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Abstract

Photon-counting computed tomography (PCCT) uses a photon counting detector to count 

individual photons and allocate them to specific energy bins by comparing photon energy to preset 

thresholds. This enables simultaneous multi-energy CT with a single source and detector. Phantom 

studies were performed to assess the spectral performance of a research PCCT scanner by 

assessing the accuracy of derived images sets. Specifically, we assessed the accuracy of iodine 

quantification in iodine map images and of CT number accuracy in virtual monoenergetic images 

(VMI). Vials containing iodine with 5 known concentrations were scanned on the PCCT scanner 

after being placed in phantoms representing the attenuation of different size patients. For 

comparison, the same vials and phantoms were also scanned on 2nd and 3rd generation dual-

source, dual-energy (DSDE) scanners. After material decomposition, iodine maps were generated, 

from which iodine concentration was measured for each vial and phantom size and compared with 

the known concentration. Additionally, VMIs were generated and CT number accuracy was 

compared to the reference standard, which was calculated based on known iodine concentration 

and attenuation coefficients at each keV obtained from the U.S. National Institute of Standards and 

Technology. Results showed accurate iodine quantification (root mean square error of 0.5 mgI/cc) 

and accurate CT number of VMIs (percentage error of 8.9%) using the PCCT scanner. The overall 

performance of the PCCT scanner, in terms of iodine quantification and VMI CT number 

accuracy, was comparable to that of EID-based dual-source, dual-energy scanners.
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1 Introduction

Photon counting detector (PCD) based computed tomography (PCCT) is an emerging 

imaging technique and substantial progress has been reported in recent years by different 

researchers (Tümer et al., 2000, Schlomka et al., 2008, Shikhaliev, 2008b, Shikhaliev, 

2008a, Iwanczyk et al., 2009, Kappler et al., 2010, Taguchi and Iwanczyk, 2013, Persson et 

al., 2014, Bennett et al., 2014, Roessl and Proksa, 2007, Ballabriga et al., 2016). PCDs 

measure individual photons and their associated energy, rather than the integrated charges 

generated by all measured photons, as occurs with an energy-integrating detector (EID). 

This provides unique benefits compared to EIDs, including lower electronic noise, higher 

contrast to noise ratio (CNR) and improved dose efficiency, as demonstrated in recent 

studies (Schmidt, 2010, Gutjahr et al., 2016, Yu et al., 2016b). In addition, the energy 

discrimination nature of the PCD enables a simultaneous multi-energy imaging technique 

using a single tube, single tube potential (kV), and single detector (Roessl and Proksa, 2007, 

Schlomka et al., 2008, Kappler et al., 2014, Li et al., 2015, Faby et al., 2015).

A research PCCT scanner has been introduced to explore the benefit of photon counting 

detector CT (Kappler et al., 2010). Previous studies using this scanner demonstrated that the 

PCCT was capable of providing clinical image quality at X-ray photon flux encountered in 

routine CT exams, which were commensurate with commercial EID systems (Yu et al., 

2016a, Pourmorteza et al., 2016). Benefits of this specific PCCT scanner over the state-of-

the-art CT scanner using EIDs have been previously demonstrated and include improved 

CNR, increased spatial resolution, and better HU stability at low dose (Gutjahr et al., 2016, 

Leng et al., 2017, Symons et al., 2016). These studies, however, focused only on traditional 

image quality in a single-energy mode, i.e. only the images pertaining to the lowest energy 

threshold were evaluated. This present study continued the investigation of this specific 

PCCT system by focusing on its spectral performance.

Dual energy CT has been commercially available using various techniques including dual 

source, fast kV switching, dual layer detector, dual filters, and two consecutive scans 

(McCollough et al., 2015, Flohr et al., 2006, Xu et al., 2009, Boll et al., 2008, Almeida et al., 

2016, Leng et al., 2015a). With dual energy CT, two measurements of the imaging objects 

acquired with different beam spectra enable differentiation and quantification of two or more 

materials based on the energy dependence of each material (Alvarez and Macovski, 1976). 

