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Introduction

The dose delivered to a patient during computed tomography (CT) examination is a public health concern [START_REF] Brenner | Computed tomography--an increasing source of radiation exposure[END_REF]. Accordingly, CT protocols should be optimized as much as possible. In this sense, manufacturers are constantly developing tools to reduce the doses delivered to patients while maintaining CT image quality level suitable for diagnosis. The two main tools routinely used to apply this optimization principle are tube current modulation and iterative reconstructions (IR).

Many clinical studies have shown high dose reductions using IR [START_REF] Greffier | Comparison of noisemagnitude and noise-texture across two generations of iterative reconstruction algorithms from three manufacturers[END_REF][START_REF] Greffier | Dose reduction with iterative reconstruction in multi-detector CT: what is the impact on deformation of circular structures in phantom study?[END_REF][START_REF] Greffier | CT dose reduction using automatic exposure control and iterative reconstruction: a chest paediatric phantoms study[END_REF][START_REF] Katsura | Model-based iterative reconstruction technique for radiation dose reduction in chest CT: comparison with the adaptive statistical iterative reconstruction technique[END_REF][START_REF] Larbi | Detection and characterization of focal liver lesions with ultra-low dose computed tomography in neoplastic patients[END_REF][START_REF] Macri | Minor blunt thoracic trauma in the emergency department: sensitivity and specificity of chest ultralow-dose computed tomography compared with conventional radiography[END_REF][START_REF] Samei | Assessment of the dose reduction potential of a model-based iterative reconstruction algorithm using a task-based performance metrology[END_REF]. New "ultralow-dose" (ULD) protocols have emerged that are increasingly used in clinical routines. There is no strict definition in the literature for ULD protocols, but their dose levels are close to those of the respective radiographic examination.

ULD protocols are used when the intrinsic contrast between two structures is high. In the literature, ULD protocols exist for the thorax, and protocols for the spine and extremities have begun to appear. The image quality obtained with these ULD protocols is degraded but remains sufficient for the detection of fractures or lytic and sclerotic bone lesions in osteoarticular examinations [9] or for the diagnosis of nontraumatic pneumothorax, pleural or pericardial effusion or pneumonia in a chest examination [7; 10]. However, these ULD protocols cannot be used in overweight patients [6; 7; 10]. Indeed, the quantity and the quality of the X-rays used are not sufficient to traverse these patients, making the image uninterpretable. To compensate for this problem, it would be necessary to increase the tube voltage and/or to use additional filtration coupled with an increase in tube current (mA), but this is not always possible or available on the CT scanner being used.

All CT systems regardless of the manufacturer are equipped with a sort of pre-filtration, which hardens the beam and absorbs the low-energy photons that increase the dose to the patient without contributing to the final image. This filtration must be designed to support a range of examinations including contrast-enhanced imaging where photons with energies slightly above the k-edge of iodine (33 keV) are preferred. An additional built-in tin filter (TF) has become available on all new CT scanners from Siemens Healthineers. This filter can further harden the beam and increase the mean energy for imaging applications like dual energy CT or non-enhanced CT.

Initial clinical studies on the use of this filter for ULD protocols of the chest, spine and abdomen have been performed [11][12][13][14][15]. The results of these studies show that the use of the TF can greatly reduce doses compared to conventional protocols. However, these studies have not evaluated the impact of tin filter on different image quality metrics.

The aim of this study was to assess the impact of tin filter (TF) on X-ray beam quality, image quality and radiation dose and its suitability for routine use on chest and lumbar-spine/pelviship ULD protocol [9].

Materials and methods

CT system

A third-generation dual-source CT system Somatom Force ® (Siemens Healthineers) equipped with the Stellar detectors and the advanced model-based IR (ADMIRE) algorithm was used in this study. Usually, a TF can be used at 150 kVp (with the X-Ray tube "B") for spectral acquisition using a dual-source with two different energies. However, TF is now available at 100 kVp and 150 kVp for a single-source acquisition with a single energy. The use of a TF allows for further hardening of the X-ray beam by reducing the number of low energy photons more effectively than high energy photons, increasing thus the mean energy of the emitted Xray beam spectrum.

