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Abstract

When more than two elemental materials are present in a given object, material quantification may 

not be robust and accurate when the routine two-material decomposition scheme in current dual 

energy CT imaging is employed. In this work, we present an innovative scheme to accomplish 

accurate three-material decomposition with measurements from a dual energy differential phase 

contrast CT (DE-DPC-CT) acquisition. A DE-DPC-CT system was constructed using a grating 

interferometer and a photon counting CT imaging system with two energy bins. The DE-DPC-CT 

system can simultaneously measure both the imaginary and the real part of the complex refractive 

index to enable a three-material decomposition. Physical phantom with 21 material inserts were 

constructed and measured using DE-DPC-CT system. Results demonstrates excellent accuracy in 

elemental material quantification. For example, relative root-mean-square errors of 4.5% for 

calcium and 5.2% for iodine have been achieved using the proposed three-material decomposition 

scheme. Biological tissues with iodine inserts were used to demonstrate the potential utility of the 

proposed spectral CT imaging method. Experimental results showed that the proposed method 

correctly differentiates the bony structure, iodine, and the soft tissue in the biological specimen 

samples. A triple spectra CT scan was also performed to benchmark the performance of the DE-

DPC-CT scan. Results demonstrated that the material decomposition from the DE-DPC-CT has a 

much lower quantification noise than that from the triple spectra CT scan.
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I. INTRODUCTION

MULTI-ENERGY x-ray computed tomography (CT), also known as spectral CT imaging, 

was proposed in the 1970s [1] and has been widely used in medical imaging to provide the 

needed elemental material differentiation and quantification when two materials demonstrate 

the same CT numbers under a single energy CT scan [2]–[8]. Current dual-energy CT 

technology has the capability to robustly decompose an unknown material into two material 

bases, e.g., soft tissue and bone, for material quantification purpose. However, when a third 

elemental material is added, e.g., a K-edge contrast agent such as iodine, the decomposition 

into two material bases may not be sufficient to provide the elemental material 

differentiation and quantification [9]. The quantification of the concentration of contrast 

agents, however, is closely related to several clinical tasks. For example, the quantification 

of iodine contrast can help to estimate the blood concentration to further differentiate tumor 

types [10]–[12]. It also helps the diagnosis of cardiac disease [13]–[17] and abdominal 

diseases [18]–[22]. The quantifications of novel contrast agents, e.g., gold, are helpful in 

cancer targeting [23].

Given the aforementioned clinical relevance, a three- or multi-material decomposition for 

quantification purposes is deemed necessary. For conventional dual energy spectral CT 

imaging methods, an empirical volume conservation or mass conservation hypothesis has 

been introduced to enable a three-material decomposition [24]–[28]. However, the accuracy 

of these empirical constraint-based methods depends on whether the prior knowledge is 

valid in a real-world scenario and these methods do not always generate robust or reliable 

quantification results in practice [25]. Recently, different hard-ware configurations have 

been introduced to utilize three different measurements to enable a robust three- or multi-

material decomposition. These methods include brute force measurements using three 

different x-ray spectra [29], using dual-source-dual-detector systems [30], [31], using 

photon-counting detectors with more than two energy bins [32]–[39].

In the past decade, grating-based differential phase contrast (DPC) imaging methods 

including DPC-CT methods have been extensively investigated [40]–[55]. In grating-based 

DPC imaging, when an x-ray interferometer consisting of a set of x-ray gratings are 

incorporated into a conventional x-ray imaging system, the conventional x-ray CT imaging 

system is then upgraded into an x-ray multi-contrast system which provides conventional 

absorption contrast images and the additional endogenous contrast information, e.g., the 

phase contrast and the dark-field contrast of the image object. In CT acquisitions, the 

acquired DPC projection data can be reconstructed to obtain quantitative electron density of 

the image object. Note that one unique advantage of the DPC-CT acquisitions is that the 

conventional absorption contrast CT projection data can be simultaneously generated during 

the DPC-CT acquisition. As a result, both the DPC-CT data and the absorption CT data can 

be acquired in a single DPC-CT data acquisition. DPC-CT reconstruction generates an 

electron density image while the conventional absorption CT images display a combination 

of the objects’ electron density and effective atomic number distribution. Therefore, the joint 

use of the obtained DPC-CT and absorption CT information allows us [45] and others [56] 

to accomplish the routine dual-energy CT objectives, without the need for dual energy 

spectra in the data acquisitions. In this work, we show that accurate three-material 
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decomposition can be accomplished using a dual-energy DPC-CT (DE-DPC-CT) 

acquisition. To validate the proposed scheme, an experimental DE-DPC-CT system was 

constructed by incorporating an x-ray grating interferometer into a photon-counting-detector 

based CT system with two energy bins. The theoretical foundation and experimental 

feasibility to perform the three-material decomposition with the DE-DPC-CT system was 

investigated.

