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Abstract
Introduction Novel dedicated extremity cone beam computed tomography (CBCT) devices, recently introduced to the market,
raised attention as a possible alternative in advanced diagnostic pediatric trauma imaging, today usually performed by multide-
tector computed tomography (MDCT). This work aimed to compare image quality and radiation dose of CBCT and MDCT.
Materials and methods Fifty-four CBCT-MDCT examination pairs, containing nine MDCTs acquired in parallel prospectively
and 45 MDCTs matched in retrospect, were included in this study. Image quality was analyzed semi-objectively by measuring
noise, contrast-to-noise ratio (CNR), and signal-to-noise ratios (SNR) and subjectively by performing image impression ratings.
CT dose records were readout.
Results Image noise was significantly lower in CBCT compared with MDCT, both semi-objectively and subjectively (both p <
0.001). CNR and SNRs were also in favor of CBCT, though CBCT examinations exhibited significantly more beam hardening
artifacts that diminished the advantages of the superior semi-objective image quality. These artifacts were believed to occur more
often in children due to numerous bone-cartilage transitions in open growth plates and may have led to a better subjective
diagnostic certainty rating (p = 0.001). Motion artifacts were infrequently, but exclusively observed in CBCT. CT dose index
(CTDIvol) was substantially lower in CBCT (p < 0.001).
Conclusion Dedicated extremity CBCT could be an alternative low-dose modality in the diagnostic pathway of pediatric frac-
tures. At lower doses compared with MDCT and commonly affected by beam hardening artifacts, semi-objective CBCT image
quality parameters were generally better than in MDCT.

Keywords Humans .Child .Multidetectorcomputedtomography .Cone-beamcomputedtomography .Musculoskeletaldiseases

Abbreviations
AIDR3D Adaptive iterative dose reduction

using three dimensional processing
CBCT Cone beam computed tomography
CI Confidence interval

DLP Dose length product
mGy Milligray
CNR Contrast-to-noise ratio
CTDIvol Computed tomography dose index volume
PACS Picture archiving and communication system
SD Standard deviation
SNR Signal-to-noise ratio

Introduction

Cone beam computed tomography (CBCT) represents a well-
established, widely available, and often used modality in den-
tal imaging for many years [1, 2]. Recently, some manufac-
turers introduced dedicated extremity CBCT scanners [3–6].
Their novelty involves an element of uncertainty concerning
the advantages and drawbacks of these new devices,
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underlining the necessity to obtain more related scientific data
in comparison with commonly performed multidetector com-
puted tomography (MDCT).

The advertised benefits of CBCT scanners usually contain
compact constructions, device mobility, and expected dose
reduction with preserved image quality [5–8]. Hence, pediat-
ric extremity CBCT offers possible dose savings that are of
concern due to a higher radiation sensitivity of children [9].

Initial studies and experiences with extremity CBCT ma-
chines in adults and children consistently demonstrated excel-
lent image quality and diagnostic accuracy at comparable
levels to commonly used MDCT scanners [3, 4, 10–12].
Moreover, reported doses were significantly lower in CBCT
compared with MDCT [3–5, 8, 13, 14]. Authors characterized
CBCT as a valuable method in suspected scaphoid fractures,
even though it was not able to find or exclude a fracture in
every case [15]. However, MDCT-related literature provided
similar results of occult fractures that only became evident on
further or follow-up imaging [16].

The current study compared semi-objective and subjective
image quality parameters and dose records in pairs of CBCT
and MDCT extremity examinations of acutely injured pediat-
ric patients.

