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Abstract: Besides X-ray and fluoroscopy, a previously introduced X-ray scanner offers a 3D cone
beam option (Multitom Rax, Siemens Healthcare). The aim of this study was to evaluate various
scan parameters and post-processing steps to optimize image quality and radiation exposure for
imaging of the parasinus region. Four human cadaver heads were examined with different tube
voltages (90–121 kV), dose levels (DLs) (278–2180 nGy) and pre-filtration methods (none, Cu 0.2 mm,
Cu 0.3 mm and Sn 0.4 mm). All images were reconstructed in 2 mm slice thickness with and without a
metal artifact reduction algorithm in three different kernels. In total, 80 different scan protocols and
480 datasets were evaluated. Image quality was rated on a 5-point Likert scale. Radiation exposure
(mean computed tomography volume index (CTDIvol) and effective dose) was calculated for each scan.
The most dose-effective combination for the diagnosis of sinusitis was 121 kV/DL of 278/0.3 mm copper
(CTDIvol 1.70 mGy, effective dose 77 µSv). Scan protocols with 121 kV/DL1090/0.3 mm copper were
rated sufficient for preoperative sinus surgery planning (CTDIvol 4.66 mGy, effective dose 212 µSv).
Therefore, sinusitis and preoperative sinus surgery planning can be performed in diagnostic image
quality at low radiation dose levels with a multipurpose X-ray system.

Keywords: X-ray; medical imaging; computed tomography; three-dimensional; DVT; parasinus
region; sinusitis

1. Introduction

Sinusitis is a frequent disorder and one of the most common conditions treated by primary care
physicians [1]. Each year in the United States, sinusitis affects one in seven adults, and is diagnosed in
31 million patients [2]. The direct costs of sinusitis, including medications, outpatient and emergency
department visits, ancillary tests and procedures, are estimated to be $3 billion per year in the United
States. Sinusitis is the fifth most common diagnosis for which antibiotics are prescribed [2,3] and can
occur as acute or chronic infection. Multi-slice computed tomography (MSCT) is frequently used
for imaging of the parasinus region [4,5]. It provides essential information for planning the surgical
approach, image-guided navigation, and robotic surgery [6,7]. According to the current guidelines, it is
mandatory before functional endoscopic sinus surgery (FESS) to visualize individual anatomic variants
and the extension of the disease [8]. The computed tomography (CT) scan of the paranasal sinuses have
superseded the conventional standard radiography as it offers more precise anatomic information to
the surgeon on the complex anatomy of the sinus cavities and their drainage pathways, in particularly
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the ostiomeatal complex [9,10]. To adhere to the ALARA principle (“as low as reasonably achievable”)
different approaches to lower radiation exposure in parasinus CT have been proposed like low kV
scanning and spectral shaping [11,12]. Alternatively, cone beam CT (CBCT) has been shown to be an
efficient alternative to conventional CT scans to identify sinusitis disease and serves as a guide for
surgical intervention [13]. With its flat-panel detector technology it is characterized by high spatial
resolution to provide excellent detail of the bony anatomy with the drawback of limited soft tissue
information [14]. Because of the relatively lower costs in comparison with modern helical CT scanners,
CBCTs with small detectors, also named as digital volume tomography (DVT), are increasingly used
for imaging of the paranasal sinuses. Originally developed for dentistry and orthodontic diagnostics,
DVTs with increasing field of view (FoV) sizes due to bigger flat detectors and further advances in
technology are becoming increasingly popular for ENT specialists [15,16]. They are even able to
perform tomography independently using DVT for diagnostic and preoperative imaging [17] assuming
they have the appropriate technical qualifications in radiation protection. For this reason, an X-ray
machine that has a 3D CBCT option would be interesting for X-ray practices, in order to be able to offer
CBCTs in addition to classic X-rays with a small fleet of equipment.

