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Abstract

Objectives Shaping the energy spectrum of the X-ray beam
has been shown to be beneficial in low-dose CT. This study’s
aim was to investigate dose and image quality of tin filtration
at 100 kV for pre-operative planning in low-dose paranasal
CT imaging in a large patient cohort.

Methods In a prospective trial, 129 patients were included. 64
patients were randomly assigned to the study protocol
(100 kV with additional tin filtration, 150mAs, 192x0.6-mm
slice collimation) and 65 patients to the standard low-dose
protocol (100 kV, 50mAs, 128 x 0.6-mm slice collimation).
To assess the image quality, subjective parameters were eval-
uated using a five-point scale. This scale was applied on over-
all image quality and contour delineation of critical anatomical
structures.

Results All scans were of diagnostic image quality. Bony
structures were of good diagnostic image quality in both
groups, soft tissues were of sufficient diagnostic image quality
in the study group because of a high level of noise. Radiation
exposure was very low in both groups, but significantly lower
in the study group (CTDI, 1.2 mGy vs. 4.4 mGy, p<0.001).
Conclusions Spectral optimization (tin filtration at 100 kV)
allows for visualization of the paranasal sinus with sufficient
image quality at a very low radiation exposure.
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Key Points

* Spectral optimization (tin filtration) is beneficial to low-dose
parasinus CT

* Tin filtration at 100 kVyields sufficient image quality for pre-
operative planning

* Diagnostic parasinus CT can be performed with an effective
dose <0.05 mSv
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Spectral shaping

Introduction

Multidetector helical computed tomography (MDCT) is con-
sidered the standard modality for imaging of inflammatory
disease in the paranasal sinuses, because of the high spatial
resolution [1-4]. Computed tomography (CT) is frequently
performed to diagnose or rule out sinusitis (both acute and
chronic) and is used to differentiate mucosal disease patterns
and, therefore, plan surgery. According to the current guide-
lines, it is mandatory before functional endoscopic sinus sur-
gery (FESS) to visualize individual anatomic variants and
extension of disease.

MDCT also provides the basis for planning the surgical
approach, image-guided navigation, and robotic surgery [5,
6]. MDCT is also used in the setting of postoperative compli-
cations and follow-up.

Because paranasal imaging is often performed in young pa-
tients without life-limiting disease, and repetitive examinations
may be required, radiation dose is of special concern. To adhere
to the ALARA principle (“as low as reasonably achievable”)
different approaches to lower radiation exposure have been
proposed, including orbital bismuth shielding to reduce direct
radiation exposure of the eye lens or reducing tube voltage and
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current [7, 8]. The high contrast between air and the bony walls
of the paranasal sinuses allows reducing the tube current and
acceptance of increased image noise to a certain degree without
compromising the diagnostic accuracy [9-11]. Low-kV imag-
ing is another strategy to effectively reduce dose, which recent-
ly gained popularity. Reducing the tube voltage necessitates an
increase in tube current to keep the image noise level constant,
but the attenuation of bone increases with lower kV settings,
increasing the bone—air contrast [9].

Tin filtration was recently introduced in dual source CT
systems, primarily to better separate the two energy spectra
in dual-energy CT. The tin filter absorbs low-energy photons
that are less relevant in a high-contrast setting (such as bone or
lung imaging) and, therefore, reduces the radiation exposure
of the patient.

We sought to investigate image quality and radiation dose
of a protocol with tin filtration at 100 kV and to compare the
results with a standard CT protocol.

Materials and methods
Phantom study

To evaluate the influence of different CT scanner geometries
and hardware and the effect of tin filtration on image quality
with comparable scan parameters, additional measurements
with a 16-cm acrylic CT dose index (CTDI) phantom and
the Gammex 464 were performed. Since tin filtration absorbs
about 9/10 of the photons emitted from the X-ray tube, mAs
settings had to be increased in the tin filtration protocol to
obtain identical CTDI,,. See Table 1 for an overview of the
used scan parameters.