II. METHODS AND MATERIALS

A. Three-material decomposition in spectral CT with three energy spectra

In diagnostic x-ray energy range (10 keV - 140 keV), if a K-edge material (e.g., iodine) is 

presented in an image object, the x-ray linear attenuation coefficient of a material can be 

decomposed into three bases [9]:

μ(E) = μcs(E) + μPE(E) + μPE,K(E), (1)

where μ is energy dependent linear attenuation coefficients of the three physical bases 

[Compton scattering (CS), photoelectric effect (PE) without the K-edge effect, and the K-

edge photoelectric effect]. Alternatively, the attenuation coefficient can also be decomposed 

into three material bases, such as water, calcium and the K-edge material [57]:

μ(E) = awaterμwater(E) + aCaμCa(E) + aKμK(E)

= ∑
i = 1

3
aiμi(E), (2)

where ai represents the decomposition coefficients and the indices i = 1, 2, 3 represent water, 

calcium, and the K-edge material, respectively. In order to determine the three 

decomposition coefficients for material quantification purposes, a minimum of three 

measurements at three different spectra are required. The information provided by dual-

energy systems alone without any prior knowledge is not sufficient to solve the three 

unknowns for a three-material decomposition.

B. Three-material decomposition in DE-DPC-CT

When a grating interferometer is introduced to a system, additional information regarding 

the refractive index of the material can be extracted. Assuming that the refractive index is 

written as n = 1 − δ + iβ; here δ is related to the electron density as [45]

δ(E) = ρe × r0ℏ2c2

2πE2 , (3)

where r0 = 2.82 × 10−15 m is the classical radius of the electron, ℏ is the reduced Planck 

constant and c is the speed of light. Meanwhile, it can be derived that for a material 

decomposed into three basis materials as shown in (2), its electron density is related to the 

electron density of each basis material as

Ji et al. Page 3

IEEE Trans Med Imaging. Author manuscript; available in PMC 2020 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ρe = ∑
i = 1

3
aiρe, i, (4)

where ai are the same decomposition coefficients as those in (2). Details of this derivation 

are shown in the appendix. The δ component of the complex refractive index can be further 

written as follows:

δ(E) = ρe × r0ℏ2c2

2πE2 = ∑
i = 1

3
aiδi(E), (5)

where δi(E) = ρe, i ×
r0ℏ2c2

2πE2 .

By comparing (2) and (5), one can observe that both the linear attenuation coefficient μ(E) 

and the real part of the refractive index, δ(E), can be decomposed into three material bases 

with the same decomposition coefficients ai (i = 1, 2, 3). This observation leads to the 

proposed three-material decomposition method in this paper.

The proposed material decomposition method is performed in the reconstructed image 

domain. Assuming that the three calibration materials with attenuation coefficients [μ1(E), 
μ2(E), μ3(E)] and electron densities (ρe,1, ρe,2, ρe,3) are known a priori. The decomposition 

of the attenuation coefficient of an unknown material can be written in a mathematical form

μ(E) = a1μ1(E) + a2μ2(E) + a3μ3(E) . (6)

For a phase contrast CT system that is equipped with a photon counting detector with two 

energy bins, the following three equations can be established from data collected in a single 

CT acquisition:

μL = a1μ1, L + a2μ2, L + a3μ3, L; (7)

μH = a1μ2, H + a2μ2, H + a3μ3, H; (8)

ρe = a1ρe, 1 + a2ρe, 2 + a3ρe, 3, (9)

where μi,L/H represents the attenuation coefficients of the i–th basis measured from the low 

energy or high energy bin, respectively. Since the relationship between δ and x-ray energy E 
solely relies on the 1/E2 term as shown in (3), equation (9) is equivalent to

δ = a1δ1 + a2δ2 + a3δ3, (10)

where δ is measured from either the low or high energy beam.

Finally the equations can be summarized in the following matrix form
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M
a1
a2
a3

=
μL
μH
δ

, (11)

where the 3 × 3 matrix M is defined as follows:

M =
μ1, L μ2, L μ3, L
μ1, H μ2, H μ3, H

δ1 δ2 δ3

(12)

Since the matrix M is full rank, the three decomposition coefficients ai can be easily 

obtained by inverting the matrix as follows:

a1
a2
a3

= M−1
μL
μH
δ

, (13)

where M−1 is the inverse of the matrix M. As dictated by the above equation, as long as the 

dual energy DPC-CT acquisition is performed, the reconstructed images μH, μL, and δ can 

be used as inputs to generate the desired three-material decomposition coefficients a1, a2, 

and a3.

In practice, the matrix M is constructed from measurements of the attenuation coefficients 

and phase signals of the three materials acquired from a DE-DPC-CT scan. Following that, 

further measurements of μL, μH, δ corresponding to an unknown material are plugged into 

(13) as inputs to determine the corresponding ai values (i = 1, 2, 3).

C. Experimental methods

To validate the proposed three-material decomposition via a DE-DPC-CT acquisition, 

physical experiments were performed on a benchtop DPC-CT system with a photon 

counting detector (Fig. 1).