A new type of X-ray machine developed primarily for digital X-ray and fluoroscopic examinations
is additionally equipped with flat-panel detector technology for CBCT [18]. With this multipurpose
device, 3D imaging of the paranasal sinuses can be performed. Different pre-filtration options like
copper and tin, metal artefact reduction algorithms (as metal implants can also affect image quality
in CBCT as in MSCT) and different kV levels are available. As imaging of the sinuses is among
the most common scans requested in the field of otorhinolaryngology, this additional option would
be a considerable advantage in terms of cost efficiency as fluoroscopic examinations are becoming
increasingly rare.

The aim of this study was to define and evaluate dose-optimized protocols for the diagnosis of
sinusitis and preoperative sinus surgery planning using different kV levels, pre-filtration options and
metal artefact reduction algorithms.

2. Materials and Methods

2.1. Image Acquisition

In total, four cadaver heads were scanned with a multipurpose X-ray system (Multitom Rax,
Siemens Healthcare). The 3D CBCT has an amorphous silicon flat detector with a cesium iodide
scintillator of 43 × 43 cm area and has an image matrix of 1420 × 1436 pixels with a pixel size of 296 µm
(both after binning of 2 × 2). The reconstructed voxel size was 0.5 mm (isotropic). The maximum
diameter of field of view for reconstruction was 23 cm. Reconstruction is based on a filtered back
projection algorithm (Feldkamp, Davis, Kress) with additional correction methods to compensate for
noncircular movement [19]. The X-ray tube (OPTITOP; Siemens Healthcare) has a 0.6 mm focal spot.
Various tube voltages (90, 100 and 121 kV) and dose levels (DLs) can be selected as setting parameters
resulting in different scan protocols. Preset and selectable DLs are 278, 548, 1090, 2180 nGy. The X-ray
tube target material is tungsten. The DL serves as the target DL for the automatic exposure control.
The aim is to keep the dose at the image receptor constant for all projections. The tube current is
modulated by the system and was between 44–374 mAs. The detector and tube are attached to two
telescopic arms with a hinge. While moving along a predetermined trajectory, fluoroscopic images
are acquired. The trajectory is defined by its position and scanning angle range. All scans were
performed after geometric calibration of the trajectory. For the upright trajectory, a set of 512 images
were acquired with a framerate of 8 fr·s-1, resulting in a scan-time of 20 sec over a 187-degree arc-travel
(system version VE30B, product status 2017).

First, one cadaver head was examined with all available scan parameters to obtain an impression
of image quality and radiation exposure. Three different tube-voltage settings (90, 100 and 121 kV) and
four different DLs (278, 548, 1090 and 2180) were evaluated, each DL with and without pre-filtration
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of the X-ray beam with a 0.2 mm copper filter (“Cu”) to constrict the energy spectrum. Images were
reconstructed in 2 mm axial and coronal slice thickness and post-processed with three different image
“kernels” ranging from soft to hard (“smooth”, “medium”, “bone”). Additional post-processing was
performed with and without the metal artifact reduction (MAR) algorithm [20].

The subsequent scans of the three remaining heads were performed to further optimize image
quality for selected protocols (121 kV) based on the results of the first cadaver head. Four different DLs
(278, 548, 1090 and 2180), pre-filtration with 0.2 and 0.3 mm copper and tin (Sn) (0.4 mm) were evaluated.

To find protocols with the best compromise between image quality and radiation exposure for
preoperative surgery a mean computed tomography volume index (CTDIvol) of 8 mGy was considered
the upper limit [21].

2.2. Image Quality Assessment

All datasets were stored in DICOM format and protocol-related information was removed.
A 3D post-processing platform (syngo.via, Siemens Healthcare) was used to display all datasets.
Two board-certified radiologists (9 and 10 years of experience in head and neck radiology) analysed the
images. The window setting could be changed by the raters at their own discretion. The default setting
was W 2000 C 0. For the first cadaver head overall impression of the images was assessed according to
the subjectively perceived image impression and rated (sufficient image quality vs. insufficient/noisy
image quality).

Image quality for the remaining three cadaver heads was measured by using an ordinal performance
scale with 5 levels (5-point Likert scale). The demarcation of 10 anatomic regions (lamina papyracea,
lamina cribrosa, nasal septum, ethmoid air cells, sinus walls, orbital floor, lacrimal duct, carotid canal,
tympanic cavity, mastoid cells) and incidental “pathologic” conditions (paranasal and mastoid fluid
collections) was rated as follows: 5 excellent, 4 good, 3 moderate, 2 sufficient, 1 insufficient image quality.

