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Purpose: To evaluate image quality (IQ) and radiation dose in cone-beam computed tomography (CBCT) of the
ankle using a novel twin robotic X-ray system.

Method: We examined 16 cadaveric ankles with standard-dose (FD) and low-dose (LD) protocols using the new
system’s CBCT mode. For comparison, we performed multi-slice CT imaging (MSCT) with a clinical protocol.
Three radiologists assessed IQ, noise and artifacts in bone and soft tissue on a five-point Likert scale (1 = poor IQ;
strong noise or artifacts; 5= excellent IQ; minimal noise or artifacts). Volume CT dose indices (CTDI,,) were
calculated for radiation dose comparison between CBCT and MSCT.

Results: Overall IQ was described as very good or excellent by reader 1/2/3 in 62.5/87.5/56.3% of LD, 87.5/
87.5/81.3% of FD and 100/87.5/87.5% of MSCT studies. Readers agreed that IQ was better in MSCT than LD
(R1/R2/R3; p < 0.008), two also found advantages of MSCT over FD (R1/R3; p < 0.034). Soft tissue noise and
artifacts were stronger in FD (all p < 0.002) and LD (all p < 0.001). In bone, artifacts and noise were also more
severe in LD (all p < 0.001) and FD (all p < 0.003). CTDI,,, for clinical MSCT scans without dose modulation
(15.0 = 0.0 mGy) were higher than for FD (5.3 + 1.0 mGy) and LD studies (2.9 = 0.6 mGy; bothp < 0.001).
Conclusions: Despite MSCT providing better overall IQ than the twin robotic X-ray system’s CBCT mode, both
cone-beam protocols offer very good IQ in most studies and are suitable for clinical ankle imaging. Standard-
dose and especially low-dose CBCT studies deliver up to five times less radiation dose than MSCT imaging.

1. Introduction

Acute ankle sprain is a common trauma-related diagnosis and ac-
counts for approximately 3-5% of all emergency rooms attendances in
the UK [1]. Oftentimes, serious injuries of the foot and ankle region
occur by falling from heights or involvement in traffic accidents, re-
sulting in ligament and/or bone damage. Fractures of the lower ex-
tremity hold particular socioeconomic relevance as they amount to al-
most 10% of all fractures in humans [2]. Reporting incidences of 9/
1000 per year and increased prevalence in patients aged 50 years or
older [3], malleolar fractures are among the most common imaging
tasks in radiology departments. From an individual perspective, they

frequently require long periods of rehabilitation or surgical treatment,
sometimes leading to permanent limitation of mobility [4]. In acute
trauma, plain radiography is the primary means of fracture diagnosis,
as it provides fast and cost-effective imaging at a favorable radiation
dose. However, in case of complex fracture patterns, the injury extent
might be obscured in conventional radiographs due to overlapping
osseous structures. To provide more precise information regarding the
exact location of fragments, computed tomography may be necessary
[5]. Surgical planning profits in particular from the advantages of CT,
as surgeons can devise their interventions on multidimensionally re-
constructed images [6].

Many hospitals use multi-slice computed tomography (MSCT)
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technology for their 3D musculoskeletal imaging tasks. Nonetheless, the
benefits of MSCT imaging often come at the price of additional radia-
tion dose [7]. One approach to ensure diagnostic 3D image quality
while also keeping the dose level “as low as reasonably achievable”
(ALARA), is to implement cone-beam computed tomography (CBCT) for
extremity imaging [8]. For a long time, CBCT has been used extensively
in dentomaxillofacial radiology because of its excellent depiction of
bone structures at minimized radiation doses [9-11]. In the last decade,
the emergence of dedicated CBCT extremity scanners has resulted in
cone-beam technology being increasingly present in musculoskeletal
imaging as well [12,13]. While there are several advantages to the
examination of injured wrists (e.g. positioning options), the true po-
tential of CBCT scanners becomes evident when performing lower ex-
tremity or spine imaging, as some systems feature the option to scan
articular joints or vertebral bodies under weight-bearing conditions
[14,15]. This option is particularly important because joint depiction,
for instance, varies considerably depending on the axial load [16,17].

