
© 2020 Institute of Physics and Engineering in Medicine

1.  Introduction

Computed tomography (CT) has become a common tool for the clinical diagnosis of anatomical structures and 
diseases. The CT number (H), presented in CT images as a grayscale value, is calculated from the measured linear 
attenuation coefficient (µ) of tissues, which is a function of photon energy and tissue parameters (TPs), including 
physical density, electron density, and atomic number. Therefore, the CT number intrinsically implies the TPs 
and describes the elemental compositions of tissues or lesions. In addition to using visual perception, diagnosis 
can be performed using the quantitative evaluation of CT numbers, such as the Agatston score of atherosclerotic 
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Abstract
The quantitative evaluation of computed tomography (CT) images is widely investigated and 
applied in clinical diagnosis. However, the CT number of tissue can vary with scanners or applied 
tube voltages because of the x-ray spectrum dependence of measured linear attenuation coefficients 
that degrades evaluation accuracy and limits multicenter or multimodality research. This study 
proposed a novel CT image synthesis method to correct the spectrum dependence of CT numbers 
by normalizing them to the same spectrum condition. Stoichiometric calibration was performed 
to derive the spectrum characteristic parameters (SCPs) of six spectra from two CT scanners with 
different applied tube voltages. Subsequently, conversion relationships between CT numbers and 
tissue parameters (TPs) were determined using the SCPs and standard tissue data. The CT number 
of a tissue measured from a spectrum condition was converted to TPs using these relationships, and 
the results were used to estimate the CT number of the tissue in another spectrum condition using 
the corresponding SCPs. Phantom, cadaver, and patient studies were performed to evaluate the 
proposed method. In the phantom study, image synthesis reduced the mean difference between the 
CT numbers of tissue-equivalent phantoms measured using different spectra from 57.96 to  
33.94 HU. In the cadaveric study, the mean difference between the CT numbers of a temporal 
bone flap measured using different spectra was lowered by over 57%. In the patient image study, 
a significant difference of 81.5 HU was observed between the mean CT numbers of femoral 
shafts obtained from the two scanners; this difference was reduced to less than 17 HU, which was 
nonsignificant, when the proposed method was used. The proposed image synthesis method could 
reduce the spectrum dependence of CT numbers measured with different spectra and could be 
applied clinically to improve the accuracy of multicenter and multimodality evaluation and research.
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disease (Agatston et  al 1990, Shaw et  al 2003, Greenland et  al 2007) and characterization of urinary stone 
composition (Mostafavi et al 1998, Motley et al 2001, Manglaviti et al 2011). Furthermore, the calculation and 
evaluation of bone masses, bone volume fractions, and bone mineral densities based on measured CT numbers 
for the diagnosis of osteoporosis have been widely investigated and applied in clinical settings (Rho et al 1995, 
Schreiber et al 2011, 2014, Pickhardt et al 2013, Lee et al 2015). The accuracy of the evaluation is dependent on the 
reliability of the measured CT numbers.

However, current CT scanners employ continuous x-ray spectra to scan patients, and the measured CT 
numbers are calculated from the spectrum-weighted µ of tissues and water. Distinct differences can be observed 
between x-ray spectra generated using different imaging parameters, such as tube voltages and added filters. Even 
if the same imaging parameters are applied to x-ray tubes, differences in anode compositions between the tubes 
also result in different emitted spectra. Consequently, the same tissues can present different CT numbers between 
scanners; thus, the results of multicenter and multiscanner image evaluation can be inaccurate (Cropp et al 2013, 
Lamba et al 2014, Garner et al 2017). Quantitative evaluation based on CT numbers must be restricted to a single 
scanner to ensure consistent and comparable results.