Patient study

Consecutive patients scheduled for paranasal sinus CT for
suspected inflammatory mucosal disease were included.
Patients scheduled for sinus CT with contrast medium (suspi-
cion of abscess formation or tumour) and trauma evaluation
were excluded. A total of 129 patients met the inclusion
criteria. All patients signed informed consent; the study pro-
tocol was approved by the local institutional review board.
Patients were randomly assigned to single-source CT (SSCT,
standard protocol) or dual source CT (DSCT; study protocol).
64 patients (29 female and 35 male patients, mean age 49
+18 years, range 10-88 years) were assigned to the study
protocol performed on a third-generation DSCT system
(Somatom FORCE, Siemens, Forchheim, Germany) with
the following parameters: 0.5-s gantry rotation time, 192 x
0.6-mm collimation using a z-flying focal spot, 150 mAs tube
current at 100 kV tube voltage with tin (Sn) pre-filtration, tube
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Table 1  Overview of the used scan parameters in the phantom study
Scan protocol AS+ FORCE FORCE

kV 100 100 Sn100

mAs 50 50 508

Pitch 0.9 0.9 0.9
Reconstruction kernel  H30s Hr38s Hr38s
Collimation 128x0.6 mm 192x 0.6 mm 192 x 0.6 mm
Slice thickness 3 mm 3 mm 3 mm
Rotation time ls ls ls

CTDIvol (mGy) 4.4 44 44

current modulation switched off. This protocol was chosen
based on the results of a previous phantom study [12].

65 patients (28 female and 37 male patients, mean age 43
+16 years, range 14-80 years) were assigned to the control
group, where the examination was performed on a SSCT sys-
tem (Definition AS+, Siemens Healthcare, Forchheim,
Germany) with the following parameters: 1-s gantry rotation
time, 128 x 0.6-mm slice collimation using a z-flying focal
spot, 50 mAs tube current at 100 kV tube voltage, tube current
modulation switched off (CareDose4D).

In both groups, patient position was supine with a slight
reclination of the head to obtain a parallel alignment of the
upper jaw to the gantry, to minimize artefacts from dental
hardware. The scan range included the roof of the frontal
sinuses to the alveolar process of the maxillary sinus. 3-mm
axial, 3-mm coronal as well as 3-mm sagittal images were
reconstructed from the raw data set, using both bone and soft
tissue kernels. Bf36d and Br64d were used as soft tissue and
bone kernel in DSCT, H30s and H70h in SSCT. Additionally,
thin slices in axial orientation (0.6-mm slice thickness, 0.5-
mm increment) were reconstructed for multiplanar reforma-
tion evaluation and transferred to a 3D workstation (SyngoVia
VA30A, Siemens Healthcare, Forchheim, Germany). No
iterative reconstruction algorithms were used for image
reconstruction.

Subjective image quality

Parameters were evaluated independently by two radiologists
blinded to all clinical data. Image quality was assessed using a
five-point Likert scale: 1, non-diagnostic; 2, limited diagnostic
value with substantial image noise and artefacts; 3, diagnostic,
sufficient image quality; 4, diagnostic, good image quality; and 5,
diagnostic, excellent image quality. This scale was applied on
overall image noise and diagnostic acceptability of mastoid cells,
carotid canal at the skull base, lamina papyracea, lamina cribrosa,
bony septae of the ethmoid cells, uncinate process, nasal con-
chae, eye bulb, eye muscles, retrobulbar fat and optic nerve. The
overall rating for each protocol was defined by the worst rating of
these structures. Mucosal structures of the maxillary, ethmoid,
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frontal and sphenoid sinuses were also evaluated. Mucosal thick-
ening was any thickening of more than 4 mm in at least one wall
of the sinuses.

Objective image quality

To obtain and compare objective parameters between the two
acquisition protocols, regions of interest (ROIs) were placed
on axial 3-mm soft tissue reconstructions in both eye globes,
in the retrobulbar fat and in the maxillary sinus. ROIs with at
least an area of 2 mm?® were measured to obtain attenuation
values (a). Standard deviations (SDs) of these measurements
were considered as image noise (n) and contrast to noise ratios
(CNRs) were calculated by division of attenuation differences
between eye globes and air as well as retrobulbar fat and eye
globes with image noise according to the equation:
CNR =(al-a2)/n. “n” always corresponds to the average im-
age noise of the first mentioned structure in the CNR formula.

To account for anatomic differences between patients, the
ROIs were chosen as large as possible, while carefully
avoiding image artefacts and adjacent structures in order to
prevent partial volume effects.

