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Abstract

Objective

To step-wise evaluate image quality of sinogram-affirmed iterative reconstruction (SAFIRE)

in reduced-dose (RD) thoracoabdominal computed tomography (CT) compared to full-dose

(FD) and RD filtered back projection (FBP) in a longitudinal study.

Materials and methods

122 patients were included in this prospective study. 49 patients (14 men: mean age ± SD,

56±0.4 years; 35 women: 58±1.3 years) completed FD, RD1 (80%-dose) and RD2 (60%-

dose) thoracoabdominal CT. Each CT dataset was reconstructed with FBP and SAFIRE.

For quantitative image analysis image noise was measured in defined tissue regions. Quali-

tative image evaluation was performed according to the European Guidelines on Quality cri-

teria for CT. Additionally artifacts, lesion conspicuity, and edge sharpness were assessed.

Results

Compared to FD-FBP noise in soft tissue increased by 12% in RD1-FBP and 27% in RD2-

FBP reconstructions, whereas SAFIRE lead to a decrease of 28% (RD1) and 17% (RD2),

respectively (all p <0.001). Visually sharp reproduction, lesion conspicuity, edge sharpness

of pathologic findings, and overall image quality did not differ statistically significant between

FD-FBP and RD-SAFIRE datasets. Image quality decreased in RD1- and RD2-FBP com-

pared to FD-FBP, reaching statistically significance in RD2 datasets (p <0.001). In RD1-

and RD2-FBP (p <0.001) streak artifacts were noted.
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Conclusion

Using SAFIRE the reference mAs in thoracoabdominal CT can be reduced by at least 30%

in clinical routine without loss of image quality or diagnostic information.

Introduction

The increase in radiation exposure from diagnostic testing is of growing concern. From 1980

to 2010 the annual per capita diagnostic radiation dose in the United States increased four to

five times from 0.5 mSv to 2.3 mSv [1, 2]. Although CT accounts for less than 20% of all radio-

logical examinations performed, it is responsible for more than two thirds of the cumulative

effective dose in medical imaging [3]. Especially in patients with cancer who undergo frequent

follow-up CT examinations collective radiation burden is high.

To lower radiation exposure, different image acquisition techniques like tube current mod-

ulation [4], automatic exposure control (AEC) [5], and tube potential selection [6] have been

developed. Tube current correlates to dose in a linear fashion and hence, reductions of the

tube current lead to a decline in radiation dose values. The challenge in CT is to keep radiation

dose to a minimum, while guaranteeing diagnostic image quality. Decreasing radiation expo-

sure is associated with an increase in image noise and at a certain level results in unacceptable

loss of diagnostic performance [7]. To overcome these limitations and improve image quality

in reduced-dose (RD) CT, iterative reconstruction techniques, as a rather old method for

image optimization [8], are increasingly applied in clinical routine. Each CT vendor has intro-

duced a different iterative reconstruction technique [9]. Sinogram-affirmed iterative recon-

struction (SAFIRE, Siemens Healthcare, Forchheim, Germany) is an algorithm applied on

Siemens CT systems without Stellar detectors. It has been demonstrated in previous studies,

that the higher image noise of RD abdominal CT can be minimized with iterative reconstruc-

tion algorithms, thus enabling substantial radiation dose savings with preserved diagnostic

image quality [10, 11]. For the SAFIRE-algorithm up to 75% dose reduction have been

reported in abdominal CT [12, 13]. Previous studies employing SAFIRE were predominantly

performed with dual-source CT scanners. Mostly a fixed splitting of tube current to both X-

ray tubes (e.g., 50% of total reference mAs each) for the reconstruction of half-dose and full-

dose (FD) images was used [7, 14–16]. Few investigations acquired different radiation expo-

sure levels (e.g., 100%, 75%, 50%, 37.5%, 25%, and 12.5%) from the same CT acquisition [12].