Materials and methods

Fifty-nine injured children were referred to a total of 61 CBCT
examinations between September 2015 and June 2016, sub-
sequently performed at the local division of pediatric radiolo-
gy. In consenting patients, radiological technologists per-
formed these CBCTs instead of the usually conducted
MDCTs. A subsample of ten patients agreed to undergo an
MDCT examination in parallel following written informed
consent. We retrospectively matched the remaining 51
CBCTs to archived MDCTs of the same extremity region,
age, and sex, all performed with the same study MDCT de-
vice. Seven of the 61 CBCT-MDCT pairs were excluded due
to discrepancies in the presence of casts or metal implants, or
the unavailabilty of a proper study for matching. Fifty-four
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 1 details the above-described recruit-
ment process leading to a mean patient age of 14.3 ± 2.2 years
in CBCT vs. 14.4 ± 2.2 years in MDCT, each group contain-
ing 24 females and 30 males. Age differences did not reach
statistical significance (p = 0.832).

Technologists acquired the CBCTs with a Planmed Verity
scanner (Planmed Oy, Helsinki, Finland) by centering the ex-
amined body part in the middle of the gantry, as indicated by
the integrated laser position markers. The acquired cylindrical
field of view (FOV) extended 12 or 6 cm proximo-distally,
with a diameter of 16 cm. The preset unchangeable acquisition

time was 36 s in a 210° rotation. Image reconstructions
contained three sectional planes relative to the axis of the
examined body part (axial, coronal, sagittal). As recommend-
ed, the device-fitted lead curtain shield was used [17] in addi-
tion to the routinely applied body shielding whenever possi-
ble. The correspondingMDCTwas an Aquilion One (Toshiba
Medical Systems Corporation, Otawara-shi, Japan). The in-
jured extremity was centered in the scanner gantry as effec-
tively as possible, before every volumetric image acquisition
without table increment. Technologists performed scout im-
ages before MDCT scanning. Proximo-distal scan field exten-
sion varied from 10 to 16 cm with variable diameters. Tube
rotation time was 0.5 s. Table 1 lists the acquisition and re-
construction settings.

The primary goal of the current analyses was to compare
both devices in a realistic pediatric trauma setting. Our depart-
ment’s standard MDCT imaging protocols used in this study
had been long-time optimized to compound for acceptable
image quality at low dose. To facilitate comparisons on equal
terms, we adapted and lowered the pre-saved exposure

955 extremity MDCTs 

from 2008 to 2017 

screened for eligibility

61 CBCTs acquired prospectively

(between 09/2015 and 06/2016)

7761 patients screened for eligibility

10 parallel MDCTs 

acquired prospectively

(same patient and region)

51 archived MDCTs

matched retrospectively

(same region, age, sex)

61 CBCT-MDCT pairs

(same region, age, sex, MDCT machine)

54 CBCT-MDCT pairs

(corresponding region, age, sex, MDCT machine, 

cast, and metal implant)

Excluded:

1 parallel and 6 matched pairs

Differences in cast: 3

Differences in metal implants: 4

Image quality analyses 

and dose comparison

Groups re-converged, 

as differences not 

statistically significant

Fig. 1 Flowchart of study-related events. All MDCTs had been per-
formed on the same device. In the case of non-parallel acquisitions, the
examinations were manuallymatched to the CBCTs based on region, age,
sex, and the presence of casts or metal implants
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protocols of the CBCT device based on phantom and cadav-
eric experiments [13] before the initiation of the patient re-
cruitment phase. Dataset 1 contains detailed exposure settings
of all included examinations.

Accurate quantitative image quality comparisons between
the two different modalities are nearly impossible to perform,
suffering from fluctuating non-calibrated CBCT grayscale
values [18–20], their kVp dependencies [20–23], and princi-
pal scanner differences [21, 24, 25]. Matching pairs of kVp
settings are not available on the examined machines.
Therefore, we decided to assess semi-objective and subjective
image quality parameters, the former by opening and arrang-
ing the corresponding CBCT and MDCT examinations side
by side in Fiji 1.49v (a distribution of the open source image
processing software ImageJ, http://rsbweb.nih.gov/ij/) [26].
The first author (S.T., radiology resident with 6 years of
experience) manually placed polygonal regions of interest
(ROI) in corresponding axial image slices to retrieve the mean
and standard deviation of three repeated measurements of cor-
tical bone, fat, muscle, and air, as displayed in Fig. 2.
Moreover, we read out histograms of every axial image stack
to get the peaks of air, soft tissue, cortical bone, and the max-
imum pixel intensity. The cortical bone peak of the parallel
CBCT-MDCT examination subsample served as a correction
reference to compensate for the aforementioned methodolog-
ical differences in grayscale value display [20, 23, 27], marked