Due to general lack of data regarding the performance of its 3D
CBCT scan mode, this study’s purpose was to provide a first evaluation
of a new twin robotic X-ray system’s CBCT image quality and radiation
dose in cadaveric ankle imaging under lying conditions and compare
the results to MSCT.

2. Material and methods
2.1. Cadaveric specimens

Eight cadaveric specimens were obtained from the Institute of
Anatomy and Cell Biology, University of Wiirzburg, Germany. A total
number of 48 examinations were performed (16 FD, 16 LD, 16 MSCT
studies) with the subjects in horizontal position. Depending on the ca-
davers’ hip and knee joint flexibility, MSCT scans were either conducted
with the opposite leg bent at an angle of approximately 90 degrees
(“single foot”, 10 of 16 ankle scans) or both feet positioned in parallel
fashion (“parallel feet”, 6 of 16 ankle scans). CBCT examinations were
carried out with single foot or parallel feet positioning accordingly to
MSCT. The single foot positioning for 3D CBCT and MSCT imaging is
depicted in Fig. 1.

2.2. Scanners
Image quality and radiation dose were assessed with a novel mul-

tifunctional X-ray system with implemented 3D CBCT mode (Multitom
Rax, Siemens Healthineers, Erlangen, Germany). The system possesses

Fig. 1. Scan positions.
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two motor-driven telescopic arms with one arm carrying the X-ray tube
and the other being equipped with a 42.6 x 42.6 cm flat panel detector.
Both arms have several degrees of freedom for 2D and fluoroscopy
scans, allowing for independent movement to predefined positions in
the exam room. Simultaneous arm movement along predefined scan-
ning trajectories enables acquisition of 3D projection data for cone-
beam CT reconstruction. For lower extremity imaging, a scan trajectory
around the patient table is used with a sweep angle of 183° and source-
to-image-distance of 105 cm. The X-ray tube is capable of currents be-
tween 0.5 and 800 mAs, and voltages between 40 and 150 kVp.
Irrespective of scan trajectory, overall scan time is 20 s with 16 frames
per second and 23 cm field of view at maximum. Acceleration and de-
celeration phase at the beginning and end of image acquisition result in
a total of 298 projection images per scan. The scans in this study were
performed with the commercially available software version VF10.

For performance comparison, a conventional MSCT scanner from
clinical routine was employed (Somatom Definition AS, Siemens
Healthineers, Erlangen, Germany).

2.3. Scan protocols

Before 3D CBCT imaging is commenced, target dose values can be
selected in the system settings. In CBCT mode, a sensor contained by the
X-ray detector measures the incoming radiation continuously, where-
upon the system uses automatic dose regulation to maintain the de-
tector dose according to the predetermined dose level. Therefore, the
tube-current-time product is adjusted after every projection image.

We used two different CBCT scan protocols for this study, one with a
dose level of 0.4-0.7 (low-dose protocol, LD), the other with a dose level
of 0.7-1.4 (standard-dose protocol, FD). Adhering to the preset dose
level, the mean total tube current per ankle scan was 191.4 + 36.2
mAs for FD and 121.6 * 17.7 mAs for LD studies. The system operated
at 78.9 kVp for all examinations and the built in 0.3 mm copper filter
was in effect during every scan.

Using single-energy mode, the conventional MSCT scans were per-
formed with a clinical protocol consisting of reference tube voltage of
120 kVp and tube current of 100 mAs. Detector collimation was
64x 0.6 mm and pitch factor 0.8. Adhering to the clinical protocol,
automatic tube current modulation was deactivated.

2.4. Dose assessment

For radiation dose estimation in MSCT, we recorded dose-length
products (DLP) and volume computed tomography dose indices
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Single-foot positioning options for ankle imaging using the twin robotic X-ray system (right) and conventional multi-slice computed tomography (left). Feet can also

be positioned together in parallel fashion if hip and knee joint mobility is limited.
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Fig. 2. Image quality.
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Ilustration of overall image quality in ankle imaging by representative CBCT and MSCT slices. Left column: coronal MPR of (a) FD, (b) LD, (c) MSCT scans. Right

column: sagittal MPR of (d) FD, (e) LD, (f) MSCT scans.