The purpose of this prospective longitudinal investigation is to evaluate the effects of SAFIRE

on objective and subjective image quality in comparison to FBP in a clinical setting on a single

source CT system. Therefore, three consecutive thoracoabdominal CT scans with a step-wise

dose reduction from 100% to 80% and 60% were performed.

Materials and methods

Study population

The institutional review board of the Faculty of Medicine of the University of Erlangen-

Nuremberg approved the study, and written informed consent was obtained from all subjects.

The investigation was conducted according to the principles of the Helsinki Declaration.

Patients were recruited and examined between May 2013 and April 2015. Exclusion criteria

from study were history of allergic reaction to iodined contrast material, renal insufficiency

(glomerular filtration rate< 45 mL/min/1.73m2) or hyperthyroidism. Significant changes in
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clinical performance (change of body weight > 4 kg), change of lesion size > 20%, appear-

ance/disappearance of ascites) between the three examinations were further exclusion criteria.

One hundred and twenty-two consecutive patients, referred for tumour staging, underwent

FD thoracoabdominal CT. There were several drop-outs due to death (n = 14), exclusion crite-

ria from study (change in lesion size or body weight, n = 28), and missing or restaging at a dif-

ferent institution within the study period (n = 31). Finally, data of FD scans and two RD

follow-up CT examinations with 20% and 40% dose reduction were available in forty-nine

patients (14 men: mean age ± SD, 56 ± 10.4 years; 35 women: 58 ± 11.3 years). Underlying

tumour disease was as follows: breast cancer, n = 17; ovarial/cervical carcinoma, n = 16; colon

cancer, n = 6; renal tumour, n = 4; others, n = 6).

Patients’ characteristics are provided in Table 1. One patient was underweight (body mass

index, BMI < 18.5 kg/m2), 28 were of normal weight (BMI = 18.5–24.9 kg/m2), 13 patients

were overweight (BMI = 25.0–29.9 kg/m2), and seven patients were obese (BMI > 30.0 kg/m2).

CT protocol

CT examinations were performed on a 128-slice multidetector-row CT scanner (Somatom Def-

inition AS+, Siemens Healthcare, Forchheim, Germany). All CT data was acquired with acti-

vated automatic exposure control (CARE Dose 4D, Siemens Healthcare, Forchheim, Germany).

CT scan parameters for FD and RD examinations were: tube voltage, 120 kV; slice collimation,

128 x 0.6; rotation time, 0.5 seconds; pitch, 0.9. Tube current time product was 210 reference

mAs in FD, 170 ref. mAs in RD1 (80% dose), and 130 ref. mAs in RD2 (60% dose) CT, respec-

tively. 100 ml of Iopromide (Ultravist 370, Bayer-Schering Healthcare, Berlin, Germany) was

injected through a 20-gauge antecubital vein catheter with a flow rate of 3 mL/s, followed by 50

mL 0.9% saline. Scan delay was set at 70 seconds after the start of contrast injection to achieve a

portal venous phase. A craniocaudal scan direction was chosen and all CT imaging data were

acquired with a breath hold in deep inspiration to eliminate respiratory motion artifacts.

Image reconstruction

All examinations were reconstructed with FBP and SAFIRE with a reconstruction field of view

adapted to body habitus. Thick slices (slice thickness / increment, 5 mm / 5 mm) were used for

image quality and quantity assessment, thin slices (0.75 mm / 0.5 mm) for 3D reconstructions.

A standard soft tissue convolution kernel (B31) was applied for FBP datasets.

Five presets (strength 1–5) are available for noise suppression with SAFIRE. We used a

medium strength level of 3 in all patients.

Image analysis

Datasets were transferred to a 3D image processing workstation (Syngo Via, Siemens Healthcare,

Forchheim, Germany) after removing patient and scanning information and the type of image

Table 1. Patients’ physical characteristics.

Physical characteristics men (n = 14) women (n = 35)

Age (yr) 56±10.4 58±11.3

Height (m) 1.75±0.07 1.63±0.06

Body weight (kg) 75.3±13.2 67.7±12.6

BMI (kg/m2) 27.3±5.1 24.5±4.2

Data are indicated as mean ± standard deviation.