Estimation of radiation exposure

The estimation of the effective radiation dose associated with the
CT examination was based on the dose-length product (DLP)
and calculated using the following formula according to
International Commission on Radiological Protection
Publication 103 (ICRP 103): DLP [mGy x cm] x 0.0019 [mSv
X mGy71 x cm '] [13]. DLP values were derived from the patient
protocol. Because the Sn100kV examinations are referenced to a
32-cm phantom in the patient protocol, the values had to be
converted to match the 16-cm phantom [13]. The respective
conversion factor for the CT system used in this study was 2.5.

Statistical analysis

Values are given as the mean+SD or as the median. Mann—
Whitney U testing was performed for radiation exposure com-
parison between both groups and for comparison of subjective
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and objective image quality. Inter-rater and intra-rater agree-
ment was assessed using Cohen's kappa test; kappa values
>0.41 were interpreted as moderate; kappa-values >0.61 as
substantial; and kappa-values >0.81 as almost perfect agree-
ment according to Landis and Koch [14].

Significance levels of 0.05 were assumed. Statistical anal-
ysis was performed using software (SPSS Statistics, Version
19, SPSS Inc./IBM, Chicago, IL, USA).

Results
Phantom study

For all phantom scans, CTDI,, was identical (4.4 mGy).
Using 100 kV and 50 mAs for the 16-cm acrylic CTDI phan-
tom, image noise was significantly lower with DSCT as com-
pared to SSCT (12+0.6 vs.11£0.6, p<0.05). Using 100 kV
with tin filtration and 508 mAs, image noise was even lower
(10£0.6, p<0.05, see Fig. 1). Removing the low-energy pho-
tons from the 100-kV spectrum with tin filtration affected the
mean attenuation [134=+3 Hounsfield units (HU)] compared
to identical values without tin filtration on both CT systems
(118+3 HU DSCT and 118+2 HU SSCT).

See Table 2 for the Gammex 464 results.

Patient study

Overall image quality was rated diagnostic by the readers in
all patients; no study had to be repeated.

In the study group, 40/62 patients had mucosal disease, 8
patients had prior surgery and recurrent mucosal swelling; in
22 patients, mucosal disease was ruled out.

In the control group, 51/65 patients had mucosal disease, 6
patients had prior surgery and recurrent mucosal swelling, and
in 14 patients, mucosal disease was ruled out.

For the nasal conchae, uncinate process and the bony septae
of the ethmoid cells, subjective image quality was comparable
between the study and control group. For all other soft-tissue and
bone-containing structures, image quality was different between
both groups. For detailed results, see Table 3.

alc a)

™

Fig.1 Image examples of the phantom study for A) SSCT with 100 kVand 50 mAs, B) DSCT with 100 kVand 50 mAs and C) DSCT with Sn100kV and
508 mAs. Reduced image noise using DSCT with tin filtration compared to the other protocols with identical CTDI,;
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Table 2 Mean attenuation and standard deviation of the evaluated structures in the phantom study using the Gammex 464

Scan protocol AS+ FORCE FORCE FORCE
kV 100 100 Sn100 Sn100
mAs 50 50 508 508
Mean attenuation Standard deviation Mean attenuation Standard deviation Mean attenuation Standard deviation
Polyethylene —-101 16 -107 12 =50 11
Bone 1069 20 1132 31 907 18
Water 0 15 1 12 2 12
Acrylic 134 16 136 13 151 12
Air -1023 1 -1023 2 -1023 2

Bony structures (mastoid cells, nasal conchae etc.) were diag-
nostic with good image quality in both groups, soft tissues (optic
nerve, retrobulbar fat etc.) were diagnostic with sufficient image
quality in the study group because of a high level of noise.

CNR values (eye globe/air and retrobulbar fat/eye globe)
were higher for the control group (92+21 vs. 69+ 11 and 11
+3 vs. 6t1). See Table 4 for HU and noise measurements.

Examples of typical cases are given in Figs. 2, 3, and 4.

Study group

Image quality of soft tissue structures (optic nerve, retrobulbar
fat etc.) were sufficient (median score =3). Mastoid and bony
septae of the ethmoid cells, nasal conchae and uncinate pro-
cess were rated excellent (median score=5) and all other
structures good (median score=4). Contour delineation of
the lamina cribrosa, the most delicate structure of this evalua-
tion, was good.