1) DE-DPC-CT data acquisition system: The system uses a medical grade rotating-

anode x-ray tube with 0.5 mm nominal focal spots (model G1582, Varian Medical Systems, 

Inc., Salt Lake City, UT) and a CdTe-based photon counting detector (model XC-Thor, 

XCounter AB, Sweden). The detector has a pixel array of 1024 × 512 array of 100 μm and 

two adjustable energy thresholds. The grating interferometer consists of a source grating G0, 

a phase grating G1, and an analyzer grating G2. The G1 grating is designed for 28 keV x-

rays. The parameters of the gratings are shown in Table I. The distance between G0 and G1 

was set to 150 cm, and the distance between G1 and G2 was 17.5 cm. The image object was 

placed between G0 and G1. The distance from the x-ray source to the isocenter is 179 cm 

and that from the x-ray source to the detector is 231 cm.
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2) Experimental phantoms and biological specimens used in validation 
studies: In order to validate and evaluate the proposed method, an in-house physical 

phantom with different material mixtures (CaCl2 and iodine) and concentrations were 

fabricated. All the materials were dissolved in water. The concentrations of CaCl2 solutions 

are 20, 25, 40, 50, 60, 75, 80, and 100 mg/mL; the concentrations of iodine solutions are 2, 

2.5, 4, 5, 6, 7.5, 8, and 10 mg/mL. Mixtures of CaCl2 and iodine solutions were also made. 

The concentrations are 25 mg/mL CaCl2 with 7.5 mg/mL iodine, 50 mg/mL CaCl2 with 5 

mg/mL iodine, and 75 mg/mL CaCl2 with 2.5 mg/mL iodine. As shown in Fig. 2 (a), the 

solutions were sealed in plastic straws and the straws were then placed in a water-filled 

cylindrical PMMA container for the CT scan. The diameters of the straws and the PMMA 

container are 6 mm and 25 mm, respectively. The inserts also include a thin, solid PMMA 

cylinder with a diameter of 5.5 mm. The inserts were grouped into three groups and three 

CT scans with the same setup were performed.

In addition to the physical phantom, biological specimens were also included as part of the 

experiment, as shown in Fig. 2 (b). Chicken wings which have been Formalin-fixed were 

kept in a hollow cylindrical PMMA tube as the image object. To add a third material to the 

phantom, a vial of iodine solution with a concentration of 32 mg/mL was also kept in the 

PMMA tube during the scan.

3) Data acquisition parameters: For the phase contrast CT scan, the tube potential 

was set at 50 kVp with a mean energy of 32 keV. The fringe visibility of the system was 

approximately 0.13 under this x-ray spectrum. The two energy thresholds of the photon 

counting detector were set at 15 keV and 35 keV to perform the dual energy acquisition. The 

energy threshold is empirically optimized by requiring that the post-object photon numbers 

in the low energy bin (15–35 keV) and the high energy bin (35–50 keV) are approximately 

equal. In our experimental studies, the anti-coincidence function of the detector was turned 

on. The projection data were acquired at 360 view angles. For each view angle, a phase 

stepping procedure was performed with five phase steps. The tube current was set to be 10 

mA and the exposure time for each phase setup is 0.5 s, resulting in a 25 mAs exposure for 

each phase stepping procedure.

The phase retrieval process was performed from the phase stepping data and images were 

reconstructed using the standard filtered back-projection method (low-pass cosine kernel for 

absorption CT and Hilbert kernel for phase CT). The reconstructed image has a pixel matrix 

of 512 × 512, a field of view of 30 mm and a slice thickness of 1.5 mm. For the 

decomposition, the 100 mg/mL CaCl2, the 10 mg/mL iodine and water were chosen as the 

material bases. By measuring the attenuation coefficients and the phase signal for the three 

basis materials from the reconstructed images, the decomposition matrix M in (11) was 

determined and the material decomposition was performed.

D. Triple spectra scan as a comparison

To benchmark the performance of the DE-DPC-CT system, a triple spectra scan was 

performed using the same benchtop system. Imaging parameters between the DE-DPC-CT 

scan and the triple spectra scan were the same, e.g., the tube potential, the tube current and 
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the exposure time. Since the two post-object gratings (the phase grating and the analyzer 

grating) were not needed for a conventional CT scan and decrease the dose efficiency by 

attenuating post-object photons, these two gratings were removed for the triple spectra scan. 

However, the pre-object grating was still used in the triple spectra scan in order to match the 

pre-object energy spectra and the dose delivered to the image object to those of the DE-

DPC-CT. The detector thresholds were set at 15 keV, 27 keV and 38 keV to ensure the post-

object photon numbers in the three energy bins (15–27 keV, 27–38 keV, 38–50 keV) are 

approximately the same. Although the photon counting detector used in this study has only 

two adjustable thresholds, the triple spectra scan can be achieved by scanning the image 

object twice. The first scan was performed with the thresholds setting at 15 keV and 27 keV; 

then the 15–27 keV energy bin can be acquired. The second scan was performed with the 

thresholds set at 27 keV and 38 keV so the 27–38 keV and the 38–50 keV energy bins can 

be acquired. This is equivalent to scanning the image object using a photon counting 

detector with three energy thresholds. After the measurement of the attenuation coefficients 

of the three calibration materials in the three energy bins, an image domain decomposition 

was performed [58]. The same in-house phantoms were scanned for performance 

comparisons.

III. RESULTS

A. Reconstructed images from DE-DPC-CT

In order to differentiate the different inserts, the inserts were indexed and the corresponding 

materials and concentrations are listed in Table II. The inserts were divided into three groups 

and inserts indices for each group are shown in Fig. 3(a), 4(a), and 5(a), respectively.