(CTDI,,)). To enable dosage comparison, dose-area product (DAP) va-
lues were recorded in 3D CBCT ankle imaging. Through multiplication
by a preset linear scaling factor, we received CTDI,-equivalent values
for our cone-beam examinations. This factor was determined in ad-
vance for every combination of acquisition geometry, dose level and
tube voltage. For this purpose, we used a commercially available do-
simetry system (Nomex Dosemeter, PTW, Freiburg, Germany) with a
30 cm ionization chamber in combination with a PMMA dosimetry

phantom compliant with [EC 60601-2-44:2009. The phantom features a
diameter of 16 cm and total length of 30 cm. After DLP measurements
in each of five chambers, standard weighting schemes for dose mea-
surement were utilized on the chambers’ values to assess DLP,, values.
In order to compute the corresponding CTDI,,, DLP,, values were
divided by the beam width, which is equivalent to the field of view in z-
direction. For conclusive calculation of the scaling factor, CTDI,, was
divided by DAP.
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2.5. Image reconstruction

Irrespective of scan protocol and imaging modality, all image re-
constructions were carried out with identical parameters using dedi-
cated software (syngo via, Siemens Healthineers, Erlangen, Germany).
We reconstructed axial, coronal and sagittal planes with slice thickness
of 1.0 mm, increment of 0.5 mm, image matrix of 1024 X 1024 pixels
and field of view of 80 mm. Window width and center were set to 3000
and 1000 HU for bone depiction; however, observers were allowed to
alter window width and center for their reads.

2.6. Image analysis

Three independent radiologists with eight (R1), three (R2) and five
(R3) years of experience in musculoskeletal imaging evaluated all scans
in randomized and blinded fashion using dedicated PACS software
(Merlin, Phonix-PACS). After blinded initial review of all images, each
observer then assessed whether they considered image quality sufficient
for diagnostic use. Secondly, they rated overall image quality, image
noise and artifacts for bone and soft tissue using a five-point Likert scale
(5 = excellent image quality, minimal noise or artifacts; 4 = very good
image quality, little noise or artifacts; 3 = moderate image quality,
noise or artifacts; 2 = fair image quality, considerable noise or artifacts;
1 = poor image quality, strong noise or artifacts).

2.7. Statistics

Statistical analyses were carried out with dedicated software (SPSS
Statistics Version 23.0 for Mac, IBM, Armonk, New York, USA).
Categorical variables are presented as frequencies and percentages.
Kolmogorov-Smirnov tests were used to examine normal distribution of
continuous variables. If normally distributed, data is presented as
means *+ standard deviation (SD), otherwise as medians. We compared
continuous normally-distributed data by means of paired Student’s t-
tests, while Wilcoxon signed rank and Friedman tests were performed
to compare paired nonparametric variables. P values < 0.05 were
considered to indicate statistical significance.

3. Results
3.1. Image quality

Observers deemed all 48 ankle examinations (16 LD, 16 FD, 16
MSCT scans) suitable for diagnostic purposes. The evaluation of overall
image quality was very good or excellent in 62.5/87.5/56.3% (reader
1/reader 2/reader 3; R1/R2/R3) of LD, 87.5/87.5/81.3% of FD and
100/87.5/87.5% of MSCT studies. All three observers stated that MSCT
provided better overall image quality than LD scans (R1/R2/R3;
p =< 0.008), while two observers also found significant advantages over
FD imaging (R1/R3; p < 0.034). Two readers evaluated FD being su-
perior to LD image quality (R1/R3; p < 0.005), while for ratings of R2
no significant difference could be observed. Fig. 2 illustrates image
quality of coronally reconstructed MSCT and CBCT ankle scans.