The overall rating for each protocol was defined by the worst rating of these 10 anatomic structures and
two “pathologic” conditions. Image quality of 3 was considered “sufficient” for pre-operative evaluation
for sinusitis surgery, and image quality of 2 to detect or rule out sinusitis [11]. Noise measurements
were not performed since noise values do not adequately reflect the diagnostic value in high contrast
objects [11]. For the evaluation of MAR a 3-point Likert scale was used, 3 = no beam hardening despite
metal implants, 2 = moderate beam hardening artifacts, cortical structure of maxilla/mandible definable,
but not reliably assessable everywhere, 1 = strong beam hardening artifacts, impairment of anatomical
structures. Cohen’s K was calculated for inter-rater reliability by using SPSS Statistics 21.0 (IBM Corp).

2.3. Estimation of Radiation Exposure

CTDIvol was calculated after a modified (to account for geometric inequality) scanning of a 16 cm
standard head phantom (data not shown, see [22]). CTDIvol was calculated following the IEC (International
Electrotechnical Commission) 60601-2-44 A1 standard method [23]. DAP (dose area product) was specified
as logged by the device. The effective dose was based on the dose length product (DLP) and calculated
using the following formula according to the International Commission on Radiological Protection
Publication 103 (ICRP 103): DLP [mGy × cm] × 0.0019 [mSv ×mGy−1

× cm−1] [24].

3. Results

Cohen’s K for inter-rater reliability calculated from the raw data was 0.74.

3.1. First Cadaver Head Scan

3.1.1. Variation of Tube Voltage

Three protocols with a DL of 278 at 90 kV, 100 kV and 121 kV and two protocols with a DL of 548
at 100 kV and 121 kV had a CTDIvol < 8 mGy. Additional copper pre-filtration further reduced the
radiation dose without deteriorating image quality (Figure 1A,B). Pre-filtration of the beam with 0.2 mm
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copper resulted in an average reduction in radiation exposure of 32%. With copper pre-filtration, a
DL of 548 at 90 kV and a DL of 1090 at 121 kV additionally achieved a CTDIvol < 8 mGy. In total
12 protocols with a CTDIvol < 8 mGy were compared and the best compromise between radiation
exposure and subjectively perceived image quality delivered the 121 kV setting.
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Figure 1. Comparison of datasets (121 kV/ DL 1090) without (A) and with 0.2 mm copper pre-filtration
(B) Axial reconstructed images. Slice thickness 2 mm. No objectifiable difference in image quality.
(C) For comparison 90 kV/DL 278.

3.1.2. Metal Artifact Reduction Algorithm

All four cadaver heads had dental implants. The metal artifact reduction algorithm was beneficial
in all examined data sets (Figure 2) (mean Likert scale value 2 with MAR vs. 1 without MAR).
Less beam hardening artifacts were visible due to MAR, the cortex of the mandible and maxilla and
the bony structures were better visible (Figure 2A,B). MAR did not miscalculate or disturb the datasets
(Figure 2C). Beam-hardening artifacts of metal implants were visible even in the vertebral bodies
in the images without MAR, but not in images with MAR. Despite MAR, the bony fixation of the
implants was not visible in some places, depending on the angle of rotation and the direction of the
beam hardening artifacts (Figure 2A).
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3.1.3. Kernels

Hard kernels substantially increased image noise (Figure 3A), whereas soft kernels (smooth) led
to a blurred visualisation of the bony edges yet with significantly less image noise (Figure 3C). In terms
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of image impression, the medium kernel (Figure 3B) delivered the best compromise between image
noise and sharp bony edges.
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Figure 3. Post-processed data set of a scan with 121 kV/DL 278 and pre-filtration with 0.2 mm copper,
raw datasets. Higher image noise in (A) than in (B) and (C). Blurred visualisation of bony edges in (C)
compared to (A) and (B). (B) was rated as the best compromise.