Inter- and intra-rater agreement for all evaluated structures
is given in Table 3.

Control group

Mastoid cells, bony septae of the ethmoid cells, nasal conchae,
uncinate process and retrobulbar fat were rated excellent (me-
dian=15). All other structures were rated good (median=4).
Contour delineation of the lamina cribrosa, the most delicate
structure of this evaluation, was also rated good (median=4).

Inter- and intra-rater agreement for all evaluated structures
is given in Table 3.

Radiation exposure

Radiation exposure was very low in both groups, but signifi-
cantly lower in the study group (CTDI, 1.2 mGy vs.
4.4 mGy, p<0.001).The mean effective dose of the study

Table 3  Subjective image quality for all evaluated anatomic landmarks. Values are given as mean + standard deviation

Study group Control group

Reader I Reader2 Inter-rater Intra-rater Reader I Reader2 Inter-rater Intra-rater p value

kappa value  kappa value kappa value  kappa value

Image quality 32+04 32+05 0.88 0.86 42+04 42+£04 0.89 0.85 <0.05*
Image noise 3.6£06 39+06 0.61 0.64 42+04 42+04 0.68 0.65 <0.05*
Mastoid cells 45+0.7 45+0.7 0.88 0.81 49+02 49+£03 0.78 0.80 <0.05%*
Lamina papyracea 39+0.6 4+0.7 0.66 0.65 45405 4.6+05 0.65 0.61 <0.05*
Carotid canal 38+0.6 39+08 0.64 0.61 42+04 42403 057 0.60 <0.05*
Lamina cribrosa 37+0.6 3.6+0.7 0.52 0.67 43+£05 43+£05 0.65 0.69 <0.05*
Nasal concha 48+0.5 47+£05 0.85 0.84 4.8+04 49+04 0.86 0.82 0.9
Uncinate process 44+08 45+07 0.82 0.81 4.6+05 47+£05 085 0.82 0.2
Bony septae of ethmoid cells 4.5+0.8 44+0.7 0.81 0.80 4.6+0.6 47+£0.6 0.80 0.84 0.2
Eye bulb 32+0.5 35+0.6 0.64 0.61 4+£03 39+£04 071 0.64 <0.05*
Eye muscles 34+0.5 3.6+05 0.064 0.68 4505 44+£04 0.71 0.68 <0.05*
Retrobulbar fat 33+£05 35+06 0.61 0.64 48+04 4.6+05 0.60 0.68 <0.05*
Optic nerve 34+£05 3.6+05 057 0.62 45+05 44405 0.66 0.65 <0.05*
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Table 4 Mean attenuation and
standard deviation of the AS+ FORCE
evaluated structures in the patient
study Mean attenuation Standard deviation Mean attenuation Standard deviation
Eye bulb 28 12 6 15
Retrobulbar fat —108 13 —80 15
Air —-1021 3 -976 13

protocol (tin filtration) was 0.04+0.002 mSyv (after conver-
sion) and 0.1+0.02 mSyv in the control group (»p<0.001).
DLP values were 22.5 mGycm (after conversion) in the study
group vs. 58 mGycm in the control group.

Discussion

In a recently published phantom study, a systematic evaluation
of scan protocols to optimize image quality and radiation expo-
sure on a third-generation DSCT was performed [12]. CT pro-
tocols with different tube voltage (70-150 kV), current (25-300
mAs), pre-filtration, pitch value, and rotation time were
assessed. 100 kV with tin filtration and 150 mAs has been
suggested to be the best compromise between dose and image
quality for pre-operative sinus surgery.

We could confirm this in a large patient cohort. Pre-
operative diagnostic CT of the paranasal sinuses is feasible
with diagnostic image quality and very low radiation exposure
(0.04 mSv), using 100 kV and tin filtration. All landmarks
were sufficiently visualized and diagnostic confidence was
maintained, although subjective and objective image quality
was rated higher in the control group.