BMI = body mass index.

https://doi.org/10.1371/journal.pone.0180302.t001
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reconstruction. To assess subjective and objective image quality, CT datasets were independently

analyzed in random order by two board certified radiologists with 5 and 19 years of experience

in thoracoabdominal CT imaging, respectively. At the time of study conduction readers experi-

ence with SAFIRE was one and three years, respectively. Radiologist applied iterative reconstruc-

tion algorithms (e.g., Iterative Reconstruction in Image Space, IRIS) for three and ten years

before this study, respectively. All six image datasets of each subject were simultaneously dis-

played with a preset soft tissue window (W/C = 380/50 HU). Brightness and resolution on the

viewing monitor was identical during the reading sessions. For objective image quality image

noise in the datasets was measured as the standard deviation of the pixel values from a homoge-

neous, circular region of interest (ROI) in soft tissue (liver segment 6, spleen, gallbladder, aorta,

left and right erector spinae muscles, Fig 1) and air. Size of ROI in soft tissue and air was 1.5 cm2.

Due to prior surgery the gallbladder (n = 8) or spleen (n = 3) was not present in every patient. In

the liver and spleen, care was taken not to include any major blood vessel or lesion in the ROI.

Using a copy function, the identical ROI location was used for all datasets of every single subject.

Subjective image quality was assessed according to the European Guidelines on Quality Cri-

teria for CT [17]. Visually sharp reproduction of anatomic regions (liver parenchyma and

common biliary tract, pancreas, kidney, vessels, lymph nodes and adipose tissue) was rated on

a dichotomic scale (1, yes; 2, no). Image noise and spatial resolution were evaluated on a 3

point scale (1, too little; 2, optimum; 3, too much) and overall diagnostic acceptability on a 4

point scale (1, fully acceptable; 2, probably acceptable; 3, only acceptable under limited condi-

tions; 4, unacceptable). In addition, each radiologist assessed for presence of any image arti-

facts which were categorized into windmill or helical artifacts, streak or beam hardening

artifacts, and truncation artifacts. Anatomic location of each artifact was recorded. Finally, the

influence of artifacts on diagnostic evaluation was graded on a four point scale (1 = no artifact,

2 = minor artifacts not affecting the visualization of any structure, 3 = artifacts affecting visual-

ization of normal structure, and 4 = major artifacts affecting diagnostic information).

Pathologic findings were assessed for lesion conspicuity and edge sharpness. Lesion conspi-

cuity was divided in five categories (0, no lesion; 1, fully visible; 2, predominantly visible; 3, vis-

ible under limited conditions; 4, not visible). Edge sharpness was graded on a four point scale

(1, totally sharp; 2, predominantly sharp; 3, sharp with limitations; 4, not sharp).

Radiation dose estimates

Radiation dose parameters were assessed from the patient protocol. The average effective dose

(ED) was retrospectively calculated by multiplying the dose-length product (DLP) value by a

region-specific conversion factor (κ = 0.015 mSv x mGy-1 x cm-1) [18].

Statistical analysis

Computations were performed using SPSS version 21.0 (SPSS, Chicago, Illinois, USA). All var-

iables are expressed as mean value ± standard deviation. Throughout the analysis, a 2-sided p

value <0.05 was considered statistically significant. To compare the density values and image

noise within the reconstructed datasets 1-way ANOVA (analysis of variance) and subsequent

Bonferroni post hoc tests were performed. We conducted qualitative image analysis with non-

parametric Friedman-ANOVA and subsequent post hoc tests as proposed by Conover [19].

Interobserver agreement on image quality was evaluated using Cohen’s kappa statistics.

