
P aranasal computed tomography (CT) has been 
used to assess paranasal diseases,  and in preoper-

ative surgery planning and image-guided navigation.  
The high-resolution CT scans that have been developed 
to improve spatial resolution with thin slices require 
high radiation doses and thus increase the risk of radia-
tion exposure.  According to the principle of “as low as 
reasonably achievable” (ALARA),  there is a need for CT 
scans with an ALARA optimal radiation dose that do 

not impair image quality.
Several methods are used to reduce the CT radiation 

dose: (1) decrease in tube current; (2) decrease in tube 
voltage; (3) use of noise reduction filters; and (4) high 
beam pitch [1-7].  However,  radiation dose reduction 
results in image noise,  which limits the filtered back 
projection (FBP) for CT scans.  With the development 
of the CT reconstruction algorithm,  two types of itera-
tive reconstruction (IR),  hybrid IR and model-based 
IR,  have been applied to clinical practice as alternative 
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Iterative reconstruction (IR) improves image quality compared with filtered back projection (FBP).  This study 
investigated the usefulness of model-based IR (forward-projected model-based iterative reconstruction solution 
[FIRST]) in comparison with FBP and hybrid IR (adaptive iterative dose reduction three-dimensional process-
ing [AIDR 3D]) in low-dose paranasal CT.  Twenty-four patients with paranasal sinusitis who underwent stan-
dard-dose CT (120 kV) and low-dose CT (100 kV) scanning before and after medical treatment were enrolled.  
Standard-dose CT scans were reconstructed with FBP (FBP120),  and low-dose CT scans with FBP (FBP100),  
AIDR 3D,  and FIRST.  The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) in three anatomical 
structures and effective doses were compared using Mann–Whitney U test.  Two radiologists independently 
evaluated the visibility of 16 anatomical structures,  overall image quality,  and artifacts.  Effective doses in low-
dose CT were significantly reduced compared with those in standard-dose CT (0.24 vs 0.43 mSv,  p< 0.001).  
FIRST achieved significantly higher SNR (p< 0.01,  respectively) and CNR (p< 0.001,  respectively) of evaluated 
structures and significant improvement in overall image quality (p< 0.001),  artifacts (p< 0.001),  and visibility 
related to muscles (p< 0.05) compared to FBP120,  FBP100,  and AIDR 3D.  FIRST allowed radiation-dose reduc-
tion,  while maintaining objective and subjective image quality in low-dose paranasal CT.
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methods of FBP [8-14].  One type of hybrid IR is adap-
tive iterative dose reduction three-dimensional process-
ing (AIDR 3D; Canon Medical Systems),  which can 
achieve lower image noise than FBP [5 , 6].  
Additionally,  a newer technique,  a type of model- 
based IR,  forward-projected model-based iterative 
reconstruction solution (FIRST; Canon Medical 
Systems),  has been implemented to reduce image noise 
and maintain spatial resolution [9 , 10 , 12 , 14].  FIRST 
reduces image noise and streak artifacts compared with 
AIDR 3D [9 , 12 , 14].  To the best of our knowledge,  
however,  no previous study has assessed the image 
quality of FBP,  AIDR 3D,  and FIRST in paranasal CT 
with different radiation doses.

In the present study,  therefore,  we evaluated the 
subjective and objective image quality in low-dose para-
nasal CT with FIRST,  in comparison with standard- 
dose and low-dose CT with FBP and AIDR 3D,  in clin-
ical cases of paranasal sinusitis.

Materials and Methods

This retrospective study was approved by the institu-
tional review board and the requirement for informed 
consent was waived.

Study patients. The inclusion criteria were as 
follows: (i) patients who underwent 320-row unen-
hanced CT for the assessment of paranasal sinusitis 
before and after medical treatment between August 
2017 and June 2018; (ii) patients who underwent a sec-
ond CT scan within 6 months after the start of medical 
treatment.  Twenty-seven patients met these criteria.  
We excluded (i) patients who underwent previous sur-
gery (n = 2) and (ii) a patient who experienced paranasal 
sinus trauma (n = 1).  Thus,  24 patients were enrolled in 
this study.

CT protocol. All CT scans with volume scanning 
were performed using a 320-row CT scanner (Aquilion 
ONE; Canon Medical Systems) within the range of 
12 cm above the inferior edge of the maxillary bone.  
The pre-treatment tube voltage of the initial CT scan 
was 120 kV,  while that of the second scan was 100 kV.  
The other CT scanning parameters were the same for 
both scans: collimation,  240 × 0.5 mm; tube current,  
auto exposure control (AEC) with a kernel of FC 04 
under the standard deviation (SD) of 9 HU for the stan-
dard-dose CT scans and 12 HU for the low-dose CT 
scans; gantry rotation time,  0.5 s.  The imaging field of 

view (FOV) was 180 × 180 mm,  and the pixel size was 
0.35 × 0.35 mm.