Table 1 comprises observer ratings on subjective image quality for
image noise and artifacts in bone and soft tissue. Image noise in soft
tissue was significantly stronger in FD (all; p < 0.002) and LD (all;
p < 0.001) than MDCT scans. Accordingly, image noise in bone was
also more prominent in FD (all; p < 0.003) and LD (all; p < 0.001)
studies. In addition, observers found significantly stronger artifacts in
osseous tissue in FD (all; p < 0.002) and LD (all; p < 0.001) ex-
aminations. For depiction of soft tissue, MSCT also provided less arti-
facts than FD (all; p < 0.001) and LD (all; p < 0.001) scans. Com-
paring the depiction of bone and soft tissue, artifacts were stronger in
soft tissue for FD (all; p < 0.014) and LD (all; p < 0.025). Likewise,
image noise was unanimously lower in bone for FD studies (all;
p < 0.014).
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Comparing both 3D CBCT protocols, image noise in bone was con-
ceived unanimously lower in FD than LD (all; p < 0.005) scans. In
addition, two readers considered artifacts in bone tissue to be stronger
in low-dose examinations (R1/R3; p < 0.020).

3.2. Radiation dose

CTDI,,;, DAP for CBCT and DLP for MSCT scans are depicted in
Table 2. Mean CTDI,, was 5.25 = 1.0 mGy for FD, 2.9 * 0.6 mGy for
LD and 15.0 + 0.0 mGy for MSCT scans (Fig. 3). Mean DAP in CBCT
was 40.4 = 7.8mGy*cm? for FD and 22.2 + 4.3mGy*cm?® for LD
examinations. Mean DLP for MSCT was 174.8 + 22.2mGy*cm.
CTDI,,; was significantly lower for FD (p < 0.001) and LD
(p < 0.001) imaging in comparison to MSCT studies. Comparing both
CBCT protocols, LD was associated with significantly lower CTDI,
(p < 0.001) and DAP (p < 0.001) than FD scans.

4. Discussion

We provide a comparison between a novel X-ray system’s 3D cone-
beam CT function and a conventional multi-slice CT scanner with re-
gards to image quality and radiation dose in ankle imaging. Therefore,
we performed 48 scans of 16 cadaveric ankle regions using a dedicated
low-dose CBCT, a standard-dose CBCT and a clinical MSCT protocol for
each ankle.

Three radiologists observed that all 48 studies provided suitable
image quality for diagnostic use in clinical routine. However, when
comparing image quality of the three protocols, MSCT scans produced
the best results for all relevant tested categories. Particularly for soft
tissue, this is consistent with previous publications, as literature on
extremity imaging describes more image noise and artifacts in CBCT
scans. In contrast, CBCT is generally considered very good for the de-
piction of osseous tissue [13,18], which we can confirm for the majority
of standard and low-dose scans in this study. Further endorsing this
finding, the impact of artifacts and image noise on image quality proved
to be higher in soft than bone tissue. Although soft tissue contrast is
very important for a multitude of imaging tasks, we believe that, for
ankle imaging in trauma, the depiction of bone is of superior im-
portance to clinicians and radiologists.

Due to mismatches between the mathematical model and the actual
physical imaging process, cone-beam imaging is associated with typical
artifacts that are not found in MSCT scans. Since these artifacts can
impact image interpretation during the diagnostic process, radiologists
need to know about their existence [19]. However, adaptation may
happen quickly, as observers in our study confirmed to have become
familiar with the characteristic appearance of CBCT studies by the end
of their reads, despite not having received any specific training be-
forehand.

It is well established in literature on maxillofacial imaging, that
CBCT can deliver appealing image quality in bone at a favorable ra-
diation dose over MSCT scans [11,20]. Publications on dedicated ex-
tremity scanners report similar findings for wrist [21,22], knee [23]
and ankle imaging [2]. In the present study, we were able to show that
the new system is also capable of producing suitable image quality for
ankle studies while reducing radiation dose to approximately one third
of MSCT. With the addition of a specific low-dose CBCT scan protocol,
we achieved even more dose reduction with the new scanner, resulting
in CTDI,,; to be five times lower than in clinical MSCT imaging while
maintaining diagnostic image quality.

As many younger patients are affected by ankle fractures, some-
times requiring CT imaging before surgical treatment for information
on fragment displacement and involvement of articular surface, dose
reduction possible with CBCT can be of particular interest for pediatric
musculoskeletal radiology [24].