Fig. 2 Images of the control
group in the upper row (A—C) and
of the study group in the lower
row (D—F), 3-mm slice thickness.
Bony structures are clearly
definable in both groups with
higher image noise in the study
group

Image quality is influenced by a number of factors. For
example, kV and mAs settings are two factors that affect the
number of X-rays detected and by that influence, image noise.
Image noise is also profoundly altered by reconstruction fil-
ters. As shown in the phantom using identical scan protocols,
third-generation DSCT enables scanning with reduced image
noise compared to SSCT, which could be attributable to a
different detector efficiency. Image noise was even further
reduced with tin filtration at similar CTDI,,. By absorbing
9/10 of the photons emitted from the X-ray tube, tin filtration
narrows and shifts the X-ray spectrum towards higher keV
levels, which explains lower image noise and higher attenua-
tion values. Spectral shaping allows for scanning at dose
levels substantially below the lower limit of recent CT sys-
tems. Using conventional pitch values, CTDI,, of 1.2 mGy is
not available in protocols at 100 kV without tin pre-filtration
on both CT systems used in our study. Image quality at com-
parable CTDI,, values at 70 kV was associated with strongly
impaired image quality, mainly due to the low-energy spectra.

Because many young patients are scheduled for CT of the
paranasal sinuses, dose reduction and, by that, image noise
reduction is an issue. Although the risk of cancer induction
may not be considered relevant for such low X-ray exposure,
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Fig. 3 Images of the control
group in the upper row (A—C) and
of the study group in the lower
row (D—F), 3-mm slice thickness.
Chronic sinusitis was observed in
both cases, but higher image noise
using tin filtration

deterministic effects associated with radiation exposure of the
eye lenses are of concern especially with repetitive examina-
tions. A number of studies suggest there may be significant
risk of cataract in populations exposed to low doses of ioniz-
ing radiation [15—17]. Cataracts have been considered to be a
deterministic effect with a threshold of 0.5-2 Gy on a short-
term base [18]. The risk of radiation-induced malignant neo-
plasms of the thyroid gland is based on a stochastic risk, on the
order of 0.0075 per Gray [19].

On the other hand, the risk of missing a present abnormality
by applying dose reduction may be of even greater relevance
than the projected risk of radiation-induced adverse effects in
the future. This issue was termed the “second risk of
radiation” by Cohen [20]. The trade-off between image qual-
ity and dose must, therefore, be well-balanced to avoid a neg-
ative impact on diagnostic accuracy.

Alternative imaging techniques include plain X-ray im-
ages, cone-beam CT (CBCT) with flat panel detectors or
magnetic resonance imaging (MRI). For the complex
anatomy of the paranasal sinus, projection radiography is not
sufficient and despite lower costs compared to other imaging
modalities, should, therefore, be avoided whenever possible
[5, 21]. CBCT is increasingly used for imaging of the
paranasal sinus because of lower cost and relatively low
radiation exposure. The downside of CBCT systems are
longer acquisition times, inadequate soft tissue resolution,
fixed scan field of view (FOV), cone beam artefacts in
image reconstruction and relatively long image
reconstruction time. MRI can also be used for exclusion of
inflammatory sinusoidal disease without any radiation
exposure. However, due to inferior visualization of the fine
bony structures, higher cost and longer examination time, this
modality is used only in specific situations.

A major limitation of this study is the use of two different
CT scanners which affects image quality, as demonstrated in
the phantom study. Our primary aim was to verify a previous-
ly proposed scan protocol in a clinical setting in a large patient
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cohort and to compare the results with our standard low dose
protocol.

Another limitation is that tin filtration is not available in the
vast majority of CT systems at the moment. Image quality of
the proposed protocol was considered to be sufficient to detect
or rule out sinusitis, to provide relevant anatomic information
for surgery and allow 3D surgical navigation. We did not in-
clude patients with other indications like trauma or cerebrospi-
nal fluid (CSF) leakage, where additional soft tissue evaluation
is necessary. We also did not investigate the potential of itera-
tive reconstruction techniques; however, they seem to negative-
ly affect the detailed delineation of bony structures [22].

In conclusion, we could demonstrate that CT of the paranasal
sinuses can be performed at very low radiation exposure
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Fig. 4 Images of the control group in the upper row (A-B) and of the
study group in the lower row (C-D), 3-mm slice thickness. Sinusitis was
observed in both cases with bony septae of the ethmoid cells and lamina
papyracea still definable
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maintaining high image quality for the diagnosis of sinusitis and
pre-operative planning using 100 kV and tin-filtration.
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