For example, a patient image can be decomposed into iodine and water images and the 

amount of iodine at each location can be quantified (Johnson et al., 2007, Chandarana et al., 

2011, Li et al., 2013). Another common application of dual energy CT is to generate virtual 

monoenergetic images (VMI) (Goodsitt et al., 2011, Matsumoto et al., 2011, Yu et al., 2011, 

Yu et al., 2012). Applications of VMI include increased iodine CNR using low keV images 

or reduction of metal artifact with high keV images (Yu et al., 2011, Zhang et al., 2011, 

Leng et al., 2015b, Pinho et al., 2013). Since CT number is energy dependent and 

conventional CT uses a broad spectrum, CT numbers of the same material can vary 

substantially among scanner models and vendors due to the differences in beam spectra 

caused by tube potential, anode material, and beam filtration. In VMI, the CT number of a 

given material has a predetermined value at a given X-ray energy (keV) which, in theory, 

should be independent of manufacturer and scanner model. This allows for comparison 
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across manufacturers and scanners, which may benefit clinical applications that require 

accurate and stable CT numbers (Michalak et al., 2016). However, previous studies showed 

that the VMI CT numbers can be inaccurate, with substantial variations among different 

scanners (Goodsitt et al., 2011, Mileto et al., 2015).

The purpose of this study, therefore, is to assess the spectral performance of a research 

photon counting detector CT scanner in terms of iodine quantification accuracy and VMI CT 

number accuracy, and to compare the performance with that of dual-source, dual-energy 

(DSDE) CT scanners with EIDs.

2 Methods

2.1 Research Photon-Counting Detector CT System

The evaluated research PCCT scanner was built on the same platform as that of a 2nd 

generation dual-source CT scanner, with two equivalent X-ray tubes mounted approximately 

95 degrees from each other. One tube was coupled to an EID with a full 50-cm diameter 

field of view (FOV), while the other was coupled to a CdTe-based PCD with a 27.5 cm 

diameter FOV (Fig. 1). To image patients larger than 27.5 cm on the PCD subsystem, a data 

completion scan (DCS) is used to avoid truncation artifacts (Yu et al., 2016c). In addition to 

the PCD scan, an additional scan of the target object is performed using the EID subsystem 

with 50 cm FOV, which is called a DCS scan. The DCS data are used to estimate the missing 

projection data outside the 27.5 cm FOV of the PCD subsystem so that a complete set of 

projection data are available to avoid truncation artifacts. The estimated PCD projection data 

are only used during the ramp filtering step to avoid truncation artifacts, but are not used in 

the backprojection step (Yu et al., 2016c). A previous study demonstrated that a low dose 

scan with a volume CT dose index (CTDIvol) of approximately 1 mGy was sufficient for the 

DCS scan (Yu et al., 2016c).

The PCD subsystem is capable of acquiring energy resolved data with 2 or 4 energy 

thresholds, consequently yielding 2 or 4 energy bins by subtracting photon counts from the 

adjacent thresholds. The native pixel size of the PCD is 0.225 mm. However, they are 

usually grouped as 4×4 blocks (macro pixel) during readout behind the discriminators, 

which results in 0.9 mm detector pixel size, which corresponds to an effective pixel size of 

0.5 mm at the iso-center. There is no anti charge sharing technique in the evaluated system. 

The PCD subsystem is able to perform whole-body CT scans at clinical dose levels, with a 

maximal tube current of 550 mA at a tube potential of 140 kV. Detailed descriptions of the 

research PCCT system and its conventional CT performance can be found in other 

publications (Gutjahr et al., 2016, Kappler et al., 2010, Yu et al., 2016a).

2.2 Phantom Scans and Reconstructions

Iodinated contrast media (Iohexol, 350mgI/ml, Omnipaque; GE Healthcare, Shanghai, 

China) was diluted with water to achieve 5 iodine concentrations similar to those commonly 

seen in clinical exams: 2, 5, 10, 15 and 20 mgI/cc. The iodine solutions were placed in 

individual vials, which were placed in torso-shaped water phantoms that mimicked the 

attenuation of a patient torso. Five phantoms with lateral widths measuring 25, 30, 35, 40 
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and 45 cm were used in this study to represent slim to obese adult patients, respectively (Fig. 