Imaging reconstruction. All scan datasets were 
converted to axial and coronal CT scans with a slice 
thickness of 3 mm without any overlap.  Image recon-
struction was performed for the standard-dose CT scans 
with FBP (FBP120),  the low-dose CT scans with FBP 
(FBP100),  AIDR 3D (strong mode),  and FIRST (BRAIN 
mode).  All image assessments were performed on a 
commercially available workstation (Ziostation2;  
Ziosoft).  A soft tissue condition for CT scans with FBP 
and AIDR 3D was reconstructed using a soft tissue ker-
nel (FC04).  Soft tissue conditions were displayed with 
30/250 Hounsfield units (HU) of window level/width.  
A bony condition was set with edge enhancement and 
600/3000 HU of window level/width.

Radiation dose. The radiation dose was expressed 
as the CT dose index volume (CTDIvol) and dose-length 
product (DLP) taken from the patient’s protocol.  The 
effective radiation dose was calculated by multiplying 
DLP with a conversion factor of head range 
(0.0019 mSv × mGy−1 × cm−1).

Objective analysis. A circular region of interest 
(ROI; size,  5-10 mm2) was placed on the targeted ana-
tomical structures by a board-certified radiologist with 
9 years of experience in head and neck radiology who 
was blinded to the identity of the patient.  Image noise 
was defined as the standard deviation (SD) of attenua-
tion values (HU) in the ventricle,  pons,  subcutaneous 
fat on the maxilla,  and lateral pterygoid muscle.  The 
signal-to-noise ratios (SNRs) for the pons,  subcutane-
ous fat on the maxilla,  and lateral pterygoid muscle 
were calculated as follows: SNR=mean HU/image noise.  
Contrast-to-noise ratios (CNRs) were calculated as fol-
lows: CNR = (HU [pons,  subcutaneous fat on the max-
illa,  and lateral pterygoid muscle] − HU [ventricle])/SD 
[ventricle].

Subjective analysis. Two board-certified radiolo-
gists with 9 and 14 years of experience in head and neck 
radiology,  respectively,  who were blinded to the iden-
tity o the patients evaluated the visibility of the pons,  
eye globe,  optic nerve,  inferior orbital muscles,  lateral 
pterygoid muscle,  medial pterygoid muscle,  masseter 
muscle,  prevertebral muscle,  levator veli palatini mus-
cle,  cribriform plate,  lamina papyracea,  middle turbi-
nate,  nasal septum,  frontal sinus,  spheno-ethmoid 
sinus,  and maxillary sinus.  Grading of visibility was 
performed using a 5-point scale (1 = undetectable;  
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2 = poor,  major loss of visibility; 3 = fair,  partial loss of 
visibility; 4 = good,  minimal loss of visibility,  but pres-
ervation of all anatomical details; 5 = excellent,  visibil-
ity of all anatomical details).  Additionally,  the radiolo-
gists evaluated the overall image quality with a 5-point 
scale (1 = undiagnostic image quality; 2 = poor image 
quality; 3 = acceptable image quality; 4 = good image 
quality; 5 = excellent image quality) and artifacts with a 
4-point scale (1 = severe artifact affecting diagnosis;  
2 = moderate artifact affecting the structure visibility;  
3 = slight artifact not affecting the visibility of any struc-
ture; 4=no detectable artifact).

Statistical analysis. Quantitative and qualitative 
image analyses of FBP120,  FBP100,  AIDR 3D,  and FIRST 
were performed using the Mann–Whitney U test.  The 
interobserver agreement was calculated using the inter-
class correlation coefficient (ICC),  and values < 0.20 
were interpreted as slight,  0.21-0.40 as fair,  0.41-0.60 as 
moderate,  0.61-0.80 as substantial,  and > 0.81 as 
almost perfect.  Statistical analysis was performed using 
JMP Pro 14.2.0 software (SAS Institute).  A p value of 
< 0.05 was considered significantly different.

Results

Radiation dose. Table 1 shows the comparisons 
of the CTDIvol,  DLP,  and effective dose between the 
standard-dose and low-dose CT.  Significant differences 
in the CTDIvol,  DLP,  and effective dose were observed 
between the standard-dose CT and low-dose CT 
(p < 0.001,  for all).