Results

All CT scans were successfully completed and considered satisfactory with regard to diagnostic

image quality. There was no significant difference in the BMI of the patients included in the
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Fig 1. Quantitative image assessment. Quantitative image analysis in a 65-year-old woman with body mass index of 27. Transverse images

obtained with FD-FBP (A), FD-SAFIRE (B), RD1-FBP (C), RD1-SAFIRE (D), RD2-FBP (E), and RD2-SAFIRE (F). FD = full dose, RD = reduced
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final analysis between the three CT scans: mean BMI ± standard deviation was 26.2 ± 5.7 kg/

m2 for the initial scan, 25.9 ± 5.3 kg/m2, and 25.7 ± 5.4 kg/m2 for the two follow-up scans. Scan

range length was 60.8 ± 14.2 cm (FD), 62.1 ± 15.4 cm (RD1), and 59.9 ± 16.2 cm (RD2). Mean

scan length was 61 ± 12 cm, resulting in a mean scan time of 10 ± 3 seconds. Image reconstruc-

tion of 0.75 mm / 0.5 mm datasets with FBP was performed in a mean time of 38 ± 5 seconds.

The SAFIRE-algorithm took 49 ± 8 seconds. Thus, SAFIRE was associated with a 1.3–fold

increase in reconstruction time.

Radiation dose estimates

Parameters of radiation dose are detailed in Table 2. Although the reference mAs in the two

RD scans was reduced in 20% steps, automatic exposure control lead to a decrease in volume

CT dose index (CTDIvol) by 6.7% and 30.5%, respectively. Box and whisker plot demonstrates

ED reduction in RD compared to FD scans (Fig 2). Both outliers above average study group

dose values in RD1 and RD2 were obese patients.

Quantitative image analysis

Mean density (Hounsfield units, HU) and mean image noise values are provided in Table 3. No

statistically significant differences in mean HU were found within the datasets. Analysis of vari-

ance for image noise in soft tissue (liver, spleen, aorta, gallbladder, left and right erector spinae

muscles) and air differed statistically significant (all p values<0.001). Compared to FD-, RD1-,

and RD2-FBP reconstructions lower mean image noise values were found for all measured soft

tissue regions and air with SAFIRE. Post hoc Bonferroni tests showed statistically significant dif-

ferences for all datasets, except for comparison of image noise between FD-FBP and RD2-SA-

FIRE reconstructions in spleen (p = 0.23), aorta (p = 0.29), and erector spinae muscles (right:

p = 0.14; left: p = 0.29). Compared to FD-FBP mean image noise in soft tissue increased by 12%

and 27% in RD1- and RD2-FBP reconstructions (both p<0.001). In contrast, when comparing

RD-SAFIRE to FD-FBP reconstructions a decrease of mean image noise by 28% (RD1) and

17% (RD2) was found (both p<0.001). Due to non-Gaussian distribution differences of RD

and FD reconstructions measured in air were smaller (FBP 9%/18%; SAFIRE -9%/0%) as values

below -1024 HU are truncated.

Highest noise levels on CT examinations were found in obese patients, especially in RD

images. All SAFIRE datasets allowed confident and accurate interpretation of soft tissue lesions

dose (RD1 = 80% dose, RD2 = 60% dose), FBP = filtered back projection, SAFIRE = sinogram-affirmed iterative reconstruction. Image noise

was measured in six defined soft tissue regions (liver, spleen, aorta, gallbladder, left and right erector spinae muscles) and air. For reasons of

clarity regions of interest are only shown in RD2-FBP (E). Compared to FD-FBP mean image noise in soft tissue significantly (p <0.001)

increased in RD1- and RD2-FBP reconstructions whereas mean image noise in RD-SAFIRE reconstructions significantly decreased (p <0.001).

https://doi.org/10.1371/journal.pone.0180302.g001

Table 2. Radiation dose estimates.