2).

The iodine-containing phantoms were scanned on the PCCT scanner with the following 

parameters: tube potential of 140 kV, energy thresholds of 25 and 65 keV, rotation time of 

0.5 second per revolution, and helical pitch of 0.6. The current research PCCT scanner is not 

equipped with automatic exposure control. Tube current was manually adjusted base on each 

phantom size so that the tube-current-time-product ranged from 82 mAs (25 cm phantom) to 

282 mAs (45 cm phantom), resulting in CTDIvol of 9.14 (25 cm phantom) to 42.92 mGy (45 

cm phantom). Images were reconstructed with a weighted filtered backprojection algorithm 

and a quantitative, medium-smooth kernel (D30) (Stierstorfer et al., 2004). The kernel is 

designed for dual energy analysis with no edge enhancement so that accurate CT number is 

achieved. This kernel is routinely used in clinical dual energy exams. The reconstructed field 

of view was 250 mm. The slice thickness was 5mm, the same as that of our routine abdomen 

CT exams.

For comparison, the same phantoms were also scanned on a 2nd and 3rd generation dual-

source dual-energy (DSDE) scanner (Somatom Definition Flash and Force, Siemens 

Healthcare, Forchheim, Germany). Two dual energy modes on the 2nd generation DSDE 

scanner were used: 80/Sn140 and 100/Sn140, where Sn indicates an additional tin filter is 

used for the 140 kV beam. Four dual energy modes on the 3rd generation DSDE scanner 

were used: 70/Sn150kV, 80/Sn150kV, 90/Sn150kV, and 100/Sn150kV. Tube current was 

adjusted so that the CTDIvol for each phantom size and DSDE mode was matched to that of 

the PCCT scanner. Images were reconstructed using the same parameters as those of the 

PCCT scanner: a quantitative, medium-smooth kernel (D30), 250 mm field of view, and 5 

mm slice thickness.

2.3 Data Processing and Data Analysis

2.3.1 Iodine Quantification—The reconstructed images were loaded onto a workstation 

with commercial dual energy post-processing software (Syngo Via, Siemens Healthcare, 

Forchheim, Germany). A ‘virtual unenhanced’ application was used to decompose the 

original low and high energy images into water and iodine images, with the latter providing 

the concentration of iodinated contrast (in mgI/cc) at each location. For each imaging 

condition, the largest possible circular region of interest (ROI) without touching the wall of 

the vials was drawn to measure the concentration of iodine in each of the 5 vials. The iodine 

concentration of the background (water) was also measured with a similar size ROI. This 

process was repeated for each scanner, dual energy mode, and phantom size.

The measured iodine concentration was compared to the known concentration for each vial, 

and errors calculated. A linear fit was performed and the coefficient of determination (R2) 

was reported. For each imaging condition (dual energy mode and scanner type), the root-

mean-square-errors (RMSE) were calculated and compared across phantom size and iodine 

concentration.

2.3.2 Virtual Monoenergetic Image (VMI)—VMIs were generated using a ‘virtual 

monoenergetic’ application in the same dual energy post-processing software (Syngo Via, 
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Siemens Healthcare, Forchheim, Germany). VMIs corresponding to 40 to 140 keV at every 

10 keV were generated. For each VMI, CT number was measured for each vial using a 

circular ROI. This measurement was repeated for each scanner, dual energy mode, and 

phantom size.

A reference CT number at each keV was calculated based on the known iodine 

concentration and the mass attenuation coefficient obtained from the U.S. National Institute 

of Standards and Technology (NIST). Measured CT numbers at each keV were compared 

with the reference CT numbers. Percentage error was calculated for each phantom size, 

concentration, scanner and dual energy mode. The dependence of percentage error on 

phantom size and iodine concentration was investigated. Variations of VMI CT numbers 

among the three DE scanners for the same concentration (10mgI/cc) and keV (60 keV) were 

also calculated to assess the CT number accuracy across phantom size on the different 

scanners.