3.2. Results for Cadaver Heads 2–4

3.2.1. Pre-Filtration with 0.2 vs. 0.3 mm Copper Filter

Based on the results of cadaver head 1 121 kV protocols were further evaluated with additional
copper pre-filtration. Image quality was comparable between different data sets scanned without,
with 0.2 mm or 0.3 mm copper filters. The radiation dose could be reduced to 40% compared to the
dose without pre-filtering by using a 0.2 mm thick copper filter, and to 42 to 60% of the original dose
by using a 0.3 mm thick copper filter. See Table 1 for detailed results and Figure 4 for representative
images with copper pre-filtration.

Table 1. Display of the minimum achieved scores of the four skulls depending on the scan protocol
(mean value of both readers, stars * mark a difference in the minimum scores of the two readers).
Additional information: average radiation exposure values of each protocol (DAP = Dose Area Product,
CTDIvol = mean computed tomography volume index).

Scan Protocol at 121 kV Minimum Score of Each Reader Overall
Minimum Score

Average DAP
(cGycm2)

Mean CTDIvol
(mGy)DL (nGy) Pre-Filtration Skull 1 Skull 2 Skull 3 Skull 4

278 0.2 mm Cu 2 2 2 2 2 13.1 2.4
278 0.3 mm Cu 2 2 2 2 12.6 1.7
548 0.2 mm Cu 2 2/3 * 2 2/3 * 2 23.9 3.2
548 0.3 mm Cu 2/3 * 2 2/3 * 2 21.0 2.8

1090 0.2 mm Cu 3 3 3 3/4 * 3 46.5 5.2
1090 0.3 mm Cu 3 3 3/4 * 3 40.5 4.7
2180 0.2 mm Cu 3 4 3/4 * 4 3 122.0 8.1
2180 0.3 mm Cu 4 3/4 * 4 3 153.9 5.6
278 0.4 mm Sn 1 1 1 1 49.3 1.3
548 0.4 mm Sn 1 1 1 1 88.0 1.9

1090 0.4 mm Sn 1 1 1/2 * 1 214.0 3.2
2180 0.4 mm Sn 1 1/2 * 2 1 400.4 5.7
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Figure 4. Comparison of datasets (121 kV/DL 1090) without (A) und with 0.2 mm copper (B,C),
respectively 0.3 mm copper pre-filtration (D). Despite decreasing radiation exposure, pre-filtering with
copper shows no deterioration in the image quality in the head overview (A,B) or in terms of the
recognisability of details (C,D).

3.2.2. Pre-Filtration with 0.4 mm Tin Filter

Pre-filtration with a tin filter led to higher image noise which decreased image quality. The bony
walls of mastoid cells were virtually invisible at a scan level of DL 278 nGy and 548 DL of at least 2180
was required for sufficient visualisation of the anatomic structure, which considerably increased the
radiation dose by a factor of 5 (see Table 1). Data sets with tin pre-filtration were not adequate for
preoperative imaging (see Figure 5 and Table 1).Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 11 
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levels from (A–D). Data sets with tin pre-filtration were rated as insufficient for preoperative imaging.

3.3. Statistical Evaluation: Preoperative Imaging vs. Imaging of Sinusitis

As shown in Table 1, the scan protocol with 121 kV/DL 278 was sufficient to reliably detect
sinusitis (minimum score of 2 was achieved, see reference [11]). Pre-filtering with a 0.3 mm copper
filter achieved an average CTDIvol of 1.70 mGy.