CTDIvol (mGy) DLP (mGy x cm) ED (mSv)

FD 10.5±2.4 (range, 6.0–14.9) 686±166 10.3±2.5

RD1 9.8±2.8 (range, 5.6–17.8) 640±205 9.6±3.1

RD2 7.3±1.9 (range, 4.8–13.6) 477±144 7.2±2.2

Values are indicated as mean ± standard deviation. FD = full-dose; RD = reduced-dose, RD1 (80% dose),

RD2 (60% dose). CTDIvol = volume computed tomography dose index; DLP = dose-length product;

ED = effective dose.

https://doi.org/10.1371/journal.pone.0180302.t002
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in patients of all weight categories. Highest objective image noise reduction with SAFIRE was

observed in patients weighing greater than or equal to 82 kg.

Qualitative image analysis

There was substantial interobserver agreement between the two radiologists for qualitative

image interpretation in all 147 CT examinations (κ = 0.9).

Comparisons of subjective evaluation with FBP and SAFIRE datasets are summarized in

Tables 4–6. Subjective image analysis (except lesion conspicuity) of all anatomic structures

Fig 2. Potential of radiation dose savings in reduced-dose thoracoabdominal CT. Box and whisker plot

demonstrates potential for significant radiation dose reduction in reduced-dose (RD1 = 80% dose; RD2 = 60%

dose) thoracoabdominal CT using SAFIRE compared to full-dose (FD) scans. ED = effective dose (mSv).

Both outliers above average study group dose values in RD1- and RD2-CT scans were obese patients.

https://doi.org/10.1371/journal.pone.0180302.g002

Table 3. Quantitative image analysis.

liver S6 spleen aorta gall-bladder right erector spinae left erector spinae air

FD-FBP 96/27 106/28 147/30 20/27 56/27 56/27 -1007/11

RD1-FBP 96/31 106/32 147/32 20/31 55/30 56/30 -1007/12

RD1-SAFIRE 96/20 106/20 147/20 20/20 55/19 55/20 -1007/10

RD2-FBP 96/36 106/38 146/36 21/35 54/35 53/35 -1007/13

RD2-SAFIRE 95/23 106/24 146/23 21/23 53/22 54/23 -1006/11

For objective image quality mean density values and standard deviations of image noise (expressed in Hounsfield units, HU) in all datasets were measured

in soft tissue (6 sites) and air. No statistically significant differences in mean HU values were found. In contrast, image noise in soft tissue and air differed

statistically significant within the datasets (all p values <0.001). FD = full-dose; RD = reduced-dose, RD1 (80% dose), RD2 (60% dose); FBP = filtered back

projection; SAFIRE = sinogram-affirmed iterative reconstruction.

https://doi.org/10.1371/journal.pone.0180302.t003

Step-wise dose reduction in thoracoabdominal CT using SAFIRE

PLOS ONE | https://doi.org/10.1371/journal.pone.0180302 July 5, 2017 7 / 13

https://doi.org/10.1371/journal.pone.0180302.g002
https://doi.org/10.1371/journal.pone.0180302.t003
https://doi.org/10.1371/journal.pone.0180302


(liver parenchyma, pancreas, kidney, vessels, lymph nodes, and adipose tissue) was found to be

significantly different (p<0.001) within the datasets. Compared to FD-FBP datasets only edge

sharpness was found to be statistically significant worse in RD1-FBP. All parameters of subjective

image quality (except spatial resolution) were rated significantly inferior in RD2-FBP than in

FD-FBP scans (all p<0.001). No statistically significant differences were found for the compari-

son of FD-FBP to RD1- and RD2-SAFIRE datasets. In RD datasets subjective image analysis was

rated higher with SAFIRE compared to FBP, reaching statistically significance (all p<0.001) in

all parameters of RD2 scans, except spatial resolution.

A total of 592 pathologic findings, 116 benign (tumour, n = 67; inflammation, n = 7; vascu-

lar, n = 6; other, n = 36) and 476 malignant lesions were detected. Mean size of the lesions was

16 ± 15 mm (range, 4–96 mm). Lesion conspicuity did not differ statistically significant

between the FBP and SAFIRE datasets, whereas analysis of variances for edge sharpness did.