with the term “HUcorr” in CBCT throughout the manuscript.
The corrected standard deviation of the image background
(air) acted as metric for image noise. Contrast-to-noise ratio
(CNR = [MEAN cortical bone−MEAN air]/SD air) and
signal-to-noise ratios (SNR =MEAN tissue/SD tissue) of cor-
tical bone, fat, and muscle functioned as additional semi-
objective image quality parameters.Three observers (S.T., R.
M., and E.N. with respective extremity CT experiences of 6, 8,
and 4 years) separately rated subjective image impression on a
five-grade Likert scale (1 = very good, 2 = good, 3 = fair, 4 =
poor, 5 = very poor) in a dark reading room, anonymized,
randomly sorted, and in reader-desired grayscale window set-
tings. Color-calibrated 4-megapixel RadiForce RX440 moni-
tors (Eizo, Hakusan, Japan) displayed the images opened with
the local picture archiving and communication system
(PACS) software syngo.plaza version VB20A (Siemens
Healthineers, Erlangen, Germany). The observers entered
their image impression ratings including diagnostic certainty,
image details, sharpness, and contrast, as well as artifacts in a
form as shown in Table 2.

The authors analyzed the collected data in SPSS Statistics
Version 21 (IBM Corp., Armonk, NY, USA) using descrip-
tive statistics, as well as t test mean value comparisons in cases
of ascertained, and nonparametric Mann–Whitney U tests in
cases of lacking normal distributions. We calculated inter-
observer agreement with ICC (3,k) (absolute agreement,

Table 1 Acquisition and image
reconstruction settings used in
CBCT and MDCT

CBCT
(Planmed
Verity)

MDCT (Toshiba
Aquilion One)

Significance
(p)

Image
acquisition

Field of view (mm) 160 × 160 120 × 120 –

CTDIvol (16 cm phantom)
mGy (mean SD)

2.3 ± 0.8 3.2 ± 1.0

without AIDR3D
4.1 ± 1.0

with AIDR3D 2.9 ± 0.7

p < 0.001

p < 0.001

p < 0.001

DLP mGy*cm
(mean ± SD)

27.9 ± 11.9 34.8 ± 18.1

without AIDR3D
45.4 ± 21.9

with AIDR3D
30.3 ± 14.3

p = 0.021

p < 0.001

p = 0.378

kVp (mean ± SD) 91.0 ± 3.5 120.0 ± 2.7 p < 0.001

mA (mean ± SD) 4.6 ± 1.4 37.6 ± 11.3 p < 0.001

mAs (mean ± SD) 27.6 ± 8.5 19.0 ± 5.8 p < 0.001

Rotation/exposure time
(seconds)

6.0/36.0 0.5/0.5 p < 0.001

Slice thickness
(mean ± SD)

1.3 ± 0.2 mm 1.3 ± 0.3 mm p = 0.104

Image
reconstruction

Planes Axial, coronal,
sagittal

Axial, coronal, sagittal –

Kernel Sharp FC 18 (AIDR3D (after
2012))/STD/W/CB

–

Pixel matrix 800 × 800 512 × 512 –

Pixel spacing (mean ± SD) 0.2 ± 0.0 mm 0.2 ± 0.1 mm –
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two-way mixed average measures) for scales. p values lower
than 0.050 were regarded to be statistically significant.

The local ethical review committee of the Medical
University of Graz (IRB00002556) approved the study (No.
EK 27-452 ex 14/15) and required written informed patient
and parent consent before every study-related CBCT
examination.