A sufficient image quality for preoperative imaging was achieved within all four skulls of both
readers at 121 kV/1090. Important structures for the FESS, such as the bony walls of the carotid canal or
that of the orbit [7], were only rated with a “3” above a DL of 1090, which, by definition, was defined
as the minimum requirement for preoperative planning of sinus surgery (Figure 6). When pre-filtering
the beam with a 0.3 mm thick copper filter, the average resulting radiation dose was 4.7 mGy (CTDIvol).
A further increase of the DL to 2180 did not change regarding image quality (overall minimum score
on Likert Scale remained “3”, see Table 1), but the CTDIvol increased to an average radiation dose of
5.6 mGy (CTDIvol), when pre-filtered with a 0.3 mm copper filter. Thus, a scan protocol with 121 kV/DL
1090 and a pre-filtering of the beam with 0.3 mm is the protocol of choice for preoperative imaging.
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4. Discussion

For imaging the parasinus region with a previously introduced multipurpose X-ray device with
3D cone beam option [18], various scan parameters and post-processing steps were examined to
optimize image quality and radiation exposure. The best compromise between radiation exposure
and image quality for the diagnosis of sinusitis was found at 121 kV/ DL 278 and for preoperative
imaging at 121 kV/DL 1090. In our study, the effective dose for ruling out sinusitis was 0.077 mSv and
for preoperative imaging 0.212 mSv.

In modern medicine, examination protocols tailored to the specific patients’ anatomy and clinical
indication are mandatory. The scan range of the parasinus region includes radiosensitive organs like
the eye lens. Due to the typically young age of the patients and repetitive scans, radiation exposure is a
relevant topic for this cohort. Today numerous manufacturers offer a wide range of CBCT and DVT
units that differ both in their technical characteristics and in terms of radiation exposure [25]. In a dental
and maxillofacial study with a large cohort of 500 patients examined with CBCT mean CTDIvol was
9.11 mGy [26]. In other studies with CBCT, the radiation exposure is recorded as the effective dose. In a
meta-analysis of 23 dental CBCT units the average effective dose was 0.212 mSv using large FoVs [27].
In a recently published review for radiation dose in non-dental CBCT applications the overall mean
effective dose for imaging the paranasal sinuses was 119.0 µSv [28] with comparability limited due to
the smaller FoVs of the devices used for the studies (i.e., 15 × 12 cm, 13 × 10 cm). The effective dose is
in between our results for the low-dose scanning protocol (77 µSv) and the protocol recommended for
preoperative planning (212 µSv). The slightly higher dose required for preoperative imaging than for
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the diagnosis of sinusitis is mainly due to the carotid canal. The carotid canal is surrounded by soft
tissue and requires higher dose levels for preoperative assessment.

One drawback of scanning patients on CBCT is its inferior soft tissue visualisation compared to
CT [29] and magnetic resonance imaging (MRI) [30]. Even modern CBCTs lack sufficient soft tissue
display, so using the multi-purpose device for soft tissue evaluation cannot be recommended. In case of
unclear soft tissue lesions or if soft tissue lesions are suspected the method of choice is MRI [30]. MRI is
also capable of ruling out sinusitis but fine bony structures cannot be visualized. Another disadvantage
of MRI is the long examination time and the significantly higher costs.

In summary, the multi-purpose X-ray machine equipped with a 3D CBCT option offers the
opportunity to examine patients with dedicated protocols based on their clinical indication for the
diagnosis of sinusitis and for preoperative imaging. The radiation dose for both protocols is within the
range of DVT and other CBCTs.

Some limitations of our study need to be addressed.
First, four cadaver skulls were examined to evaluate image quality and to determine optimal

scan protocols as well as post-processing steps. These dedicated protocols need to be verified in a
larger cohort.

Second, all four cadaver heads were examined in an upright position, which should correspond to
the posture of a seated patient. Tilting the jaw to improve image quality or to lower radiation exposure
in CBCT by reducing the impact of metal implant artifacts as proposed in [31] has not been attempted.

Third, as cadaver heads were examined no motion artifacts occurred. The examination time
for CBCT is approx. 20 s and movement artifacts could significantly influence image quality [32].
Further studies on human subjects are recommended to validate our results and suitable head fixation
aids must be developed to minimize motion artifacts.

5. Conclusions

The multifunctional X-ray unit used in this study is suitable for the diagnosis of sinusitis and can
also be used for preoperative imaging. The 3D option of this primarily for X-ray technology developed
machine offers a significant advantage over conventional X-rays of the paranasal sinuses. The resulting
radiation exposure is in the range of published DVT and CBCT examinations of the paranasal sinuses.
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