X-ray beam quality assessment

The half-value layer (HVL) was measured to assess the X-ray beam quality obtained with and without a TF. A RaySafe Xi R/F dosimeter (Unfors RaySafe AB) was placed on a support and centered at the CT scanner isocenter (Fig. 1). This dosimeter and its converter are calibrated in a dosimetry laboratory (Swedish National Testing and Research Institute) for four different beam qualities (50 kVp, 70 kVp, 100 kVp and 150 kVp).

The HVL measurement was performed in "service mode", with X-ray tube "A" at 270° in a fixed position for 100 kVp, 120 kVp, 150 kVp, 100 kVp with TF (Sn100 kVp) and 150 kVp with TF (Sn150 kVp). The other parameters were fixed: tube current at 300 mA and beam collimation at 96×0.6 mm. The HVLs were given in thickness of aluminum (mmAl) by the dosimeter.

A spectrum of photon energies for each kVp was derived by SpeckCalc (McGill University; Montreal, Canada) software (Figure 2) [16]. The mean energy of the X-ray photons ( ) for each spectrum was obtained by performing a weighted mean of the photon intensity values (pn) as a function of the energy (En, keV), as follow:
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Image quality assessment

Acquisition and reconstruction parameters

Acquisitions were performed on a 20 cm-diameter ACR QA phantom (Gammex 464) placed inside a body ring (diameter of 33 cm and length of 24 cm) to more closely simulate the patient's morphology (Figure 3). Five-tube voltages were used, including 100 kVp, 120 kVp, 150 kVp, Sn100 kVp and Sn150 kVp. Tube currents (mAs) were defined to obtain four dose levels: 0.4, 1.5, 2.5 and 3.4 mGy (Table 1). It was technically impossible to perform a dose level of 0.4 mGy at 150 kVp. Dose level of 0.4 mGy correspond to the chest ULD protocol (C-ULD) [7; 10] and 3.4 mGy to the lumbar-spine/pelvis-hip ULD protocol (S-ULD) [9] used in our institution.

The raw data were reconstructed using the level 4 of ADMIRE (A4) with the reconstruction kernel "Regular Sharpness" level 40 (Br40, for soft tissue exploration). Images were reconstructed using a slice thickness close to 3 mm (3 mm increments) and a field-of-view of 250 mm. All of these reconstruction parameters correspond to those used routinely in our C-ULD and S-ULD protocols.

Mean attenuation

Mean attenuation assessment was performed using in-house Matlab (MathWorks) routines.

Three circular regions of interest (ROI) were placed semi-automatically on module 1 of the ACR phantom in bone (955 HU), acrylic (120 HU), and air inserts (-990 UH) (Figure 3). The mean CT number (NCT) was obtained for the pixels within each ROI.

Task-based image quality assessment

Image quality assessment was carried out using imQuest software (Duke, NC) to assess the noise power spectrum (NPS), the task-based transfer function (TTF) and the detectability index (d') [START_REF] Samei | Assessment of the dose reduction potential of a model-based iterative reconstruction algorithm using a task-based performance metrology[END_REF].

NPS was computed by placing four square regions of interest (ROIs) in the uniform section (module 3) of the ACR phantom, as follows:
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where Δx and Δy are the pixel size in the x-and y-directions, respectively, Lx and Ly are the ROI size in pixels along the x and y axis, respectively, NROI is the number of ROIs, FT is the Fourier transform and ROI 3 is the mean pixel value measured from ROI (x, y) using a firstorder detrending technique. The combined NPS was computed on a total of 40 ROIs (NROI) of 128×128 pixels (Lx and Ly) each, within 10 consecutive axial slices.

The TTF was assessed using three cylindrical inserts available in module 1 of the ACR phantom from seven consecutive axial slices according to the methodology previously reported [17] and used [START_REF] Samei | Assessment of the dose reduction potential of a model-based iterative reconstruction algorithm using a task-based performance metrology[END_REF]. A circular ROI was placed around the insert, and a circular- where u and v are the spatial frequencies in the x-and y-directions, respectively, E is the eye filter that models the human visual system's sensitivity to different spatial frequencies [START_REF] Burgess | Visual signal detectability with two noise components: anomalous masking effects[END_REF][START_REF] Burgess | Efficiency of human visual signal discrimination[END_REF][START_REF] Eckstein | Automated computer evaluation and optimization of image compression of x-ray coronary angiograms for signal known exactly detection tasks[END_REF][START_REF] Ishida | Digital image processing: effect on detectability of simulated low-contrast radiographic patterns[END_REF], and W (u,v) is the task function defined as:
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where ℎ %&, ') and ℎ %&, ') correspond to the object present and the object absent hypotheses, respectively.