The reconstructed absorption and phase CT images for the inserts are shown in Fig. 3–5(b)–

(d). In these presented images, the low energy bin corresponds to 15–35 keV, the high 

energy bin corresponds to 35–50 keV and the full energy bin corresponds to 15–50 keV.

B. Three-material decomposition from DE-DPC-CT

As mentioned in the previous section, the 100 mg/mL CaCl2 (#2), the 10 mg/mL iodine 

(#10) and water (#1) were chosen as the three basis materials. To accomplish the desired 

three-material decomposition, the measured linear attenuation coefficients corresponding to 

the low and high energy bin and the δ values corresponding to the full energy bin were used 

to construct the decomposition matrix M as follows:

M =
0.334 0.546 0.478
0.255 0.374 0.448

0.226 × 10−6 0.237 × 10−6 0.233 × 10−6

The first two rows of M have a unit of [cm−1].

Using the above matrix M, the three-material decomposition was performed following (13). 

Results are presented in Fig. 3–5 (e)–(h). Given the decomposition results, some qualitative 

analysis can be performed. For inserts #14 (5 mg/mL iodine) in Fig. 3, since it contains no 

calcium, it should appear dark in the corresponding calcium map, which is consistent with 
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Fig. 3 (e). Meanwhile, insert #21 (PMMA) in Fig. 4 does not contain iodine, and it appears 

dark in the corresponding iodine map (Fig. 4 (f)).

C. Quantification accuracy of the three-material decomposition

Quantitative measurements of the decomposition coefficients were performed and the results 

are summarized in Table III. The measured coefficients were converted to the material 

concentrations. The measured concentrations were then compared with the ground truth 

values and the comparison was shown in Fig. 6 (a) and (c). A linear fit was performed for 

the measured values and ground truth values. The coefficients of the linear fit and the 

coefficients of determination are shown in the plot. The differences between the measured 

and the ground truth concentrations are shown in Fig. 6 (b) and (d). The root-mean-square 

errors (RMSE) of the measured concentrations in comparison to the ground truths are 1:4 ± 

0:90 mg/mL for CaCl2 and 0:20±0:094 mg/mL for iodine. The relative RMSE is 4:5% ± 

3:5% for CaCl2 and 5:2% ± 3:1% for iodine.

D. Three-material decomposition applied to biological specimens

The reconstructed absorption and phase CT images for the chicken wing are shown in Fig. 

7(a)–(c). As one can tell, the iodine solution has similar linear attenuation coefficient with 

the bones (Fig. 7 (a)–(b)), but has a much lower electron density (smaller δ value, as shown 

in Fig. 7 (c)). Therefore, the phase image indeed provided the needed extra information to 

perform a three-material differentiation and decomposition. The material decomposition was 

then performed and the coefficients of decomposition matrix M are the same with that in 

Sec. (III-A). The decomposition results are shown in Fig. 7 (d)–(f). The proposed 

decomposition method correctly differentiated the bones and the iodine solution.

E. Comparison with results from the triple spectra scan

An example of the reconstructed absorption CT images for the inserts corresponding to the 

three energy bins are shown in Fig. 8 (b)–(d). In these presented images, the low energy bin 

corresponds to 15–27 keV, the middle energy bin corresponds to 27–38 keV and the high 

energy bin corresponds to 38–50 keV. The decomposed material basis maps are shown in 

Fig. 8 (e)–(f) and Fig. 9–10 (b)–(d). Quantitative measurements of the decomposition 

coefficients are performed and the results were summarized in Table IV. The measured 

coefficients were converted to the material concentration. In comparison to the ground truth 

concentrations, the root mean square errors (RMSE) of the measured concentrations are 1.5 

± 1.1 mg/mL for CaCl2 and 0.24 ± 0.14 mg/mL for iodine. The relative RMSE is 5.0% 

±3.9% for CaCl2 and 5.0%±2.8% for iodine.

IV. DISCUSSION

In this work, a new three-material decomposition method was developed using a DE-DPC-

CT acquisition technique. Theoretical analysis showed that the decomposition of the 

electron density shares the same decomposition coefficients with those of the linear 

attenuation coefficients, which provided the theoretical foundation for the proposed method. 

Physical experiments were performed for the purpose of validation. Quantification phantoms 

used in the experiments included the CaCl2 and iodine solutions with different 
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concentrations. The quantification accuracy evaluated by the RMSE is 1.4 mg/mL for CaCl2 

and 0.20 mg/mL for iodine. Biological samples with iodine inserts were also scanned to test 

the material differentiation capability of the proposed method for real biological tissue. The 

proposed method correctly differentiated the bone in the chicken wing and the iodine insert.

It should be noted that the dark-field image could potentially be used for material 

decomposition since it has certain energy dependence [59], [60]. If this is a viable choice, 

the three-material decomposition may be achieved from three different contrast mechanisms 

without the need of a dual energy scan, which would be an direct extension of the method 

developed in Ref. [45]. However, it is well known that dark-field contrast strongly depends 

on the shape and the orientation of the image object [61], [62]. Therefore, the feasibility to 

incorporate the dark-field images in three-material decomposition remains an open question. 

As a result, the dark field contrast was not used for three-material decomposition in this 

study.