3 Results

3.1 Threshold and Bin Images

Fig. 3 shows low-energy threshold ([25, 140] keV), high-energy threshold ([65, 140] keV), 

bin 1 ([25, 65] keV) and bin 2 ([65, 140] keV) images of the 35 cm phantom acquired on the 

PCD system. High-energy threshold and bin 2 images are identical. As seen from these 

images, iodine signal is brighter on the low-energy threshold image compared to that of 

high-energy threshold image due to the lower effective energy of the photons. Similarly, 

iodine signal in the bin 1 image is brighter than that of the bin 2 image and low-energy 

threshold image.

3.2 Iodine Quantification

Fig. 4 shows iodine, water, and fused (overlaid) images of the 35 cm phantom after material 

decomposition. In the iodine image, iodine signals were only at the locations corresponding 

to the 5 vials with iodine solutions. No noticeable signal was observed in the background 

(water) area. The RMSE of iodine measurement in the background area was 0.3 mgI/cc 

(Table 2). For the water image, iodine in the 5 vials was successfully removed, leaving only 

water signal behind. As shown in Fig. 4D, a linear relationship was observed between the 

measured and true iodine concentrations for the PCCT (R2 > 0.99). Errors between the 

measured and true iodine concentration ranged from −1.0 to +1.5 mgI/cc. The overall RMSE 

for all phantom sizes and concentrations was 0.5 mgI/cc.

A comparison of the measured and true iodine concentrations on the 2nd and 3rd generation 

DSDE scanners is shown in Fig. 5. A linear relationship was observed in most DSDE 

modes, except for the ones with the lowest tube potential for the low energy beam (80/Sn140 

and 70/Sn150 for the 2nd and 3rd generation DSDE scanner, respectively) where substantial 

underestimation of iodine concentration was observed for large size phantoms, where the 

lowest tube potential setting provided insufficient penetration of the phantom (Michalak et 

al., 2017 (In Press)).
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The RMSE for each phantom size, dual energy mode, and scanner type is summarized in 

Table 1. Overall, all three scanners showed accurate iodine quantification, and the 

performance was in general comparable. The overall RMSE ranged from 0.3 to 0.7 mgI/cc. 

In general, accuracy slightly decreased for larger phantoms. For PCCT, the lowest RMSE of 

0.2 mgI/cc was observed on the 25 cm phantom and the highest RMSE of 0.8 mgI/cc was 

observed on the 40 cm phantom. For the 2nd generation DSDE scanner, RMSE increased for 

the 40 and 45 cm phantoms when 80/Sn140 kV was used. For 3rd generation DSDE scanner, 

RMSE of the 45 cm phantom and 70/Sn150 kV was noticeably higher. Tables 2 and 3 

summarize the quantification errors for each iodine concentration, with Table 2 showing the 

absolute error in terms of RMSE, and Table 3 showing the relative error in terms of 

percentage error. As seen in Table 2, increased RMSE was observed towards high 

concentrations of iodine for the PCCT, 80/Sn140 kV on the 2nd generation DSDE, and 70/

Sn150 kV and 80/Sn150 kV on the 3rd generation DSDE. The remaining DSDE modes had 

similar RMSE for different iodine concentrations. For the background water, which had no 

iodine, the RMSE ranged from 0.2 to 0.7 mgI/cc. In terms of relative error, the highest 

percentage errors were seen at the 2 mgI/cc concentration for all DE modes (Table 3).

3.3 Virtual Monoenergetic Image (VMI)

Fig. 6 shows sample VMIs at 50, 60, 80, 100, 120 and 140 keV for the 30 cm phantom. As 

expected, iodine was brighter at low keV images compared to that of high keV images, with 

the brightest iodine signal observed in the 50 keV image. Fig. 7 shows the measured CT 

numbers of VMIs for the 30 cm phantom from 40 to 140 keV, together with the reference 

values calculated based on known iodine concentrations and attenuation coefficients at each 

keV. The measured values agreed well with the reference values, with percentage error 

ranging from 2.3 to 11.2% for each keV and an overall percentage error of 5.3% for all 

keVs.