The eye filter was modeled according to the visual response function [START_REF] Eckstein | Automated computer evaluation and optimization of image compression of x-ray coronary angiograms for signal known exactly detection tasks[END_REF]. Three task functions assumed to represent a circular signal of 5-mm diameter were simulated in this study. To take into account the NCT variations as a function of kVp, the contrast of each clinical task was defined directly from NCT variations between the insert and the background material of the phantom. We used the results of the NCT and the TTF for the acrylic insert to define a first clinical task simulating a lytic bone lesion [9] and a second task of ground-glass opacities in the lung parenchyma [START_REF] Rotzinger | Taskbased model observer assessment of a partial model-based iterative reconstruction algorithm in thoracic oncologic multidetector CT[END_REF]. NCT and TTF outcomes of air insert were used to simulate a clinical task of the detection of a high contrast pulmonary lesion with approximatively 1000 HU between the lung parenchyma and the lesion (such as confluent alveolar opacities, fibrotic lesion, mycetoma formation) and NCT and TTF results of bone insert for the detection of a sclerotic bone lesion [9].

The interpretation conditions used to obtain d' included a zoom factor of 1.5, a viewing distance of 450 mm, and a field of view of 500 mm to refer to the visualization screen.

To assess the potential increase in the detectability index (d') using TF for C-ULD protocol, a comparison of d' value obtained with 100 kVp, Sn100 kVp and Sn 150 kVp at 0.4 mGy was performed. Similar assessments were performed for 120 kVp, Sn100 kVp and Sn 150 kVp at 3.4 mGy for S-ULD protocol.

Dosimetry

Volume CT dose indexes (CTDIvol), determined for a 32-cm diameter (polymethyl methacrylate) reference phantom, were retrieved manually from the review report available in the CT workstation at the end of the acquisitions.

Results

X-ray beam quality assessment

The measured HVLs were equal to 7.1 mmAl for 100 kVp, 8.2 mmAl for 120 kVp and 9.5 mmAl for 150 kVp. The HVL increased by 82% with Sn100 kVp (12.9 mmAl) compared to 100 kVp and increased by 64% (15.6 mmAl) with Sn150 kVp compared to 150 kVp.

The mean weighted energy calculated for each spectrum was 58. 

Mean attenuation

NCT for bone, acrylic and air inserts for each tube voltage at all dose levels are reported in Table 2. NCT was not affected by the tube voltage for air insert. For bone insert, NCT were lower with Sn100 kVp than with 100 kVp (mean: -17 ± 1 [SD] %) and with Sn150 kVp than 150 kVp (mean: -15 ± 0 [SD] %). For acrylic insert, the opposite pattern was found: 6 ± 1

[SD] % and 5 ± 1 [SD] %, respectively.

Task-based image quality assessment

Noise power spectrum

Table 3 reports the NPS peaks and the mean NPS spatial frequency data. Figure 4 [SD] mm -1 ).

Task-based transfer function

The results of the TTF50% obtained for the three inserts and for the tube voltage as a function of the dose level are presented in Table 4. The TTF decreased as the dose decreased. This reduction was more marked with the acrylic insert than with the two other inserts.

TTF50% values with Sn150 kVp were higher than with Sn100 kVp for all inserts. TTF50% values with Sn100 kVp were higher than with 100 kVp for acrylic insert (mean: 14 ± 4 [SD] %) but in the same range for bone (mean: 3 ± 2 [SD] %) and air (mean: 3 ± 0 [SD] %) inserts.

TTF50% values with Sn150 kVp were within the same range than with 150 kVp (mean: 4 ± 2

[SD] % for acrylic insert, mean: 5 ± 0 [SD] % for bone insert and mean: 3 ± 3 [SD] % for air insert).