Results

Nonparametric testing showed no significant differences be-
tween parallel and matchedMDCTs regarding corrected noise
(p = 0.250), CNR (p = 0.880), SNR (bone p = 0.825, fat p =
0.250, muscle p = 0.280), and dose (CTDIvol p = 0.269, DLP
p = 0.478). We, therefore, decided to reconverge all MDCTs
and analyzed them as a single group.

Mean corrected background image noise was significantly
lower in CBCT than in MDCT examinations (28.4 HUcorr vs.

52.2 HU, p < 0.001). CNR showed significant differences in
favor of CBCT (p < 0.001). In CBCT, mean normalized CNR
was 112.1 ± 26.6 HUcorr and in MDCT 59.3 ± 13.5 HU (p <
0.001). Significantly different normalized SNRs were found
for cortical bone (CBCT = 2053.8 ± 303.3 HUcorr vs.
MDCT = 1954.6 ± 172.8 HU, p = 0.039), fat (CBCT = 38.8
± 8.4 HUcorr vs. MDCT = 21.3 ± 4.0 HU, p < 0.001), and mus-
cle (CBCT = 37.9 ± 8.2 HUcorr vs. MDCT = 21.5 ± 4.3 HU,
p < 0.001). Figure 3 graphically depicts the parameters men-
tioned above.

Median subjective overall image quality did differ signifi-
cantly (CBCT = 3, range 2–5 vs. MDCT = 2, range 1–4
points, p < 0.001), as did diagnostic certainty (CBCT = 1,
range 1–5 vs. MDCT = 1, range 1–2 points, p < 0.001).
Sharpness, details, and depiction of trabecular bone were sig-
nificantly better rated in MDCT, contrast, and joints in CBCT.
The observers scored cortical bone and soft tissue without
significant differences in the assessed bone kernel. Figure 4
displays all image impression scorings.Beam hardening

Fig. 2 The procedure of ROI
measurements utilizing a
polygonal selection tool in FIJI
shown for cortical bone (top left),
air (top right), muscle (lower left),
and fat (lower right) in a sample
CBCT of an ankle
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artifacts were consensually rated more severe in CBCT. In
median, these artifacts were valued at 3 (range 2–5 points) in
CBCT and 1 (range 1–1 point) in MDCT (p < 0.001). On the
other hand, image noise was superior in CBCT images with a
median rating of 2 (range 1–3) vs. 3 (range 2–5) points (p <
0.001) and the raters recorded less aliasing (1, range 1–2 vs. 2,
range 1–5 points, p < 0.001). Ring artifacts were rarely seen
and did not differ significantly between the devices. Motion
artifacts only appeared in CBCT (1, range 1–5 points; and 1,
range 1–1 point, p = 0.013). There was a significant linear
correlation between both subjective and semi-objective image
noise ratings (R = 0.631, p < 0.001), between pixel spacing
and sharpness impression (R = -0.231, p = 0.016), and be-
tween CNR and contrast perception (R = 0.222, p = 0.021).
The mentioned artifacts are exemplarily shown in Fig. 5.

Interrater correlation indicated variable agreements, explic-
itly listed in Table 2. We noted satisfying observer accordance
in fracture detection, diagnostic certainty, overall image qual-
ity, and motion and ring artifacts. The remaining variables
showed ambivalent amounts of consensus.

Mean CTDIvol (16 cm phantom) was 2.3 ± 0.8 mGy in
CBCT and 3.2 ± 1.0 mGy in MDCT (p < 0.001), while DLP
was 27.9 ± 11.9 mGy*cm in CBCT and 34.8 ± 18.1 mGy*cm
in MDCT (p = 0.021), each significantly lower in CBCT. The
study MDCT machine was updated with iterative reconstruc-
tion algorithms (AIDR3D) in 2012, resulting in a significant
CTDIvol and DLP drop from mean 4.1 ± 1.0 mGy to 2.9 ±
0.7 mGy (p < 0.001) and mean 45.4 ± 21.9 mGy*cm to 30.3
± 14.3 mGy*cm (p = 0.004) at virtually constant image qual-
ity values. When excluding the 16MDCT examinations with-
out iterative reconstruction, CTDIvol values still were signifi-
cantly lower (p < 0.001) in CBCT than in MDCT, whereas
DLPs did no longer differ significantly (p = 0.378). For further
information, please refer to Table 1 and Dataset 1.