Post hoc tests again showed significantly lower ratings for comparison of edge sharpness in

RD1- (p = 0.047) and RD2-FBP (p<0.001) to FD-FBP, respectively.

Both readers agreed that the image quality of RD-FBP was significantly lower than that of

FD-CT. Noise did not affect image quality in RD1- and RD2-SAFIRE datasets. Neither reader

scored any of the datasets as grade 4 (i.e., inadequate for diagnosis). Image noise level was

rated too high in 1.4% (n = 4) and 17% (n = 49) of RD1- and RD2-FBP reconstructions,

Table 4. Overall scores of subjective image analysis (visually sharp anatomic reproduction and image quality).

Visually sharp ana-

tomic reproduction

Image quality

noise n (%) spatial resolution n (%) diagnostic acceptability n (%)

1 2 1 2 3 1 2 3 1 2 3 4

FD-FBP 294 (100) ― ― 290 (98.6) 4 (1.4) 294 (100) ― ― 294 (100) ― ― ―
RD1-FBP 280 (95.2) 14 (4.8) ― 291 (99.0) 3 (1.0) 294 (100) ― ― 294 (100) ― ― ―
RD1-SAFIRE 294 (100) ― ― 293 (99.7) 1 (0.3) 294 (100) ― ― 294 (100) ― ― ―
RD2-FBP 238 (81.0) 56 (19.0) ― 231 (78.5) 63 (21.4) 286 (97.3) 8 (2.7) ― 205 (69.7) 75 (25.5) 14 (4.8) ―
RD2-SAFIRE 203 (99.7) 1 (0.3) ― 294 (100) ― 294 (100) ― ― 285 (96.9) 9 (3.1) ― ―

https://doi.org/10.1371/journal.pone.0180302.t004

Table 5. Overall scores of subjective image analysis (pathologic findings).

Pathologic findings

conspicuity n (%) edge sharpness n (%)

0 1 2 3 4 1 2 3 4

FD-FBP 142 (48.3) 150 (51) 2 (0.7) ― ― 289 (98.3) 5 (1.7) ― ―
RD1-FBP 144 (49) 147 (50) 3 (1) ― ― 253 (86.1) 41 (13.9) ― ―
RD1-SAFIRE 144 (49) 150 (51) ― ― ― 293 (99.7) 1 (0.3) ― ―
RD2-FBP 144 (49) 143 (48.6) 7 (2.4) ― ― 235 (79.9) 49 (16.7) 10 (3.4) ―
RD2-SAFIRE 144 (49) 147 (50) 3 (1) ― ― 289 (98.3) 5 (1.7) ― ―

Tables 4 and 5 show overall scores and percentage of subjective image analysis. Numbers reflect combined scores of different anatomic regions (liver

parenchyma and common biliary tract, pancreas, kidney, vessels, lymph nodes and adipose tissue). Percentage is given in parenthesis. Visually sharp

reproduction was rated on a dichotomic scale (1, yes; 2, no). Image noise and spatial resolution were evaluated on a three point scale (1, too little; 2,

optimum; 3, too much), and overall diagnostic acceptability on a four point scale (1, fully acceptable; 2, probably acceptable; 3, only acceptable under

limited conditions; 4, unacceptable). Pathologic findings were assessed for lesion conspicuity and edge sharpness. Lesion conspicuity was divided in five

categories (0, no lesion; 1, fully visible; 2, predominantly visible; 3, visible under limited conditions; 4, not visible) and edge sharpness was graded on a four

point scale (1, totally sharp; 2, predominantly sharp; 3, sharp with limitations; 4, not sharp). FD = full-dose; RD = reduced-dose, RD1 (80% dose), RD2 (60%

dose); FBP = filtered back projection; SAFIRE = sinogram-affirmed iterative reconstruction.

https://doi.org/10.1371/journal.pone.0180302.t005
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respectively. In contrast, only 1.1% (n = 3) in FD-FBP, 0.4% (n = 1) in RD1-SAFIRE, and 0.7%

(n = 2) in RD2-SAFIRE were graded as a too high image noise level.