Detectability index (d')

Values of d' decreased when the dose decreased (Figure 5). Finally, d' values obtained with Sn150 kVp were lower than with Sn100 kVp for the sclerotic bone lesion (mean: -21 ± 2 [SD] % and for the high contrast pulmonary lesion (mean: -1 ± 4

[SD] %) and the opposite for low contrast lesion (mean: 6 ± 6 [SD] %).

Potential increase in the detectability index (d')

Table 5 shows the variations of d' values obtained using Sn100 kVp and Sn150 kVp for both modeled lesions compared to the two ULD protocols evaluated. For the chest ULD protocol, d' values were improved using a TF. This improvement was higher for the ground-glass opacities in the lung parenchyma lesion (using acrylic insert) than the high contrast pulmonary lesion (using air insert). The variation in d' was greater using Sn100 kVp than Sn150 kVp for both lesions.

For the lumbar spine or pelvis/hips ULD protocols, similar improvement of d' values were found using Sn100 kVp and Sn150 kVp for the lytic bone lesion (using acrylic lesion). For sclerotic bone lesion (using bone insert), d' were slightly improved only for Sn100 kVp.

Discussion

This study demonstrates that the use of a TF is of great interest for dose reduction approaches in CT, especially for ULD protocols. Preliminary clinical studies have shown significant dose reductions using a TF for thoracic, abdominopelvic, and spinal explorations [11][12][13][14][15].

However, no study had assessed the impact of a TF on X-ray beam quality or on image quality metrics. For the first time, the present study assesses the impact of a TF on the HVL and on image quality using a task-based assessment [8; 9].

The outcomes of this study showed that the use of a TF changed the photon spectra. The HVL was increased by approximately 82% between 100 kVp and Sn100 kVp and by approximately 64% between 150 kVp and Sn150 kVp. The mean weighted energy calculated for each spectrum also increased between tube voltages with or without a TF. The increases in these two parameters show that the use of a TF further hardens the beam by preferentially absorbing low-energy photons. This behavior may be useful for reducing the dose delivered to patients and for improving the image quality in areas of high attenuation, such as in shoulders, in explorations of the cervical spine [12] or in explorations of the lung apex [11]. However, the outcomes found in this study showed that the hardening of the beam changed the values of NCT for bone and acrylic inserts. For the same voltage, NCT were reduced for the bone insert using TF whereas for the acrylic insert they were increased.

The NPS results found in this study showed that the noise magnitude was reduced using the TF for the same tube voltage. This reduction was greater using Sn100 kVp than using Sn150 kVp. It should also be noted that the NPS peak was higher for Sn150 kVp than for Sn100 kVp. However, the use of a TF weakly influenced the NPS spatial frequency and thus did not appear to change the image texture (such as image smoothness). As also observed in previous studies, the NPS spatial frequency decreased with decreasing dose changing the image texture (smoother image in particular) [2; 3; 23; 24].

The TTF outcomes found in this study showed that the spatial resolution adapted to the clinical task was improved using the TF for the same tube voltage. This improvement in the TTF50% values was of the same magnitude (range from 0% to 6%) for Sn150 kVp for all inserts and for Sn100 kVp for bone and air inserts. However, a greater improvement was found for Sn100 kVp for the acrylic insert (14±4%). The values of TTF50% shifted toward a lower frequency when the dose was reduced, regardless of the insert and tube voltage used.

Similar results were found in previous studies [8; 25].

The combined variations of NCT, magnitude and texture of noise and TTF have a direct impact on d' values. The improvement of NPS and TTF outcomes leads to higher d' values using a TF for the same voltage for all features (except for sclerotic bone lesion using Sn150 kVp). The For similar TTF values and highest NPS outcomes, d' values were higher with 100 kVp or Sn100 kVp than with 150 kVp or Sn150 kVp. For high contrast pulmonary lesion, NCT and TTF outcomes for air insert were not changed as a function of the kVp and d' values were directly linked to the NPS variations according to the kVp, i.e. better with Sn100 kVp than with Sn150 kVp. Finally, similar results for the variation in d' values according to the dose level for the same features were found in the literature [8; 14].

In this study, we also assessed the potential increase in d' from using a TF for our ULD protocols. Since 2016, ULD protocols for the chest (C-ULD), lumbar-spine and pelvis/ hip (S-ULD) have been routinely used in the emergency room [7; 9; 10]. These protocols have many clinical applications with dose levels similar to radiographic examinations. However, the image quality is degraded and requires adaptation, particularly for junior radiologists [6; 7; 10]. The results found in this study demonstrated that using a TF improved d' values for C-ULD for both modeled lesions and for both Sn100 kVp and Sn150 kVp. For S-ULD, the d' values were improved for both simulated lesions only for Sn100 kVp.