Under supine conditions, positioning for lower extremity 3D CBCT
scans is equal to conventional MSCT. However, using the twin robotic
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Table 1
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Image quality. Evaluation of overall image quality, image noise and artifacts in osseous and soft tissue for conventional multi-slice CT (MSCT) and 3D cone-beam CT
using a dedicated low-dose (LD) and standard-dose protocol (FD). Three readers performed their assessment on five-point Likert scales. Scale results are presented as

frequencies (percentages) and median values.

Likert MSCT FD LD
R1 R2 R3 R1 R2 R3 R1 R2 R3

Image quality overall 5 15 (93.8) 7 (43.8) 9 (56.3) 4 (25.0) 2 (12.5) 4 (25.0) - - -

4 1(6.3) 7 (43.8) 5 (31.3) 10 (62.5) 13 (81.3) 9 (56.3) 10 (62.5) 14 (87.5) 9 (56.3)

3 - 2 (12.5) 2 (12.5) 2 (12.5) 1(6.3) 3(18.8) 6 (37.5) 2 (12.5) 4 (25.0)

2 - - - - - - - - 3(18.8)

1 —_ - - — —_ — - —_ —

Median 5.0 4.0 5.0 4.0 4.0 4.0 4.0 4.0 4.0
Artifacts in bone 5 16 (100.0) 13 (81.3) 15 (93.8) 5(31.3) 2 (12.5) 4 (25.0) 2 (12.5) 2 (12.5) -

4 - 3(18.8) 1 (6.3) 9 (56.3) 12 (75.0) 9 (56.3) 11 (68.8) 11 (68.8) 10 (62.5)

3 - - - 2 (12.5) 2 (12.5) 3(18.8) 1(6.3) 3(18.8) 6 (37.5)

2 - - - - - - 2 (12.5) - -

1 - _ - - - - - - -

Median 5.0 5.0 5.0 4.0 4.0 4.0 4.0 4.0 4.0
Artifacts in soft tissue 5 15 (93.8) 13 (81.3) 14 (87.5) - - 1(6.3) - - -

4 1(6.3) 3 (18.8) 2 (12.5) 1(6.3) 4 (25.0) 7 (43.8) 1 (6.3) 6 (37.5) 6 (37.5)

3 - - - 12 (75.0) 12 (75.0) 8 (50.0) 9 (56.3) 10 (62.5) 9 (56.3)

2 - - - 3(18.8) - - 6 37.5) - 1(6.3)

1 - - - - - - - - -

Median 5.0 5.0 5.0 3.0 3.0 4.0 3.0 3.0 3.0
Image noise in bone 5 15 (93.8) 12 (75.0) 14 (87.5) 6 (37.5) 1(6.3) 2 (12.5) 2 (12.5) - -

4 1(6.3) 4 (25.0) 2 (12.5) 7 (43.8) 15 (93.8) 12 (75.0) 8 (50.0) 9 (56.3) 2 (12.5)

3 - - - 3(18.8) - 2(12.5) 4(25.0) 7 (43.8) 13 (81.3)

2 - - - - - - 2 (12.5) - 1(6.3)

1 - _ - _ - _ - - -

Median 5.0 5.0 5.0 4.0 4.0 4.0 4.0 4.0 3.0
Image noise in soft tissue 5 2(12.5) 10 (62.5) 12 (75.0) - 1 (6.3) - - - -

4 14 (87.5) 6 (37.5) 4 (25.0) 1(6.3) 9 (56.3) 5 (31.3) - 4 (25.0) -

3 - - - 11 (68.8) 6 (37.5) 11 (68.8) 8 (50.0) 10 (62.5) 14 (87.5)

2 - - - 4 (25.0) - - 8 (50.0) 2 (12.5) 2 (12.5)

1 - _ - _ - _ _ _ -

Median 4.0 5.0 5.0 3.0 4.0 3.0 2.5 3.0 3.0

Table 2

Radiation dose. Dose estimation for conventional multi-slice CT using a clinical
scan protocol (MSCT) and 3D cone-beam CT (CBCT) using a dedicated low-dose
(LD) and standard-dose (FD) protocol. Mean values and standard deviations of
volume computed tomography indices (CTDI,,) are presented for both CBCT
protocols and the conventional MSCT protocol.