To benchmark the quantification accuracy of the proposed three-material decomposition, a 

triple-spectra scan was performed using the same benchtop system. The quantification biases 

were 1.5 mg/mL for CaCl2 and 0.24 mg/mL for iodine. Such quantification biases were a 

little bit higher than those from the DE-DPC-CT scan, although we admitted that there was 

no significant difference. The noise levels of decomposed images from the triple spectra 

scan, however, were much higher than those from DE-DPC-CT, as shown in the qualitative 

comparison between decomposed basis maps (e.g., Fig. 3 and Fig. 8 (e)–(g)) or in the 

quantitative comparison between Table III and Table IV. These results indicate that the 

proposed DE-DPC-CT-based three-material decomposition method may have potential 

advantages over the conventional absorption CT scan with triple spectra: (i) The noise power 

spectrum of the DPC-CT images has a greater low-frequency component, which is different 

from the absorption CT images [63], [64]. This peculiar noise property in DPC-CT may help 

to reduce the noise variance, especially for reconstructed images with a small pixel size [46]. 

(ii) The improved material decomposition performance may be attributed to the use of two 

different contrast mechanisms for the DE-DPC-CT. In traditional spectral CT imaging, only 

the x-ray absorption contrast mechanism is utilized, and thus the material decomposition 

performance strongly depends on how well the three energy spectra are separated. As shown 

in earlier studies [1], [24], [65], a strong spectral overlap in conventional dual-energy or 

multi-energy CT can lead to a degradation in the precision and accuracy of the material 

decomposition results. In contrast, the proposed method leverages the mutually 

complementary information provided by the absorption contrast and phase contrast images 

to accomplish material decomposition, which reduces the dependence on spectral separation.

It is important to understand that the quantification errors of the proposed DE-DPC-CT 

method may depend on the following confounding factors: (i) The theoretical modeling of 

the linear attenuation coefficient includes the Compton scattering and the photoelectric 

effect but neglected the coherent scattering process. According to the database provided by 

the NIST XCOM website [66], for a 30 keV photon interacting with calcium, the coherent 

scattering contributed to about 5% of the total interaction cross-section. The neglection of 

the coherent scattering processes in data analysis may contribute to the quantification error 

in our experimental results. The impact of coherent scattering on the quantification accuracy 
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of the proposed three-material decomposition scheme remains to be further studied. (ii) 

Another potential error source is the signal bias in DPC imaging. Due to the cyclic nature of 

the phase contrast signal, the phase wrapping effect may lead to signal bias, especially when 

the differential phase signal is close to ±π for systems with relatively high sensitivity, as 

shown in our previous work [67]. This intrinsic statistical bias is more evident at the 

boundaries between two materials since there is a relatively large phase difference and the 

DPC signal is high. The statistical signal bias in the measured projection data will propagate 

through the entire imaging chain, resulting in artifacts in the reconstructed DPC-CT images. 

The artifacts can be seen in Fig. 7 (c), as the boundaries between the chicken wing and air 

appears darker than the interior tissue. The bias also contributes to the noise streaks around 

the air bubbles in Fig. 4 (d). This will lead to further quantification inaccuracies as the 

boundaries between the image object and air will have erroneous CaCl2 or iodine 

compositions (e.g., Fig. 5 (e)–(f)). (iii) The beam hardening effect may be another source of 

error. Since the decomposition is performed in the image domain, a small object with 

negligible beam hardening artifacts is assumed. When this assumption is severely violated, 

the beam hardening image artifacts may propagate to the final decomposition and lead to 

inaccurate decomposition results. In this case beam hardening correction methods should be 

performed before or after the reconstruction [68]. Although beam hardening is not evident in 

this study, the impact of beam hardening effect on three-material decomposition accuracy 

should be carefully investigated when the large or highly attenuating image objects are 

concerned.

One limitation of the studies presented in this paper is that the experiments were performed 

at a tube potential of 50 kVp, which is significantly lower than the typical tube potential 

used for clinical dual-energy or multi-energy CT scans. The selection of the tube potential in 

this work is limited by the x-ray grating interferometer, which was originally designed for an 

x-ray beam with a mean energy of 28 keV. When grating interferometer can be fabricated to 

work at higher x-ray energies [69]–[72], this limitation of our work can be better overcome. 

However, at higher operation energies, the performance of the proposed three-material 

decomposition method will need to be carefully investigated. Note that the performance of 

the three-material decomposition method proposed in this work relies on the complementary 

information provided by the DPC mechanism. First of all, when x-ray energy is elevated to 

the higher end, the DPC-CT signal significantly decreases because it is inversely 

proportional to the square of the x-ray energy. This may decrease the signal-to-noise ratio of 

the DPC-CT images and further degrade the decomposition results. Additionally, the relative 

contribution of Compton scattering effect to the absorption contrast increases as the energy 

increases. For materials with relatively low atomic numbers, the Compton scattering 

dominates the attenuation cross-section at higher energies (> 70 keV). In this case, since the 

Compton scattering cross-section and the DPC signal are both proportional to the electron 

density, the attenuation and the DPC signal becomes less complementary and material 

decomposition may be a challenge [69]. However, for materials with relatively high atomic 

numbers, e.g., contrast agents, the photoelectric cross-section still contributes considerable 

amount to the total attenuation at higher energies. Overall, it is likely that there will be a 

transitional energy range that the performance of the proposed DE-DPC-CT method might 

Ji et al. Page 10

IEEE Trans Med Imaging. Author manuscript; available in PMC 2020 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



be inferior to other methods such as triple spectra CT scans. However, the final outcome 

remains to be explored in future with an interferometer operated at higher energies.

