects of the novel extremity
CBCT devices or report initial experiences. In the majority, they suffer from a lack

of included patients. Therefore, further evaluations are inevitable.

Page 40 of 70



4.1.3. Review literature

Review literature and meta-analyses on extremity CBCT in children are practically
non-existent to date. The authors of a general review article on CBCT (extremity,
cervical spine, pyramids, paranasal sinuses) stated that “the effective dose varied
considerably” in the studies evaluated, which was caused by a variety of different
scanners and scanning protocols. They also pointed out that they were not able to
perform a proper meta-analysis based on the currently available literature and

added that further studies would be necessary (88).
4.2. Radiation dose considerations

Studies dealing with an increased risk for cancer development caused by ionizing
radiation in childhood attracted big attention within the scientific community lately
(10, 12, 154). There is an ongoing debate, whether and to what degree the
published results were biased by underlying diseases (10, 154) or a referrer's
clinical questions (155). Anyhow, low-dose ionizing radiation seems to be a

significant factor for excess cancer in later life.

Regarding extremity CT, decreasing radiation sensitivity is assumed, the further a
scanned region is away from the trunk (156, 157). This concept may be well-
established in grown-ups but could be wrong in children. The main factor of
uncertainty in this regard remains the distribution of yellow and red bone marrow,
which varies at different ages and between individuals (158-160). An ongoing
debate in pediatric radiology is the establishment of proper tissue conversion
factors as the basis for radiation dose risk using effective dose (161). We,
therefore, tried to avoid the use of effective doses in this manuscript, as too many
unknowns impair a robust estimation. Based on the currently available tissue
weighting factors by the International Commission on Radiological Protection
(ICRP) (162, 163), MDCT and CBCT examinations were calculated to be between
0.2 to 0.3 mSv on average, which equals 4 to 5 days of natural background
radiation of worldwide 2.4 mSv (164).

The initially assumed exceptionally low doses of extremity CBCT (18) were not

confirmed by later studies (21, 140, 165). The discrepancy is causally determined
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by an unrealistic study setting, comparing optimized CBCT with a quite old MDCT

scanner without special optimizations (18).

Studies demonstrate that traumatized children undergoing CT should be scanned
at specialized pediatric centers, or the examinations should at least be performed
with optimized pediatric exposure protocols. Otherwise, they receive about double

the dose unnecessarily (166, 167).

The increasing awareness of radiation-related risks lead to the initiation of various
dose reduction campaigns, with the most prominent member “Image Gently®
under the patronage of the Society for Pediatric Radiology (SPR), the American
Association of Physicists in Medicine (AAPM), the American College of Radiology
(ACR), and the American Society of Radiologic Technologists (ASRT) (168-174).
In the context of dose reduction programs, the term ALARA (as low as reasonably

achievable) is often used, known since 1912 (175-178).
4.3. Image quality-related aspects

Image quality and dose are inextricably linked with each other in CBCT and MDCT
(179). When dose settings are lowered, fewer X-ray quanta reach the detector with
the result of increased image noise. Apart from noise, also contrast depends on
the chosen exposure settings, where lower kVp options increase the contrast of
high-density tissues with the drawback of increased scatter. The size of the

detector elements determines the maximum resolution (101).

Apart from these main image quality factors, artifacts influence image quality to
various degrees (117). In our study, the different types of artifacts where typically
seen either in CBCT or in MDCT. Beam hardening artifacts and occasionally
motion artifacts were observed in CBCT, where the latter can be explained by the
longer acquisition time of more than half a minute in CBCT. In contrast, aliasing

artifacts were a domain of MDCT.
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Aliasing artifact in a and b (MDCT), streak artifacts in ¢ (CBCT), motion artifacts in
d (CBCT), noise in e (MDCT), and a ring artifact in f (MDCT).