The parametric fit model (PFM) parametrically describes the relationships among the photon energy, ele-
mental composition, and linear attenuation coefficient of materials (Mayneord 1937, Spiers 1946). The µ of a 
material for a specific photon energy can be approximated using the PFM with known TPs. Further, the PFM has 
been modified through stoichiometric calibration to determine the relationships among the x-ray spectrum, CT 
number, and elemental composition of a material (Schneider et al 1996, 2000). After calibration, spectrum char-
acteristic parameters (SCPs) of the x-ray spectrum can be obtained, and the CT number of a material acquired 
using the spectrum can be estimated using the known composition (Shih et al 2017). In the PFM, six fitting 
parameters (FPs) are introduced to adapt the change of the µ within a specific range of photon energy and atomic 
number. These parameters must be optimally determined for a specific range. Several FP sets have been proposed 
by fitting the PFM with standard cross-section data, such as the photoelectric cross-section data of substances 
in the energy range of 20–1000 keV used by Rutherford et al (1967). and the µ of hydrogen, carbon, nitrogen, 
oxygen, and calcium in the energy range of 20–30 keV used by Watanabe (1999). However, the abundance of ele-
ments in human tissue is not considered in the fitting of these FP sets, and the photons used in diagnostic imaging 
are spectral instead of monoenergetic. An FP set dedicated to the µ of the human tissues in the diagnostic x-ray 
spectrum remains lacking.

This study devised a novel image synthesis method to estimate the CT number under particular spectrum 
conditions to correct the spectrum dependence of CT numbers. Using stoichiometric calibration and standard 
tissue data, the SCPs of a spectrum can be calculated, and the CT number of a material acquired using the spec-
trum can be converted to TPs. The CT number of a material presented under other spectrum conditions can 
thus be estimated using the SCPs of the spectrum and TP maps. To further improve the accuracy of the PFM for 
approximating µ, an FP set dedicated for human tissues and the diagnostic x-ray spectrum was determined iden-
tified using mean tissue and bone composition data and reference spectra. Phantom, cadaver, and patient studies 
were used to test whether proposed method can accurately estimate the CT numbers of tissues in different scan-
ning spectra and thus enable quantitative evaluation and comparison using different spectra.

2.  Materials and methods

2.1.  FPs for human tissues in diagnostic x-ray spectra
An FP set for the optimal approximation of the µ of human tissues in the diagnostic x-ray spectrum using the 
PFM was fitted. The PFM is defined by combining the cross-sections of Rayleigh scattering (RS), Compton 
scattering (CS), and photoelectric absorption (PE) as follows:

µ(E) =
c · Ng · Za

PE

Eb
+ Ng · eσ(E) +

f · Ng · Zd
RS

Ee
� (1)

where E denotes the photon energy; Ng is the electron density in electrons/cm3; ZPE and ZRS represent the effective 
atomic numbers (Zeff.) for PE and RS, respectively (Schneider et al 1996); eσ is the Klein–Nishina cross-section 
per electron (Attix 2004); and a–f  are the FPs. The three terms in equation (1), from left to right, are the cross-
sections of RS, CS, and PE, respectively. Using the cross-sections, the partial attenuation coefficients of RS, CS, 
and PE, respectively, can be calculated. As in equation (1), the partial attenuation coefficient of CS is independent 
of the atomic number and can be accurately calculated using Ng and E. However, RS and PE depend on the atomic 
number and photon energy, and the FPs in the cross-sections are employed to improve the approximation 
accuracy of the partial attenuation coefficients of RS and PE. The mean partial attenuation coefficients of the RS 
and PE of a material consisting of N elements can be calculated as follows:
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µ̄(PE,RS)(E) = ρNA

N∑
i=1

wi

Ai

Ñ
(c, f ) · Z(a,d)+1

(PE,RS)

E(b,e)

é
� (2)

where NA is Avogadro’s constant, wi and Ai denote the weight fraction and atomic mass of the ith element, ρ is the 
physical density of the material in g/cm3, and ZPE and ZRS can be calculated using the following equation.

Z(PE,RS) =
î∑

λiZ
(a,d)
i

ó1/(a,d)
,� (3)

where λi  =  Ni
g/Ng. In this study, the mean elemental weight fractions of soft and bone tissues as well as 