Objective analysis. The image noise,  SNR,  and 
CNR of the targeted structures are summarized in Table 
2.  For each structure,  FIRST showed a significantly 
higher SNR (p < 0.01,  respectively) and CNR (p < 0.001,  
respectively) than FBP120,  FBP100,  or AIDR 3D.  The 
SNR and CNR of the pons,  subcutaneous muscle on the 
maxilla,  and lateral pterygoid muscle of AIDR 3D were 
higher (p < 0.001,  respectively) than those of FBP120 and 

FBP100.
Subjective analysis. Table 3 compares the perfor-

mance of the reconstruction algorithms during the 
subjective evaluations.  FIRST showed significantly 
higher overall image quality than FBP120,  FBP100,  or 
AIDR 3D (p < 0.001,  respectively).  Additionally,  FIRST 
achieved a significantly greater reduction in artifacts 
compared to FBP120,  FBP100,  and AIDR 3D (p < 0.001,  
respectively).  All three reconstruction algorithms 
achieved sufficient visibility of all anatomical structures 
in the CT scans.  Qualitative analyses of the targeted 
muscles showed the image quality was significantly 
higher with FIRST than with FBP120,  FBP100,  or AIDR 
3D (p < 0.05,  respectively).  The ICCs for the qualitative 
analyses were 0.51-1.00.  Figure 1 shows a representa-
tive case of lower image quality in the quantitative and 
qualitative analyses in CT with FBP120,  FBP100,  and 
AIDR 3D than FIRST.

Discussion

Low-dose paranasal CT was associated with a 44.2% 
reduction in radiation dose compared to the standard- 
dose CT in this study.  FIRST achieved a significantly 
higher objective and subjective image quality than 
FBP120,  FBP100,  and AIDR 3D.  Therefore,  FIRST can 
provide a useful image quality in low-dose paranasal 
CT.

Cumulative radiation exposure can cause radiation- 
induced diseases through repetitive CTs [15 , 16].  There 
is a tradeoff relationship between radiation dose and 
image noise in CT.  Thus,  different CT techniques for 
reducing the radiation dose while maintaining image 
quality have been evaluated.  One of these techniques is 
IR,  which has been classified into hybrid and model- 
based IR.  Hybrid IR incorporates a noise reduction 
technique in the raw data and image data domain [17].  
We expect that model-based IR will continue to 
improve image quality defects resulting from the lack of 
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Table 1　 Comparisons of CTDIvol,  DLP,  and the effective dose between the standard-dose and low-dose CT

120 kVp 100 kVp Reduction ratio

CTDI (mGy) 17.10±2.77 9.92±1.59 41.83% <0.001
DLP (mGy×cm) 224.90±48.12 128.30±28.30 42.72% <0.001
Effective dose (mSv) 0.43±0.09 0.24±0.05 44.19% <0.001

CTDIvol,  the CT dose index volume; DLP,  dose-length product.
＊indicates a significant difference.
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sufficient photons.  Model-based IR has been shown not 
to impair image quality in low-dose CT scans of the 
neck,  chest,  and abdomen [9 , 13 , 18-20].  The perfor-
mance of low-radiation-dose paranasal CT was reported 
in previous studies.  May et al.  described that a noise 
reduction filter reduced the radiation dose and 
improved image noise in low-dose paranasal CT [3].  
However,  most CT scanners do not have noise reduc-
tion filters [3].  Some studies have described that CT 
scans with a low tube voltage of 70 kV without IR 
showed acceptable subjective image quality equivalent 
to that of CT scans with 120 kV as a standard radiation 
dose [7 , 21].  However,  they also found that image 
noise was significantly higher in CT scans with 70 kV 
than 120 kV,  since the reducing radiation dose 
increased the image noise.  IR has also been applied to 
low-dose paranasal CT.  Schaafs et al.  and Schulz et al.  
have described that hybrid IR reduced radiation doses 
while maintaining image quality compared to FBP in 
paranasal CT scans using different tube currents and 
tube voltages [10 , 11].  Hoxworth et al.  reported that 
VEO (GE Healthcare),  one of the model-based IRs,  
significantly reduced image noise compared to FBP in 
paranasal CT with 20 mA and 120 kV (2.9 mGy) [22].  
However,  to our knowledge there has been no compar-
ison between hybrid IR and model-based IR in the con-
text of paranasal CT.  Additionally,  the detailed infor-
mation of model-based IR algorithms provided by CT 
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A B

C D

Fig. 1　 A 62-year-old female patient with paranasal sinusitis.  CT 
images are reconstructed with (A) filter-back projection in stan-
dard-dose CT (FBP120); (B) filter-back projection (FBP100); (C) 
adaptive iterative dose reduction three-dimensional processing 
(AIDR 3D); (D) forward-projected model-based iterative reconstruc-
tion solution (FIRST) in low-dose CT.  The artifacts and image noise 
were reduced in CT with FIRST compared with FBP120,  FBP100,  and 
AIDR 3D at the level of the maxillary bone.