4.3.1. Greyscale values in CBCT

It is a known issue that CBCT gray levels vary more severely than in MDCT, from
subject to subject, scanner to scanner (180-182), exposure protocol to exposure
protocol (183), and especially when compared between both modalities (134,
184). A dependency between HU values and kVp is well known in the literature
(166, 185). A study on phantoms reported that the tested CBCT devices did not
show accurate tissue densities, which was independent of the acquisition
parameters, tissue thickness, and location of an object within the examined
phantom (132). Another related study on human mandibles found that reliability of
grayscale measurements between CBCT and MDCT was insufficient in high-
density structures, like cortical bone, and more accurate in low-density
(hypodense) areas (136), which was also observed in this work. Special calibration
methods to overcome the shortcomings of inaccurate CBCT gray values in dense
structures were proposed by Liu et al., using an attenuation ratio between two
adjacent tissues like bone and muscle for error correction, also lacking the need
for additional hardware equipment (135). Anyway, the influence of the software
used to measure these grayscale values itself seems to be negligible and
measurements done by different software solutions should be approximately
similar (184).

4.3.2. Soft tissue visualization

CT is generally not the method of choice in pediatric extremity soft tissue imaging,
due to capable alternatives like ultrasound and MRI. Important findings like soft
tissue swellings, hematomas, and air inclusions are readily detectable in most CT
studies, while other soft tissue injuries usually stay occult. The observers assigned
low ratings of soft tissue recognizability in both devices. Some CBCT and MDCT
machines offer dual energy options, which would allow to asses soft tissues in
more detail and enable to visualize bone marrow edema (186). We could not

conduct dual energy studies, neither in CBCT nor in MDCT.
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4.3.3. lIterative reconstruction

For many decades, CT images were reconstructed with the filtered back projection
(FBP) method. Today, iterative reconstruction (IR) algorithms are standard in
modern MDCT scanners, mainly implemented as adaptive statistical iterative
reconstruction (ASIR) and as model-based iterative reconstruction (MBIR) (187,
188). ASIR was the first generation of IR, often described as hybrid IR, while the
newer MBIR, or pure IR, is believed to be superior, but also more computational-
intensive (189). The Toshiba Aquilion One MDCT assessed in this dissertation
manuscript was upgraded with ASIR [referred explicitly to “AIDR3D” by the
manufacturer (2, 190)] in 2012. Our data in this regard showed a significant drop in
radiation dose after the rollout. This substantial dose reduction conforms with the
available literature on this topic (187, 188, 191-194). One related study by Shah et
al. examined the impact of IR in pediatric lower extremity MDCT. Dose reductions
of 24-34% were reported. The authors concluded that noise levels were superior
with activated IR, whereas measured and rated image quality decreased to some
extent. They suggested to discuss and weigh the advantages and disadvantages
in the respective institutions, and stated that further research would be necessary
(195). In the local Pediatric Radiology Division, we routinely enable IR in the vast
majority of the performed MDCT examinations, as recommended in the literature
(166, 190, 193).

Different IR reconstruction algorithms are developed for CBCT and have been
proposed in the literature (162-166). An IR algorithm was also implemented in the
Planmed Verity CBCT as “Ultra Low Dose (ULD)” imaging protocol lately,
approved by the FDA in 2018 (196). Our test sample was not yet equipped with
the IR algorithm, so we could not review the possible benefits of the novel

reconstruction technique in CBCT.

4.3.4. Scout images

Radiological technologists typically do scout views (pilot scan, topograms, survey
views) of regions to be scanned with an MDCT. These consist of one or two
topogram images to assist in planning an examination and are the basis for
modulating tube current. There are no reports in the literature, to what degree

scout images increase radiation dose in extremity CT examinations. However, a
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study on chest CT scout images showed relevant doses, especially if not
optimized (197). As extremity scans can be acquired with region- and age-
dependent fixed tube voltages and current settings, scout images are not required
at all. Like in CBCT, MDCTs can be performed by positioning the injured body part
by reference to laser position markers, available on many scanners. In a worst-
case scenario, using automatic tube current (and kilovoltage) mechanisms could
lead to unnecessarily high exposures, specifically if radiopaque structures are
present in the scan field that misguide the dose setting algorithms (198). Taking all
these criteria into account, we would generally recommend to stick with static