Compared to FD-FBP (erector spinae muscles, n = 11; spleen, n = 4; liver, n = 4) occurence

of streak artifacts were more often reported within RD1- (n = 12, 5, and 4) and RD2-FBP

(n = 27, 11, and 12). Statistically significance was reached only in the comparison of streak arti-

facts in FD- and RD2-FBP. No other artifacts or disturbing pixel appearance were reported.

Discussion

Significant dose reduction could be performed while preserving an acceptable noise level and

image quality using SAFIRE as compared to FD CT reconstructed with FBP. The consistency

of mean density values showed, that image contrast was not influenced by the SAFIRE

algorithm.

Iterative reconstruction in phantom [5, 20–22] and patient studies [14,15] has been consis-

tently associated with image quality improvement, mostly by improving contrast to noise

ratio. Most previous dose-reduction studies with SAFIRE [14–16] were performed on dual-

source CT scanners with a fixed splitting of tube current to both X-ray tubes (e.g. 50% of total

reference mAs each) or simulation of half-dose iterative reconstructions based on the FD

image data. To our knowledge this is the first longitudinal clinical evaluation of SAFIRE in

thoracoabdominal CT. Our study enables 20% step-wise analysis of dose reduction effects to

noise, diagnostic acceptability, and effective patient dose in a clinical setting under varying

conditions. Although follow-up CT scans in our study were performed with 20% and 40%

dose reduction, decrease in volume CT dose index (CTDIvol) was only 6.7% and 30.5%,

Table 6. ANOVA and post-hoc analysis of subjective image scores.

ANOVA FD-FBP vs.

RD1-FBP

FD-FBP vs.

RD1-SAFIRE

FD-FBP vs.

RD2-FBP

FD-FBP vs.

RD2-SAFIRE

RD1-FBP vs.

RD1-SAFIRE

RD2-FBP vs.

RD2-SAFIRE

Visually sharp

anatomic reproduction

<0.001* 0.42 1 <0.001* 1 1 0.019*

Pathologic findings

• conspicuity 0.20

• edge sharpness <0.001* 0.047* 0.82 <0.001* 0.99 0.273 0.012*

Overall image quality

• noise <0.001* 0.94 0.88 0.001* 0.82 1 0.019*

• spatial resolution <0.001* 1 1 0.66 1 1 1

• diagn. acceptability <0.001* 1 1 <0.001* 0.66 1 <0.001*

Artifacts

• windmill 1

• streak <0.001* 1 1 <0.026* 1 1 0.002*

• truncation 1

• coarse pixel

appearance

1

ANOVA and post-hoc analysis of subjective image quality in full- (FD) and reduced-dose (RD) sinogram-affirmed iterative reconstruction (SAFIRE) and

filtered back projection (FBP) datasets. Compared to FD-FBP datasets only edge sharpness was found to be statistically significant worse in RD1-FBP.

RD2-FBP datasets were graded statistically significant worse than FD-FBP scans for visually sharp reproduction of anatomic structures, edge sharpness of

pathologic findings, noise, diagnostic acceptability, and streak artifacts. No statistically significant differences were found for RD1- and RD2-SAFIRE

reconstructions compared to FD-FBP. Comparing SAFIRE to FBP in reduced dose datasets subjective image analysis showed significant better scores for

the SAFIRE-algorithm in RD2 scans for all parameters except spatial resolution. RD1 (80% dose), RD2 (60% dose); FBP = filtered back projection;

SAFIRE = sinogram-affirmed iterative reconstruction. Statistically significant differences are indicated by asterisks.