reference spectra were used as weighting factors to fit the FPs using equation (2). A total of 76 tissues whose 
elemental compositions and physical densities were obtained from ICRU Report 46 (ICRU 1992) were included. 
Specifically, tissues for which the total weight fraction of H, C, N, and O was higher than 95% were classified as 
soft tissues. Tissues for which the total weight fraction of H, C, N, and O was lower than 95% and total weight 
fraction of P and Ca was higher than 3% were classified as bone tissues. The mean elemental weight fractions 
of the soft and bone tissues were calculated by averaging the elemental weight fractions of the 50 soft tissues 
with physical densities from 0.26 to 1.07 g cm−3 and the 26 bone tissues with physical densities from 1.18 to 
1.92 g cm−3, respectively. Table 1 lists the elemental weight fractions of some of the included tissues and the 
calculated mean elemental weight fractions of the soft and bone tissues. The mean partial attenuation coefficients 
of the tissue and bone at photon energies of 1–140 keV with a step of 1 keV were obtained from the National 
Institute of Standards and Technology (NIST) XCOM database using the mean elemental weight fractions of 
tissue and bone (Berger et al 2010). The reference spectra were generated using a tungsten anode spectral model 
with applied tube voltages of 80, 120, and 140 kVp and a 5 mm Al filter (Boone and Seibert 1997). The FPs were 
fitted by minimizing the squared differences between the weighted partial attenuation coefficients of PE an RS 

calculated using equation (2) and those obtained from the NIST XCOM database as follows.

[(a, b, c) , (d, e, f )] = argmin
P∑

l=1

O∑
k=1

Nk∑
j=1



î

f k
j · µ̄NIST

(PE,RS)(Ej)
ó

l
−


 f k

j · ρNA

M∑
i=1

wi

Ai

Ñ
(c, f ) · Z(a,d)+1

(PE,RS)

E(b,e)
j

é


l




2

� (4)

where Ej  and f k
j  are the photon energy and fluence, respectively, of the j th bin in spectrum k; M is the number 

of composition elements in the tissue and bone; Nk is the number of energy bins in spectrum k; and O is the 
numbers of the reference spectra; P is 2 for the tissue and bone. Minimization of equation (4) was performed 
using least-squares fitting with the calculation of ZPE and ZRS from equation (3). The FPs for PE and RS were 
separately fitted. The obtained FPs were applied in the following studies.

2.2.  Stoichiometric calibration and determination of CT number–TP relationships
In this study, stoichiometric calibration was performed to derive the SCPs of the spectra emitted from the 
x-ray tubes of CT scanners. In stoichiometric calibration, the relationship among the spectrum-weighted µ of 
a material m relative to water, the SCPs of a spectrum sn, and physical density and elemental composition of 
material m is as follows (Schneider et al 1996, 2000).

Table 1.  Elemental weight fractions of some tissues included in the calculation of mean elemental weight fractions of soft and bone tissues. 
Calculation results of the mean elemental weight fractions of soft and bone tissues are listed.

Element H C N O Ca P Other

ρ (g cm−3)Tissue Percent of weight

Lung-blood-filled 10.3 10.5 3.1 74.9 0.0 0.2 1.0 0.26

Adipose tissue 2 11.4 59.8 0.7 27.8 0.0 0.0 0.3 0.95

Brain-grey matter 10.7 9.5 1.8 76.7 0.0 0.3 1.0 1.04

Muscle-skeletal 2 10.2 14.3 3.4 71.0 0.0 0.2 0.9 1.05

Liver 2 10.2 13.9 3.0 71.6 0.0 0.3 1.0 1.06

Soft tissue 10.4 18.6 2.8 67.3 0.0 0.2 0.8 1.03

Skeleton-spongiosa 8.5 40.4 2.8 36.7 7.4 3.4 0.8 1.18

Sternum, male shoulder girdle 7.8 31.6 3.7 43.8 8.5 4.0 0.6 1.25

Femur (total bone) 6.3 33.3 2.9 36.2 14.3 6.6 0.4 1.42

Head-Mandible 4.6 19.9 4.1 43.5 18.7 8.6 0.6 1.68

Skeleton-cortical bone 3.4 15.5 4.2 43.5 22.5 10.3 0.6 1.92

Bone tissue 6.3 28.7 3.5 41.0 13.7 6.0 0.6 1.43
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µ̄m

µ̄H2O
=

ρm

ρH2O

∑N
i=1

Ä
wi
Ai

ä Ä
Zi+Zd+1

i · ksn
1 +Za+1

i · ksn
2

ä
Ä

wH
AH

ä
(ksn

1 + ksn
2 + 1) +

Ä
wO
AO

ä
(8d+1 · ksn

1 + 8a+1 · ksn
2 + 8)

� (5)

where ρH2O and ρm are the densities of water and material m, respectively; wH and wO are the weight fractions 
of the hydrogen and oxygen in water, respectively; and ksn

1  and ksn
2  are the SCPs of spectrum sn. Using the general 

definition of the CT number and equation (5), the SCPs of spectrum sn can be derived using the following 
objective function with the known elemental composition, physical density, and measured CT numbers of 
tissue-equivalent materials (Gammex RMI 467, Middleton, WI, USA) (Constantinou et al 1992).