Parameters MSCT FD LD p value
CTDIvol (mGy) 15.0 £ 0.0 53 = 1.0 29 * 0.6 =< 0.001
DAP (mGy x cm?) - 40.4 = 7.8 22.2 + 4.3 < 0.001
DLP (mGy x cm) 367.1 £ 46.7 - - -

X-ray system, additional weight-bearing imaging may also be feasible.
This option may be particularly appealing for ankle studies, as depic-
tion of syndesmosis varies considerably depending on the axial load
[16]. Additional imaging tasks that profit from weight-bearing posi-
tioning may include scans of the knee joint [17] and lumbar spine [14].
Another promising application could be the option to perform direct CT
arthrography of the lower tibiofibular joint. Using the systems’ fluoro-
scopy mode to control the articular injection of contrast agent, the
patient could remain in position for the acquisition of CT images. With
conventional MSCT or MRI arthrography, the latter being the preferred
method today, the fluoroscopy-controlled injection has to be performed
in a different room, resulting in repeated positioning of the patient and
presumably increased scheduling effort. CBCT arthrography of the wrist
has been shown to deliver excellent spatial resolution and more accu-
rate depiction of articular cartilage lesions than MRI arthrography
[25,26]. However, to the authors’ best knowledge, no literature on
CBCT arthrography of the ankle has been published to date.

4.1. Limitations

We evaluated 16 formalin-fixated cadaveric ankle regions from
eight body donors. Formalin fixation is known to accelerate the demi-
neralization of osseous tissue over time [27,28] which might have
caused a subjective decrease in image quality in some ankles. As only
human cadaveric specimens were examined in this study, the possibility
of motion artifacts has to be considered for patient scans given the
acquisition time of 20 s with the new scanner. Due to comfortable po-
sitioning, patients may tolerate the longer scan time without con-
siderable increase of motion artifacts, when properly fixated. However,
extrapolation for suitability in clinical ankle imaging cannot be made
and the actual advantage of the new system might be less pronounced
in a clinical setting with lower soft tissue resolution and higher image
noise in CBCT scans.

Observers did not receive any particular training on CBCT imaging
before this study and were blinded to the type of image they rated.
Nonetheless, the typical image appearance of CBCT images may have
imposed a certain level of bias.

Finally, we compared results of the twin robotic X-ray system to a
MSCT scanner using a clinical protocol. Therefore, automatic tube
current modulation was inactive in conventional MSCT scans. As the
current software version for the multi-use X-ray system does not sup-
port the manual deactivation of automatic dose modulation, future
work should include similar modulation setups for scanners to achieve
optimal comparability. Furthermore, MSCT studies should also be
conducted using a dedicated low-dose scan protocol to evaluate image
quality and radiation dose.

5. Conclusion

Despite MSCT scans providing better overall image quality in this
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Fig. 3. Radiation dose comparison.

Volume computed tomography dose indices (CTDIvol) for
conventional multi-slice (MSCT) and 3D cone-beam CT ima-
ging (FD = standard-dose protocol; LD = low-dose protocol).
Boxplots (median and inter-quartile-range) illustrate CTDIvol
differences [mGy] between scan protocols. Asterisks (*) in-
dicate statistical significance (p < 0.001).
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study, the twin robotic X-ray system’s 3D CBCT mode delivers accep-
table image quality in the majority of examinations. While image noise
and typical artifacts are primarily present in soft tissue, overall image
quality of 3D CBCT scans in this study is consistently suitable for
clinical ankle imaging, irrespective of the selected dose level.
Furthermore, both CBCT scan protocols may enable substantial dose
reduction, as standard-dose and low-dose CBCT studies were associated
with approximately three respectively five times less radiation than the
clinical scan protocol of a conventional MSCT scanner. With additional
radiography and fluoroscopy options, the tested system may potentially
serve as a one-stop-shop device for trauma-associated ankle imaging.
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