https://doi.org/10.1371/journal.pone.0180302.t006
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respectively. This discrepancy is due to the activated automatic exposure control (AEC) and

different patient positioning (arms above the head or at the side of the body, different table

height). Radiation dose savings in our study are below previously reported reductions in radia-

tion dose in pediatric abdominal CT with up to 75%, using iterative reconstruction techniques

compared to FBP [23]. This discrepancy is mainly due to different CT scan settings, differences

in body habitus, and different iterative reconstruction techniques. Recent studies in smaller

cohorts (n = 24) by Kalra et al. [13, 24] postulated, that SAFIRE enables radiation dose savings

in abdominal CT up to 75% and up to 65% in chest CT even in adult subjects. Particularly in

pediatric and small patients effects of radiation dose reduction are greater [25]. A recent study

by Solomon et al. [26] indicated, that the dose reduction potential of iterative reconstructions

might be substantially limited (16±13%). One of the reasons was, that while SAFIRE did

indeed reduce noise substantially, it also influenced low-contrast resolution of subtle liver

lesions negatively [26]. In other words, iterative reconstruction bears the risk of sacrificing

lesion conspicuity for lower-noise images. We could not confirm this finding in our study, but

we did not have a reference standard of FD-FBP for each examination.

Efforts at lowering radiation exposure from abdominal CT so far have mainly focused on

the image acquisition aspect, including automatic tube current modulation [5], low tube volt-

age [6], and noise reduction filters [27, 28]. Recent approaches in dose reduction focus on the

image reconstruction process as a fundamental determinant of image quality. Obesity is a par-

ticular diagnostic challenge in abdominal CT. The study design with identical kilovoltage and

reference mAs in all patients were predominantly responsible for relatively high noise levels

on CT examinations in obese patients, as the limits of up-regulation in the presets of the AEC

algorithm were reached. Nevertheless, all SAFIRE-datasets allowed confident and accurate

interpretation of soft tissue lesions in patients of all weight categories. Highest objective image

noise reduction was found in patients weighing� 82 kg. On the other hand, SAFIRE did not

improve lesion conspicuity. This is in agreement with a study by Dobeli et al. [29] who did not

find superior hepatic lesion detection with iterative algorithms compared to standard FBP

technique.

Iterative reconstruction algorithms have been proposed for over four decades to improve

CT image quality by reducing noise and artifacts [8]. The main limitation to the routine appli-

cation of iterative reconstruction is the high computational cost, which can be up to 1,000

times higher than for filtered back projection [30]. Reconstruction time of SAFIRE datasets in

our study was associated with a 1.3-fold increase, compared to FBP. This is in contrast to pre-

vious iterative reconstruction techniques like IRIS (iterative reconstruction in image space),

showing up to 6-fold longer reconstruction times compared to FBP [15]. Lower reconstruction

times in our study are due to the increasing computational power of image reconstruction sys-

tems [14].

In agreement to prior studies [20, 31] we noted an improvement in severity of artifacts,

contrary to the results of adaptive statistical iterative reconstruction (ASIR) in abdominal CT

[32]. The reason for this might be that ASIR focuses mainly on the modeling of the system sta-

tistics in order to enable faster CT data reconstruction instead of system optics and physics. In

contrast to previous studies using ASIR and IRIS the appearance of images reconstructed by

SAFIRE were not perceived as pixelated and/or smoothed [33, 15].

Our study has several limitations. First, the study design has a fixed setting of scan parame-

ters, dose reduction, and number of iteration steps. We did not investigate the performance of

iterative reconstruction with different scan protocols nor did we test the effect of different iter-

ative reconstruction algorithms in thoracoabdominal CT. Due to the study design effects of

different tube voltage settings (e.g. 100 kV) could not be evaluated. We also did not test

whether dose reduction of more than 40% results in diagnostic image quality. A theoretical

Step-wise dose reduction in thoracoabdominal CT using SAFIRE
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limitation of our study is that readers could potentially discriminate between the SAFIRE and

FBP images based on differences in image noise. However our readers did not demonstrate

any significant differences in the pooled scores they gave for noise to the SAFIRE and FBP

images.

Conclusion

In conclusion, our study indicates that using SAFIRE the reference mAs could be reduced by

at least 30% in thoracoabdominal CT in clinical routine without loss of image quality or diag-

nostic information.
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