(ksn
1 , ksn

2 ) = argmin
T∑

u=1



Å

Hsn
meas.

1000
+ 1

ã

u

−

Ñ
ρ

ρH2O
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i=1

Ä
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Ai

ä Ä
Zi+Zd+1

i · ksn
1 +Za+1

i · ksn
2

ä
Ä

wH
AH

ä
(ksn

1 + ksn
2 + 1) +

Ä
wO
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ä
(8d+1 · ksn

1 + 8a+1 · ksn
2 + 8)

é

u




2

� (6)

where Hsn
meas. and T are the measured CT number from spectrum sn and the number of tissue-equivalent materials, 

respectively. The objective function [equation (6)] was minimized using least-squares fitting. In this study, two 
CT scanners, denoted as Scanner 1 (GE Optima CT660, GE Medical Systems, Milwaukee, WI, USA) and Scanner 
2 (Toshiba Aquilion 64, Toshiba Medical Systems, Tochigi, Japan), were used. In both scanners, three tube voltages 
were applied on the x-ray tubes of the scanners to generate six spectra (denoted as s1–s6). The SCPs of the spectra 
were derived using equation (6) with the tissue-equivalent materials, including lung, adipose, breast, liver, brain, 
bones with different bone mineral densities and water (Constantinou et al 1992). The tissue-equivalent materials 
were scanned using all spectra. For each spectrum, regions of interest (ROIs) were defined on the CT images to 
measure the CT numbers of the tissue-equivalent materials (Hsn

meas.). After calibration, the CT numbers of the 
tissue-equivalent materials and water were calculated using equation (5) with the known elemental composition, 
physical density, and derived SCPs of each spectrum (Hsn

calc.). A relationship between the measured and calculated 
CT numbers of the tissue-equivalent materials for each spectrum (Hsn

calc.–Hsn
meas. relationship) was established to 

correct the CT number calculated using the elemental composition, physical density, and SCPs.
The derived SCPs were applied to determine the conversion relationships between the measured CT number 

and TPs for each calibrated spectrum (Hsn
meas.–TP relationships). For each spectrum, the calculated CT num-

bers (Hsn

calc.) of the standard tissue were converted into measured CT numbers (Hsn
meas.) using the corresponding 

Hsn

calc.–Hsn
meas. relationship of the tissue-equivalent materials. The conversion relationships of Hsn

meas.–Ng, Hsn
meas.

–NgZa
PE, and Hsn

meas.–NgZd
RS were determined through linear fitting. To reduce fitting errors, all standard tissues 

were classified into lung, soft tissue, or bone groups using the Hsn
meas. of adipose tissue and connective tissue as 

thresholds, and piecewise linear fitting was performed for each group. Figure 1 illustrates the Hsn
meas.–Ng and 

Hsn
meas.–NgZa

PE relationships determined through linear fitting of the standard tissue data and the measured CT 
number converted from the CT number calculated using equation (5) with the SCPs of s2.

2.3.  Synthesis of spectrum-dependent CT numbers and evaluation
Using stoichiometric calibration and the Hsn

meas.–TP conversion relationships, the spectrum used for a CT scan 
can be described by the SCPs, and the acquired CT number of a material can be converted into TPs. Thus, the 
measured CT number of the material can be decomposed into SCPs and TPs. By rewriting equation (5), the CT 
number of a material with TPs of mn measured using a spectrum sv can be estimated using the following equation.

Hsv ,mn
syn. =

{ [
Ng

(
1 + Zd

RS · ksv
1 + Za

PE · ksv
2

)]
mn[

Ng

(
1 + Zd

RS · ksv
1 + Za

PE · ksv
2

)]
H2O

− 1

}
· 1000� (7)

where mn indicates the TPs converted from the CT number of the materials m originally acquired using spectrum 
sn. In this study, six calibrated spectra from the two scanners were evaluated. In addition, the TPs of the same 
materials converted from the CT numbers acquired using different spectra and the corresponding Hsn

meas.