Finally, the different results presented in this study showed that the use of Sn100 kVp appeared to be more suitable than Sn150 kVp. A previous study on low-dose non-contrastenhanced abdominal CT has specified that the use of Sn150 kVp reduced the contrast resolution due to an increase in the Compton effect [13]. The use of Sn100 kVp could, therefore, be used for our various ULD protocols initially to improve the image quality but could later make it possible to reduce doses, especially for the ULD protocols of osteoarticular explorations. Sn150 kVp could be used in addition to Sn100 kVp for overweight patients. Moreover, the use of a tube voltage between Sn100 kVp and Sn150 kVp would make it possible to better adapt the dose and image quality to a patient's morphology.

Tube voltages below Sn100 kVp could also be adapted for pediatric patients. Other CT models from the same manufacturer are now equipped with TFs for tube voltages between 100 kVp and 140 kVp (in 10 kVp steps).

This study has several limitations. The raw data were reconstructed using a single iterative level and a single reconstruction kernel. Other combinations of parameters may have produced different outcomes. We evaluated only four task functions, which were not representative of the range of tasks that must be performed in clinical practice. Finally, we used an image quality phantom, and the results might have been different on patients.

In conclusion, the use of a TF improves the X-ray beam quality and also improves the noise characteristics, spatial resolution and detectability indices. The use of Sn100 kVp could be used for our various ULD protocols initially to improve the image quality but subsequently used to reduce the doses, especially for the osteoarticular ULD protocols. Further clinical study should be performed to validate the results found in this phantom study. 

  edge technique was employed to measure the edge spread function (ESF) by plotting the NCT of each pixel as a function of the distance to the center of the insert. The line spread function (LSF) was then obtained by derivation of the ESF. The TTF was computed from the normalized Fourier transformation of the LSF. A non-prewhitening observer model with an eye filter (d'NPWE) was used to calculate the detectability index:

  shows the NPS curves obtained for all dose levels. NPS peak values decreased when the dose increased. The NPS peak values at 120 and 150 kVp were in the same range (mean: -2 ± 3 [SD] %) but lower to those obtained at 100 kVp (mean: -11% ± 9 [SD] % and -9 ± 4 [SD] %, respectively). The NPS peak values with Sn100 kVp were lower than with 100 kVp (mean: -36 ± 3 [SD] %). The same pattern was found with Sn150 kVp compared to 150 kVp (mean: -21 ± 7 [SD] %). Finally, the NPS peak was higher with Sn150 kVp than with Sn100 kVp (mean: 8 ± 6 [SD] %).The mean values of the NPS spatial frequency increased when the dose increased. NPS frequency values were similar for 100 kVp (mean: 0.20 ± 0.01 [SD] mm -1 ), 120 kVp (mean: 0.20 ± 0.01 [SD] mm -1 ) and Sn100 kVp (mean: 0.21 ± 0.01 [SD] mm -1 ). The highest values were found for 150 kVp (mean: 0.21 ± 0.01 [SD] mm -1 ) and Sn150 kVp (mean: 0.22 ± 0.01

  The variations of d' values as function of the kVp (without TF) were different according to the simulated lesion. For sclerotic bone lesion, d' decreased as the kVp increased (except at 0.4 mGy). The opposite feature was found for both other simulated lesions.Compared to 100 kVp, using Sn100 kVp yielded higher d' values, but these variations decreased when the dose increased. The mean increases were 56 ± 23 [SD] % for low contrast lesion, 5 ± 2 [SD] % for the sclerotic bone lesion and 25 ± 2 [SD] % for the high contrast pulmonary lesion.A similar pattern was found for Sn150 kVp compared to 150 kVp, except for sclerotic bone lesion (mean: -3 ± 2 [SD] %). The mean d' values were higher by in mean 15 ± 3 [SD] % for the high contrast pulmonary lesion and 29 ± 13 [SD] % for low contrast lesion.

  variations of NCT as a function of the insert cause different behavior between Sn100 kVp and Sn150 kVp for the different clinical tasks. For lytic bone lesion or pulmonary ground glass opacity, variations of NCT values and TTF outcomes for acrylic insert led to higher d' values with 150 kVp or Sn150 kVp than with 100 kVp or Sn100 kVp. For sclerotic bone lesion, NCT values of bone insert were lower with150kV or Sn150 kVp than with 100 kVp or Sn100 kVp.