We also acknowledge some other limitations in our studies. As stated before, the spectrum 

selected to perform experimental studies was determined by the grating design and whether 

such selection leads to an optimal material decomposition remains unknown. Actually, the 

selection of tube potential has a significant impact on the decomposition. On one hand, 

increasing the tube potential may decrease the fringe visibility in DPC-CT imaging. As a 

result, noise may increase and thus image quality in DPC-CT images drops [46], [73], [74]. 

This result is due to the fact that x-ray interferometer is energy sensitive; the x-ray gratings 

are often designed to work at an optimal energy and a deviation from the optimal operation 

energy of the interferometer results in the degradation in fringe visibility and the DPC-CT 

image quality. On the other hand, an increase of the tube potential may allow a better 

spectral separation in dual energy CT scans and thus a better noise property in dual energy 

CT images. Therefore, it is expected that there should be some optimal x-ray spectra for the 

proposed DE-DPC-CT-based three-material decomposition, which warrant more detailed 

future studies. Moreover, the x-ray filtration also plays an important role in the optimization 

of x-ray spectrum. As shown in recent works, when novel x-ray beam filters, e.g., the iodine 

filter, is used, x-ray spectra can be optimized for photon counting CT to perform optimal 

material decomposition [57]. Therefore, it is anticipated that the x-ray spectrum shape could 

also be optimized in the proposed three-material decomposition method for an improved 

result. The selection of the energy thresholds of the detector was empirically optimized to 

equally allocate the post-object photons in each energy bin. In this case, the noise levels of 

the reconstructed absorption images from each energy bin were similar to each other. 

However, it remains to be investigated whether some other optimization criteria should be 

used such that the quantification accuracy is maximally achieved for the proposed three-

material decomposition method [75], [76]. Finally, in this work, we only used the most basic 

data processing procedures, including a conventional filtered-back projection reconstruction 

method and an image-domain decomposition method to process data. However, previous 

studies have shown that statistical reconstruction method may help to decrease the signal 

bias in DPC-CT [77] and improve material quantification accuracy [78]–[83]. Therefore, the 

impact of these more advanced image processing tools on the proposed DE-DPC-CT-based 

three-material decomposition scheme should also be further investigated as future work.

V. CONCLUSION

A DE-DPC-CT imaging method was developed to perform accurate three-material 

decomposition. Such an imaging method is able to simultaneously produce both the x-ray 

dual energy absorption information and the x-ray DPC information. Experimental results 

demonstrated that a joint use of the measured dual energy absorption CT information and 

DPC-CT information enables accurate three-material decomposition. The results also 

demonstrated potential advantages of the proposed DE-DPC-CT imaging method over the 

conventional triple spectra CT method in three-material decomposition.
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APPENDIX I

PROOF THE DECOMPOSITION COEFFICIENTS OF THE ELECTRON 

DENSITY

As shown in (1), when the K-edge of a specific element is taken into consideration, the 

linear attenuation of a compound material can be decomposed into three bases

μ(E) = μcs(E) + μPE(E) + μPE,K(E) . (14)

The contribution from the Compton scattering process can be written as

μCS = ρNA
A ZσKN(E), (15)

where ρ, NA, A, Z and σKN are the mass density, Avogadro’s number, atomic mass, effective 

atomic number and the Klein-Nishina cross-section, respectively. Since the electron density 

ρe =
ZρNA

A , then

μCS = ρeσKN(E) . (16)

For the photoelectric effect without the K-edge in diagnostic range, the dependence of the 

linear attenuation coefficient on energy can be approximated as

μPE(E) = ξ
E3 , (17)

where ξ is a coefficient with no dependence on energy E. ξ is related to the properties of the 

material, e.g., density, effective atomic number, atomic mass, etc. For K-edge photoelectric 

effect corresponding to a specific K-edge element, the dependence of the linear attenuation 

coefficients on the x-ray energy is given as

μPE,K(E) = ησPE,K(E), (18)

where η is a coefficient with no dependence on energy but is related to the concentration of 

the K-edge element in the compound material. σPE,K is the energy-dependent cross-section 

of the photoelectric effect with K-edge. Given the above equations, equation (1) can be 

written as
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μ(E) = ρeσKN(E) + ξ
E3 + ησPE,K(E) . (19)

As shown in (2), a compound material can also be decomposed into three material bases

μ(E) = ∑
i = 1

3
aiμi(E) . (20)

For each basis, following the previous analysis, its linear attenuation coefficient can be 

written as

μi(E) = ρe, iσKN(E) + ξi
E3 + ηiσPE,K(E) . (21)

By replacing the μi items in (20) with the expression in (21), (20) can be further written as

μ(E) = ∑
i = 1

3
ai ρe, iσKN(E) + ξi

E3 + ηiσPE,K(E)

= ∑
i = 1

3
aiρe, i σKN(E) +

∑i = 1
3 aiξi

E3

+ ∑
i = 1

3
aiηi σPE,K(E) .