Table 3　 Comparisons of subjective image quality between FBP120,  FBP100,  AIDR 3D,  and FIRST

FBP120 FBP100 AIDR 3D FIRST FBP120 
vs FBP100

AIDR 3D 
vs FBP120

AIDR 3D 
vs FBP100

FBP120 
vs FIRST

FBP100 
vs FIRST

AIDR 3D 
vs FIRST

Pons 3.63±0.57 3.17±0.47 3.63±0.53 3.71±0.50 <0.001＊ 0.80 <0.001＊ 0.29 <0.001＊ 0.40
Eye globe 4.04±0.20 3.88±0.44 4.13±0.33 4.19±0.46 0.019＊ 0.14 0.003＊ 0.037＊ 0.001＊ 0.41
Optic nerve 4.00±0.41 3.75±0.53 4.04±0.50 4.23±0.66 0.011＊ 0.65 0.007＊ 0.032＊ <0.001＊ 0.10
Inferior rectus muscle 4.27±0.57 4.13±0.61 4.45±0.50 4.71±0.54 0.24 0.12 0.008＊ <0.001＊ <0.001＊ 0.009＊

Lateral pterygoid muscle 4.08±0.40 4.06±0.24 4.54±0.50 4.79±0.41 0.73 <0.001＊ <0.001＊ <0.001＊ <0.001＊ 0.01＊

Medial pterygoid muscle 3.83±0.43 3.94±0.24 4.23±0.56 4.81±0.39 0.18 <0.001＊ 0.001＊ <0.001＊ <0.001＊ <0.001＊

Masseter muscle 4.04±0.20 3.96±0.20 4.27±0.45 4.94±0.24 0.048＊ 0.002＊ <0.001＊ <0.001＊ <0.001＊ <0.001＊

Prevertebral muscle 4.23±0.52 4.08±0.35 4.65±0.48 4.92±0.35 0.09 <0.001＊ <0.001＊ <0.001＊ <0.001＊ <0.001＊

Levator veli palatini muscle 3.94±0.32 3.97±0.39 4.60±0.49 4.90±0.37 0.59 <0.001＊ <0.001＊ <0.001＊ <0.001＊ <0.001＊

All bony structures 5.00±0.00 5.00±0.00 5.00±0.00 5.00±0.00 1.00 1.00 1.00 1.00 1.00 1.00

Overall image quality 3.85±0.36 3.38±0.49 4.19±0.39 4.58±0.65 <0.001＊ <0.001＊ <0.001＊ <0.001＊ <0.001＊ <0.001＊

Artifact 3.00±0.00 3.00±0.00 3.25±0.44 3.83±0.52 1.00 <0.001＊ 0.012＊ <0.001＊ <0.001＊ <0.001＊

FBP120,  FBP with 120 kV; FBP100,  FBP with 100 kV; AIDR 3D,  adaptive iterative dose reduction three dimensional processing; FIRST,  forward- 
projected model-based iterative reconstruction solution.
＊indicates a significant difference.



vendors remains largely hidden.  Thus,  each model- 
based IR in paranasal CT must be evaluated inde-
pendently,  with optimal CT parameters and radiation 
doses.  In our study,  FIRST was associated with higher 
image quality than FBP120,  FBP100,  and AIDR 3D.  
Regarding objective and subjective analyses in low-dose 
CT scans,  FIRST was superior to FBP100 and AIDR 3D 
due to its reduction of image noise and artifacts.  FIRST 
incorporates an algorithm that eliminates the 
beam-hardening artifact,  avoids raw data undershoot,  
and shows fewer artifacts than AIDR 3D.  FIRST had a 
reconstruction time of approximately 190 seconds in 
this study.  However,  we believe that the time con-
straints will be less important in a clinic.

Our study has some limitations.  First,  we did not 
determine the optimal tube voltage for low-dose para-
nasal CT.  Second,  the small cohort size in this study 
limited our statistical power.  Third,  the ROI was man-
ually placed to evaluate objective image quality.  Fourth,  
different SD settings were used for AEC.  Although the 
consistent use of a single CT protocol would be prefera-
ble,  the use of FIRST in low-dose CT would further 
improve the image quality under the same SD settings,  
because the SD was higher on low-dose CT than that on 
standard-dose CT.  Fifth,  soft tissue and bony condi-
tions were displayed with fixed window levels/widths.  
The images with different tube voltages might show 
different visibility.  Additional and well-powered studies 
with optimized settings will be needed.

In conclusion,  FIRST was associated with improved 
image quality in low-dose CT.  FIRST demonstrated 
higher image noise reduction than either FBP or AIDR 
3D.
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