Discussion

This study compared the image quality of an extremity CBCT
and an MDCT in a small pediatric trauma patient sample.
CBCT achieved significantly lower radiation doses at superior
semi-objective image quality, whereas beam hardening and to
a certain extent also motion artifacts affected the subjective
image impression.

In children, the single directly related study by Pugmire
et al. retrospectively investigated a CBCT device in the setting
of pediatric foot and ankle injuries. The authors found that
CBCT was able to detect clinically relevant information and
was, compared with MDCT, considered a low-dose alterna-
tive [3]. Huang et al. [4] and Demehri et al. [11] published
comparable findings in adults before. The limited extent of
available literature demonstrates the importance of further re-
search in the field of pediatric extremity CBCT.T
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p<0.001

p<0.001

p<0.001 p<0.001

p=0.039

Fig. 3 Bar chart displaying a set
of different semi-objective image
quality parameters. Mean
corrected noise, contrast-to-noise
ratio (CNR), and signal-to-noise
ratios (SNR) in CBCT and
MDCT. Error bars display 95%
confidence intervals (CI). Y scale
normalized from 0 to 1. Lower
bars are better. p values are given
for the respective examination
pairs

p<0.001

p=0.002

p=0.013
p<0.001

p=0.560

p<0.001

p=0.117

p<0.001

p<0.001

p<0.001

p=0.006

p<0.001

p=0.155

p=0.047

a

b

Fig. 4 Subjective image
impression ratings. aMean image
quality and artifacts,
independently rated by three
pediatric radiologists. b
Diagnostic certainty ratings and
image artifacts. Lower bars are
better. p values are given for the
respective examination pairs
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Koivisto et al. previously reported exceptionally low radi-
ation doses of the dedicated extremity CBCT machine used in
the current study [5, 8]. Given these promising results, we
decided to scan a consenting patient subsample parallelly on
both devices with optimized exposure settings. Effective radi-
ation doses in extremity CT are known to decrease further
away from the torso [28], predestining cross-sectional imag-
ing modalities like CBCT and MDCT for body regions like
the hand or foot, where superpositions in radiography com-
monly compromise diagnostic accuracy [29]. In this specific
paper, we did not conduct surface dose measurements or esti-
mations of effective doses, as too many unknown factors in-
fluence reliable risk approximations [30]. These factors in-
clude a variable distribution of radio-sensitive red and rela-
tively radio-insensitive yellow bone marrow, which are
known to decrease until adulthood [31] and are prone to
inter-individual differences [32]. Moreover, the concept of
effective dose is not a valid measure of individual patient risk
[33], stochastic radiation damage may be underpredicted [34,
35], and suitable pediatric tissue weighting factors remain a

topic of ongoing discussion [36, 37]. Given the mentioned
drawbacks, we decided to report CTDIvol and DLP values
only, which both were significantly in favor of CBCT.

General image impression differed between the modalities,
and a trained eye recognized the underlying diagnostic device
with ease, primarily based on noise characteristics and the
presence of beam hardening artifacts. The latter was the most
significant drawback of the CBCT images, while semi-
objective image quality parameters were in benefit of
CBCT. Open growth plates in children caused additional
bone-cartilage transitions, which pronounced these beam
hardening artifacts even more. New developments in the field
of CBCT image processing using statistical iterative recon-
struction algorithms [38, 39] may help to suppress beam hard-
ening artifacts in the future. Maybe pediatric radiologists will
also need to adapt to the unique visual appearance and the
typical artifacts of CBCT, as it was necessary for dose-
reduced noisy images and iterative dose-reconstruction in
the last decades.