(22)

Since both (19) and (22) give the expression of μ(E), the right-hand sides of the two 

equations must be equal:

ρeσKN(E) + ξ
E3 + ησPE,K(E) (23)

= ∑
i = 1

3
aiρe, i σKN(E) +

∑i = 1
3 aiξi

E3

+ ∑
i = 1

3
aiηi σPE,K(E) .

(24)

This equation is valid for any E. Since the bases σKN(E), 1/E3 and σPE,K(E) are linearly 

independent, the corresponding coefficients must be equal, which means that

ρe = ∑
i = 1

3
aiρe, i . (25)
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This is (4) in the main text, which dictates that the decomposition coefficients of electron 

density and linear attenuation are same when the used material bases are the same.
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Fig. 1. 
A photo of the constructed DE-DPC-CT system where a three-grating interferometer is 

incorporated into a photon counting CT imaging system with two energy bins.
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Fig. 2. 
(a) Inserts of solutions placed in a water-filled PMMA container. (b) The Formalin-fixed 

Chicken wing and a solution insert with 32 mg/mL iodine.
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Fig. 3. 
Images of insert group #1 from the DE-DPC-CT scan. (a) illustration of the material and 

concentration of the inserts. The meaning of the indices are listed in Table II. (b)-(d) 

Reconstructed absorption and phase images from different energy bins. The black spots are 

the air bubbles in water. Display range: (b)-(c): [0.2, 0.6] cm−1; (d): [0.14, 0.32] × 10−6. (e)-

(g) Decomposition coefficient maps. The color bars are indicated below the images. (h) 

Multi-material map made by overlaying the calcium map and iodine map onto the full bin 

absorption image.
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Fig. 4. 
Images of insert group #2 from the DE-DPC-CT scan. The descriptions of the sub-figures 

are similar to those of Figure 3.
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Fig. 5. 
Images of insert group #3 from the DE-DPC-CT scan. The descriptions of the sub-figures 

are similar to those of Figure 3.
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Fig. 6. 
Comparison of the measured concentrations and the ground truth concentrations for CaCl2 

and iodine. The square data points represent the concentrations when the solution is a CaCl2-

only or iodine-only solution. The circlar data points represent the concentrations for the 

CaCl2-iodine mixtures. (a) and (c) are plots of the measured concentrations vs the ground 

truths for CaCl2 and iodine, respectively. (b) and (d) are plots of differences between the 

measured concentrations and the ground truths versus the ground truths for CaCl2 and 

iodine, respectively.
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Fig. 7. 
(a)-(c) Reconstructed abortion and phase images from different energy bins. Display range: 

(a)-(b): [0,1.0] cm−1; (c): [0.05, 0.32] ×10−6. (d)-(e) Decomposition coefficient map. The 

color bars are indicated below the images. (f) multi-material map by overlaying the calcium 

map and iodine map onto the full energy bin absorption image

Ji et al. Page 25

IEEE Trans Med Imaging. Author manuscript; available in PMC 2020 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Images of insert group #1 from the triple spectra scan. (a) illustration of the material and 

concentration of the inserts. The meaning of the indices are listed in Table II. (b)-(d) 

Reconstructed absorption and phase images from different energy bins. Display range: [0.1, 
0.7] cm−1. (e)-(g) Decomposition coefficient map. The color bars are indicated below the 

images. (h) Multi-material map made by overlaying the calcium map and iodine map onto 

the full bin absorption image.
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Fig. 9. 
Images of insert group #2 from the triple spectra scan. (a) illustration of the material and 

concentration of the inserts. (b)-(d) Decomposition coefficient map. The color bars are 

indicated below the images. (e) Multi-material map made by overlaying the calcium map 

and iodine map onto the full bin absorption image.
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Fig. 10. 
Images of insert group #3 from the triple spectra scan.. The descriptions of the sub-figures 

are similar to those of Figure 9.
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TABLE I

PARAMETERS OF THE GRATINGS

Pitch size (μm) Duty cycle Grating type

G0 20.7 35% absorption grating

G1 4.3 50% π-phase grating

G2 2.4 50% absorption grating
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TABLE II

LIST OF THE MATERIALS AND CONCENTRATIONS. CONCENTRATIONS ARE INDICATED IN THE 

PARENTHESIS (UNIT: MG/ML).

Index Material (concentration) Index Material and concentration

1 water 12 iodine (7.5)

2 CaCl2 (100) 13 iodine (6)

3 CaCl2 (80) 14 iodine (5)

4 CaCl2 (75) 15 iodine (4)

5 CaCl2 (60) 16 iodine (2.5)

6 CaCl2 (50) 17 iodine (2)

7 CaCl2 (40) 18 CaCl2 (75) iodine (2.5)

8 CaCl2 (25) 19 CaCl2 (50) iodine (5)

9 CaCl2 (20) 20 CaCl2 (25) iodine (7.5)

10 Iodine (10) 21 PMMA

11 Iodine (8)
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TABLE III

SUMMARY OF THE DECOMPOSITION COEFFICIENTS (MEAN±STD) FROM THE DE-DPC-CT SCAN 

FOR THE INSERTS. THE VALUES IN THE PARENTHESIS INDICATE THE GROUND TRUTH.