Fig. 8 shows a comparison of measured and reference VMI CT numbers for the other 

phantom sizes. The percentage errors for different phantom sizes (25 to 45 cm) and different 

iodine concentrations scanned on the PCCT scanner and the two DSDE scanners are 

summarized in Tables 4 and 5. It can be observed from Fig. 8 and Table 4 that error 

generally increased with phantom size for the PCCT scanner, with the lowest percentage 

error of 2.4% for the 25 cm phantom and highest percentage error of 19.0% for the 45 cm 

phantom. The high percentage error of the 45 cm phantom was mainly due to the 2 mgI/cc 

iodine solution, whose relative error was 61.6%. The percentage error dropped from 19.0% 

down to 8.4% if the 2mgI/cc solution was excluded. The performance of the three scanners 

was in general comparable, with percentage error of 8.9% for the PCCT, 6.0 and 9.1% for 

the 2nd generation DSDE scanner, and 6.2%, 6.4%, 7.2% and 8.2% for the 3rd generation 

DSDE scanner. For different iodine concentrations, higher percentage errors were observed 

for the 2mgI/cc solution compared to other iodine concentrations due to the low values of 

VMI CT numbers at the 2mgI/cc iodine solution.

Fig. 9 shows the VMI CT numbers of 60 keV and 10 mgI/cc iodine concentration across 

phantom sizes, measured at all scanners and scan modes. It demonstrated accurate VMI CT 

numbers relative to phantom size except for some deviation at the large size phantom (45 
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cm). Coefficient of variation was 0.036 for the PCCT, 0.038 and 0.013 for the 2nd generation 

DSDE scanner, and 0.042, 0.032, 0.022 and 0.016 for the 3rd generation DSDE scanner.

4 Discussion and Conclusions

One of the major motivations for introducing PCD technology into CT is its multi-energy 

capability. Dual energy CT is currently used in multiple clinical areas. It is critical therefore 

to assess the spectral performance of the PCCT scanner to obtain baseline data and compare 

its performance to that of commercially available dual energy scanners. Phantom studies 

demonstrated high accuracy of iodine quantification using PCCT across a range of iodine 

concentration and a range of body sizes that are typically encountered in clinical practice. 

This is critical as iodine is the most common contrast agent used in clinical CT exams and 

many diagnoses rely on the enhancement of iodine signal in CT images, such as the tumor 

staging and the assessment of treatment response. Phantom data also showed accurate CT 

numbers in VMIs generated from the PCCT scans. This is important to clinical tasks where 

accurate CT numbers are needed, such as differentiating renal masses from renal cysts by 

comparing the enhancement to a predetermined threshold of CT number. Also, the VMI CT 

number remained consistently accurate across phantom size and scanner models, which may 

provide consistent measurements and diagnoses, no matter on which scanner the exam is 

performed and what the patient size is.

For both iodine quantification and VMI CT number accuracy, slight degradation of 

performance was observed towards larger size phantoms. This could potentially be attributed 

to a few factors that influence the accuracy of CT number of the original low- and high-

energy threshold (and bin) images, which consequently affects the spectral performance, 

such as scatter, beam hardening and calibration. Another observation is that for different 

concentrations of iodine solutions, the relative error is higher for low concentrations, e.g. the 

2 mgI/cc solution. This is understandable as the errors are divided by a smaller number in 

this scenario. This is in line with the general observation that lower concentration solutions 

are harder to accurately quantify.

In general, the spectral performance of the PCCT scanner was comparable to that of DSDE 

CT scanners in terms of iodine quantification and VMI CT number accuracy. A previous 

study by Faby et al investigated image noise of VNC and iodine images (Faby et al., 2015) 

using computer simulations to compare DE modes with subsequent-scanning, fast-kV-

switching, dual-layer detector, DSDE, and PCD. It was found in their study that DSDE with 

tin filter had the best performance in terms of noise in the material decomposition images. In 

multi-energy CT, material decomposition capability depends on the spectral separation. 