In the current manuscript, we did not assess diagnostic
accuracy in greater detail due to the heterogeneity of the re-
cruited patients and injuries and the fact that sufficient clinical
and radiological follow-up was commonly not available in the
partly retrospective study design. During follow-up, MRI re-
vealed a single undisplaced scaphoid fracture, occult in a non-
parallel wrist CBCT. However, due to the insufficient data
situation, we decided not to give diagnostic accuracy values.
Raters were significantly more confident to detect a fracture in

Fig. 5 Examples of various CT artifacts. a and b Aliasing artifacts in an
MDCT of the wrist. c Beam hardening artifacts in an elbow CBCT. d
Motion artifacts in a CBCT of the foot. e Image noise in a wrist MDCT. f
Ring artifact in an ankle MDCT

Fig. 6 A side-by-side comparison of an MDCT examination of the right
ankle in a 15-year-old girl with a distal tibial fracture. a Axial (top) and
coronal (bottom) MDCT images. b Axial (top) and coronal (bottom)
reconstructions of the corresponding CBCT examination. Especially the
coronal slices show beam hardening artifacts in the image plane at bone-
to-cartilage transitions
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MDCT examinations. Previous reports in the literature did not
find significant diagnostic differences between the modalities
[4, 10]. In the study by Faccioli et al. on the diagnostic accu-
racy of finger fractures in CBCT and MDCT, there was a
lower count of detected bone fragments in CBCT, but these
differences were not statistically significant [10].
Accordingly, our data indicated that the allocation of a partic-
ular voxel to its correct spatial position was harder in CBCT
(compare Figs. 6 and 7), as a result of beam hardening arti-
facts. Other studies assessed the accuracy of CBCT, MDCT,
and MRI, and reported missed fractures in all three modalities
[15, 40].

The most critical weakness of the present study is caused
by systematic differences between the machines, which pre-
vent a direct objective comparison between CBCT and
MDCT. So we tried to mitigate potential resulting biases, as
side-by-side comparisons are needed. The grayscale values
provided by CBCT are variable and cannot be correlated to
MDCT HU values reliably, even when corrected. Technical

conditions and exposure options differ substantially, and the
chosen protocols could be considered inappropriate.
Nevertheless, the modalities need to be evaluated in a clinical
setting to reveal strengths, weaknesses, and areas of possible
improvements. For example, it would have been impossible to
analyze motion artifacts in phantoms or cadavers. Another
limitation is the small sample size of parallel patients. We
decided to scan only a limited consenting patient subsample,
in order to minimize the radiation dose and to gain data to
properly match the remaining CBCT studies. Due to system-
atic optimizations, the study-related additional dose equaled
about 5 days of natural background radiation per patient,
which, we believe, is justifiable in proportion to the gain of
knowledge. Another limitation is the fact that imaging proto-
cols were not identical, which is a general problem as both
methods differ substantially regarding technical conditions
and exposure options. It was not tried to achieve similar
CTDIvol or DLP values for both modalities forcefully, as pre-
vious studies indicated the low-dose capabilities of the used
CBCT device [5, 8]. Also, it was not possible to apply iden-
tical reconstruction settings and parameters apart from slice
thickness. Even though blinded observers rated subjective im-
age quality, image impressions were unmistakably different,
revealing the underlying imaging device to a qualified radiol-
ogist. We did not record examination durations and patient
comfort in this study, but subjective impression and experi-
ence did not indicate clinically relevant time differences in
either modality in this specific pediatric setting. This topic
warrants future research, for instance, assessing patient dis-
comfort and pain between CBCT and MDCT machines in
extremity trauma examinations.

Conclusion

In conclusion, dedicated trauma extremity CBCT may require
lower radiation doses thanMDCT at increased semi-objective
image quality parameters. However, beam hardening artifacts
might degrade the subjective image impression in many cases.
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