# CaCl2 basis Iodine basis water basis

3 0.81 ± 0.14 (0.8) −0.03 ± 0.13 (0) 0.22 ± 0.08 (0.2)

4 0.74 ± 0.15 (0.75) −0.00 ± 0.13 (0) 0.26 ± 0.09 (0.25)

5 0.62 ± 0.13 (0.6) −0.03 ± 0.13 (0) 0.42 ± 0.08 (0.4)

6 0.51 ± 0.14 (0.5) 0.05 ± 0.13 (0) 0.44 ± 0.08 (0.5)

7 0.39 ± 0.13 (0.4) −0.03 ± 0.13 (0) 0.66 ± 0.08 (0.6)

8 0.25 ± 0.14 (0.25) −0.02 ± 0.13 (0) 0.79 ± 0.08 (0.75)

9 0.19 ± 0.13 (0.2) −0.03 ± 0.12 (0) 0.86 ± 0.07 (0.8)

11 0.04 ± 0.13 (0) 0.83 ± 0.13 (0.8) 0.14 ± 0.08 (0.2)

12 0.02 ± 0.14 (0) 0.78 ± 0.13 (0.75) 0.18 ± 0.08 (0.25)

13 0.03 ± 0.14 (0) 0.61 ± 0.13 (0.6) 0.36 ± 0.08 (0.4)

14 0.01 ± 0.14 (0) 0.52 ± 0.13 (0.5) 0.48 ± 0.09 (0.5)

15 0.01 ± 0.13 (0) 0.38 ± 0.13 (0.4) 0.63 ± 0.08 (0.6)

16 0.01 ± 0.14 (0) 0.24 ± 0.12 (0.25) 0.74 ± 0.09 (0.75)

17 0.01 ± 0.14 (0) 0.18 ± 0.13 (0.2) 0.82 ± 0.08 (0.8)

18 0.75 ± 0.15 (0.75) 0.23 ± 0.14 (0.25) 0.03 ± 0.09 (0)

19 0.52 ± 0.15 (0.5) 0.47 ± 0.14 (0.5) 0.03 ± 0.08 (0)

20 0.28 ± 0.14 (0.25) 0.75 ± 0.13 (0.75) −0.04 ± 0.10 (0)

21 −0.32 ± 0.14 (−0.38) 0.01 ± 0.13 (0) 1.49 ± 0.08 (1.60)
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TABLE IV

SUMMARY OF THE DECOMPOSITION COEFFICIENTS (MEAN±STD) FROM THE TRIPLE SPECTRA 

SCAN FOR THE INSERTS. THE VALUES IN THE BRACKET INDICATE THE GROUND TRUTH.

# CaCl2 basis Iodine basis water basis

3 0.80 ± 0.40 (0.8) −0.05 ± 0.24 (0) 0.28 ± 0.96 (0.2)

4 0.75 ± 0.44 (0.75) −0.01 ± 0.25 (0) 0.27 ± 1.05 (0.25)

5 0.61 ± 0.41 (0.6) −0.05 ± 0.23 (0) 0.48 ± 0.97 (0.4)

6 0.50 ± 0.44 (0.5) 0.03 ± 0.24 (0) 0.50 ± 1.04 (0.5)

7 0.39 ± 0.38 (0.4) −0.04 ± 0.23 (0) 0.68 ± 0.93 (0.6)

8 0.22 ± 0.37 (0.25) −0.02 ± 0.23 (0) 0.84 ± 0.91 (0.75)

9 0.19 ± 0.38 (0.2) −0.03± 0.23 (0) 0.87 ± 0.94 (0.8)

11 0.01 ± 0.42 (0) 0.83 ± 0.25 (0.8) 0.15 ± 1.02 (0.2)

12 0.02 ± 0.43 (0) 0.79 ± 0.25 (0.75) 0.17 ± 1.04 (0.25)

13 0.00 ± 0.39 (0) 0.61 ± 0.23 (0.6) 0.39 ± 0.95 (0.4)

14 0.02 ± 0.42 (0) 0.55 ± 0.24 (0.5) 0.40 ± 1.02 (0.5)

15 0.02 ± 0.40 (0) 0.41 ± 0.24 (0.4) 0.54 ± 0.97 (0.6)

16 −0.02 ± 0.42 (0) 0.23 ± 0.24 (0.25) 0.82 ± 1.01 (0.75)

17 0.01 ± 0.40 (0) 0.19 ± 0.25 (0.2) 0.80 ± 0.99 (0.8)

18 0.74 ± 0.38 (0.75) 0.24 ± 0.24 (0.25) 0.04 ± 0.95 (0)

19 0.53 ± 0.36 (0.5) 0.51 ± 0.23 (0.5) −0.06 ± 0.89 (0)

20 0.26 ± 0.38 (0.25) 0.75 ± 0.24 (0.75) 0.00 ± 0.95 (0)

21 −0.24 ± 0.34 (−0.38) 0.10 ± 0.21 (0) 1.22 ± 0.85 (1.60)
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