Figure 1 .

 1 Figure 1. Photograph shows half layer value assessment using a dosimeter placed on a support and centered at the CT scanner isocenter.

Figure 2 .

 2 Figure 2. Graph shows spectra obtained for 100 kVp, 120 kVp, 150 kVp, Sn100 kVp and Sn150 kVp using the software SpekCalc (McGill University; Montreal, Canada).

Figure 3 .

 3 Figure 3. A, Photograph shows ACR QA phantom phantom (Gammex 464) used in the study. B, Image shows ROIs used to compute the mean attenuation (NCT) for the air, bone and acrylic inserts in module 1 of the ACR phantom. C, Image shows regions of interest (ROIs) used for the noise power spectrum (NPS) assessment in module 3 of the ACR phantom. D, Image shows ROIs used to compute the task-based transfer function (TTF) with the bone and acrylic inserts in module 1 of the ACR phantom.

Figure 4 .

 4 Figure 4. Graphs show noise power spectrum (NPS) curves obtained with 100 kVp, 120 kVp, 150 kVp, Sn100 kVp and Sn150 kVp for all dose levels with the reconstruction kernel Br40.

Figure 5 .

 5 Figure 5. Graphs show detectability index (d') values of lytic bone lesion or ground-glass opacity in the lung parenchyma (a), sclerotic bone lesion (b) and high contrast pulmonary lesion (c) obtained with 100 kVp, 120 kVp, 150 kVp, Sn100 kVp and Sn150 kVp for all dose levels with the reconstruction kernel Br40.
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Table 1 .

 1 Tube currents (mAs) values used according to the CTDIvol for each tube voltage.

Table 2 .

 2 Mean attenuation values (HU) obtained for all tube voltages and for the reconstruction kernel Br40.

Table 3 .

 3 Values of peak noise power spectrum (NPS) and mean NPS spatial frequency obtained for all tube voltages and for the reconstruction kernel Br40.

Table 4 .

 4 Values of task-based transfer function (TTF50%) obtained for acrylic and bone inserts for all tube voltages and for the reconstruction kernel Br40.

Table 5 .

 5 Percentage variation for d' (∆C 5 ) values obtained with Sn100kVp and Sn150kVp compared to those with chest (100kVp) and lumbar spine or pelvis/hips (120kVp) ultra-low dose protocols. mGy (10 mAs) 1.52 mGy (38 mAs) 2.49 mGy (62 mAs) 3.41 mGy (85 mAs) 120kVp 0.42 mGy (7 mAs) 1.47 mGy (22 mAs) 2.47 mGy (37 mAs) 3.41 mGy (51 mAs) 150kVp N.A. 1.49 mGy (13 mAs) 2.52 mGy (22 mAs) 3.40 mGy (32 mAs) Sn100kVp 0.39 mGy (92 mAs) 1.49 mGy (353 mAs) 2.50 mGy (591 mAs) 3.39 mGy (800 mAs) Sn150kVp 0.38 mGy (14 mAs) 1.50 mGy (51 mAs) 2.45 mGy (86 mAs) 3.35 mGy (117 mAs) CTDIvol = volume computed tomography dose index; N.A. = not applicable.

	CTDIvol (mGy)

TTF: Task-based transfer function; CTDIvol = volume computed tomography dose index.

5 +678 = 9 ∬|;%<, =)|². %<, =) . %<, =) 4<4=@² ∬|;%<, =)| . %<, =) . %<, =) . %<, =) A 4<4=

Acknowledgments

We are deeply grateful to J. Solomon for his support regarding the use of the imQuest software. We thank D. Om and S. Si-Mohamed for supporting this study this study. We thank S. Kabani for her help in editing the manuscript. All authors and co-authors have no conflict of interest or industry support of the project to declare.

Conflicts of interest

The authors have no conflicts of interest to disclose in relation with this article.