Although in theory PCCT could enable perfect spectral separation, the real spectra are 

usually associated with considerable overlaps due to non-ideal effects such as charge sharing 

and k-escape (Taguchi and Iwanczyk, 2013, Gutjahr et al., 2016, Koenig et al., 2014). One 

technique to reduce charge sharing and improve spectral resolution is to use charge sharing 

correction circuit, which is not available in the system investigated in this study (Koenig et 

al., 2014). On the other hand, the additional tin filter on the DSDE scanners, which is not 

available on the PCCT, significantly improves the separation between the low- and high-

energy spectra (Primak et al., 2010).
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In this study, only 2 energy thresholds were used for the PCCT scans, which were fixed at 25 

and 65 keV. These thresholds were selected as they provided approximately equal number of 

photons for each energy bin at 140 kV ([25, 65] and [65 140] keV). Selection of different 

energy thresholds/bins might affect the performance, which warrants future studies. The 

PCCT scanner is capable of generating up to 4 energy bins. For the tasks investigated in this 

study, and for comparison to dual-energy CT, 2 energy bins were sufficient. Other tasks 

involving multiple materials, including materials with a k-edge in the diagnostic X-ray 

energy range, may benefit from the 4 energy bins.

In conclusion, high accuracy for iodine quantification (RMSE of 0.5 mgI/cc) and accurate 

CT numbers in VMIs (percentage error of 8.9%) were achieved using the PCCT scanner. 

The accuracy of iodine quantification and VMI CT number using PCCT was comparable to 

that of EID-based DSDE scanners, while PCCT offers other advantage such as perfect 

temporal and spatial alignment to avoid motion artifact, high spatial resolution, and 

improved contrast to noise ratio.
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Figure 1. 
The research PCCT scanner was built on the platform of a 2nd generation dual source 

scanner with an energy integrating detector (EID) replaced by a photon counting detector 

(PCD).
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Figure 2. 
Vials containing different iodine solutions (left) were placed inside water phantoms 

representing patient torso with different sizes (right).
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Figure 3. 
PCCT images of the low-energy threshold (A, [25, 140] keV), high-energy threshold (B, 

[65, 140] keV), bin 1 (C, [25, 65] keV) and bin 2 (D, [65, 140] keV). High-energy threshold 

and bin 2 images are identical. All images are displayed with window width and window 

center of 462 and 133 HU.
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Figure 4. 
Iodine image (A), water image (B) and fused image (iodine overlaid on the water image, C) 

generated from the PCCT bin images using a material decomposition algorithm. ROIs 

placed at the iodine vials and water background showed measured iodine concentrations. 

The water image was displayed with window width and window center of 464 HU and 250 

HU. Measured iodine concentration was compared to the true concentration (D).
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Figure 5. 
Comparison of measured iodine concentration versus true concentration for the 2nd 

generation dual source scanner with dual energy modes of 80/Sn140 (A) and 100/Sn140 (B), 

and 3rd generation dual source scanner with dual energy modes of 70/Sn150 (C), 80/Sn150 

(D), 90/Sn150 (E), and 100/Sn150 (F).
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Figure 6. 
Virtual monoenergetic images of 50, 60, 80, 100, 120 and 140 keV generated from the 30 

cm phantom scanned on the PCCT.
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Figure 7. 
Measured and reference VMI CT numbers of different iodine concentrations from the 30 cm 

phantom scanned on the PCCT.
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Figure 8. 
Measured and reference VMI CT numbers of different iodine concentrations from the 25 

(A), 35 (B), 40 (C) and 45 cm (D) phantoms scanned on the PCCT.
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Figure 9. 
VMI CT numbers at 60 keV of 10 mgI/cc across phantom sizes, at different DE modes and 

scanner types. The reference VMI CT number that calculated based on attenuation and 

iodine concentration was 366 HU.
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