exposure presets, adapted to patient age.
4.4. CBCT-specific features

4.4.1. Device mobility

Manufacturers equipped the currently available dedicated CBCT scanners with
wheels, which together with compact form factors allow relocatability. However,
this mobility could be less valuable than one might think in the first moment, mainly
due to two reasons: Firstly, the devices are still bulky and weigh a few hundred
kilograms. Movement is therefore not convenient, and transportation attempts
make the sophisticated devices prone to mechanical damaging. Secondly, local
regulations may require a shielded site to allow operation, requiring a specific
radiation protected facility or room and rendering the whole feature void.
Especially in a hospital environment, it is likely that an operator will use the
mobility feature only on rare occasions or never. Thus, we believe that the mobility

potential is preferably to be used in an ambulatory setting.

4.4.2. Weight-bearing

A majority of dedicated extremity CBCT devices offer the possibility to perform
examinations of the leg, specifically the joints of the foot, the ankle, and the knee,
under weight-bearing (WB) (14, 82, 83, 125). In adults, studies addressed the
weight-bearing specific properties in the ankle (82, 126, 199-201), the foot (81, 84-
86), and the knee (80, 87, 202), with the majority of them reporting a piece of
additional diagnostic information. No particular studies were published in children.
In the context of pediatric fractures, the application of weight-bearing CBCT
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appears to be relatively small, and we did not conduct weight-bearing experiments

in this manuscript.

4.4.3. Lead curtain shield

The CBCT used in this study was optionally equipped with a lead curtain shield
that, when mounted, separated the greater part of the examined extremity from the
rest of the patient. A study reported this shielding to minimize the scatter radiation
to the patient effectively (169). Radiological technologists applied this shielding
whenever possible, and also used lead coverings in MDCT, when feasible to do

SO.

4.5. Limitations

Some limitations interfere with the results of this study and therefore need to be
discussed in greater detail. The most important constraint is the small number of
patients that we were able to recruit prospectively, specifically concerning the
parallelly acquired CBCTs and MDCTs with only ten examination pairs. Small
sample sizes are a common drawback in studies involving pediatric patients (203,
204). The second major weakness of the current manuscript is caused by
technical differences between CBCT and MDCT, which render a reliable
comparison of the images’ gray levels impossible. We tried to overcome this
drawback by correcting the grayscale values of the CBCT by directly referencing
them to HU of the MDCTs performed in parallel. Another issue is caused by the
selection of the exposure protocols in both devices, as they can be considered
chosen haphazardly. The choice of the exposure settings was based on our long-
term experience in musculoskeletal CT and pre-study testing on cadavers and
phantoms, with the goal to achieve a balance of dose and noise. It needs to be
stated that many settings would have changed the visual appearance of the
studies, for example when lowering kVp from 100 to 120 in MDCT, using different
reconstruction kernels or disabling iterative reconstruction. Despite all these
unknowns, we decided to compare the devices and did this as realistically as we
could. It should also be mentioned that a complete blinded reading of the
examinations was impossible, as the devices display specific types of image
characteristics and artifacts, revealing the underlying modality to the rater. We also

Page 47 of 70



did not record study durations and patient comfort during CBCT and MDCT, where
the latter due to more comfortable positioning is potentially beneficial in CBCT

when imaging elbow joints. Both aspects would warrant further research.
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5. Conclusions

Dedicated pediatric extremity CBCT offers superior semi-objective image quality
characteristics over corresponding MDCT. On the other hand, subjective image
quality and diagnostic certainty are rated inferior in CBCT, mainly due to streak
artifacts. There also is a little susceptibility to motion artifacts in CBCT. From a
radiation protection perspective, neither extremity CBCT nor MDCT is of real
concern in a pediatric trauma setting, as incidence is low when thoroughly-
indicated and doses of one examination equal only a few days of natural

background radiation.
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