–TP conversion relationships were considered different (m1 to m6) and were compared. Figure 2 illustrates the 
procedure of synthesis of CT images using equation (7) with the SCPs and TPs from different scanners and 
the comparison between the acquired and synthesized CT images. The CT number of a sample acquired using 
spectrum n (Hsn

meas.) was converted into TPs (mn) using the corresponding Hsn
meas.–TP conversion relationships. 

The CT number of the sample was measured using spectrum v (Hsv
meas.) and was also estimated using equation (7) 

with the converted TPs (mn) and SCPs of spectrum v (Hsv ,mn
syn. ). The accuracy of the estimated CT number of 

the sample (Hsv ,mn
syn. ) was evaluated by calculating the difference (ΔH) between the measured and estimated CT 

numbers of the sample.
Phantom, cadaver, and patient imaging studies were conducted to evaluate the performance of the proposed 

image synthesis method. In the phantom study, CT images of the tissue-equivalent materials were acquired using 
six calibrated spectra (s1–s6). To reduce the differences between the scanning positions of the two scanners, the 
tissue-equivalent materials were aligned using a positioning laser placed at the center of the field of view of the 
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scanners. The CT images were reconstructed with a slice thickness of 5 mm according to common imaging proto
col for clinical abdominal CT scans and a field of view of 400  ×  400 mm2. To evaluate the performance of the 
image synthesis method using the same SCPs with different TP maps and the influence of the applied FPs, the CT 
images acquired using s1, s3, s4, s5, and s6 were converted to TP maps of m1, m3, m4, m5, and m6, respectively. These 
TP maps were further used to synthesize CT images of Hs2,m1

syn. , Hs2,m3
syn. , Hs2,m4

syn. , Hs2,m5
syn. , and Hs2,m6

syn.  using equation (7) 
with the SCPs of s2 and the FPs proposed by Rutherford et al and Watanabe as well as those derived in this study. 
In addition, image synthesis using all combinations of SCPs and TP maps was performed to assess the robustness 
of the proposed method. For evaluation, ΔH maps between the acquired images and the CT images synthesized 
using SCPs identical to those of the acquired images were calculated. Circular ROIs were drawn on the ΔH maps 
to measure the mean and standard deviation (σ) of the ΔH values in the tissue-equivalent rods.

In the cadaveric study, CT images of a temporal bone flap were acquired using the six calibrated spectra. The 
bone flap was fixed in a water-filled plastic box marked with lines for positioning. The CT images were recon-
structed with a slice thickness of 0.625 mm and a field of view of 400  ×  400 mm2. In contrast to those in the 
phantom study, the CT images in the cadaveric study were synthesized using the same TP map but different SCPs. 
The TP map of m3 converted from the bone flap CT image using s3 was used to synthesize the CT images of Hs1,m3

syn. , 
Hs2,m3

syn. , and Hs5,m3
syn.  using equation (7) with SCPs of s1, s2, and s5. The ΔH maps between the acquired CT images 

and the CT images synthesized using SCPs identical to those of the acquired image and the TP maps of m3 were 
calculated. The mean and standard deviation of the ΔH maps were calculated.

In the patient image study, abdominal CT images of 20 patients were retrospectively retrieved through a 
picture archiving and communication system with the approval of the local Institutional Review Board (No. 
CMUH107-REC3-087). The patients scanned by the two scanners were different. The abdominal CT images 
were acquired using a tube voltage of 120 kVp (s2 and s5) and were reconstructed with a slice thickness of 5 mm. 
Circular ROIs were manually defined in uniform regions of the abdominal CT images by a radiologist with 11 
years of clinical experience to measure the average CT numbers of tissues, including lung, muscle, liver, and 
femoral shaft (Hs2

meas. and Hs5
meas.). For the lung tissue, the bronchus, bronchioles, and vessels were avoided. For the 

Figure 1.  (a) Hsn
meas.–Ng and (b) Hsn

meas.–NgZa
PE relationships determined through linear fitting of standard tissue data and the 

measured CT number converted from the CT number calculated using equation (5) with the SCPs of s2.

Figure 2.  Procedure of CT image synthesis using equation (7) with SCPs and TPs and comparative evaluation.

Phys. Med. Biol. 65 (2020) 025013 (12pp)
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muscle tissue, the ROI was drawn in the psoas muscle. For the liver, arteries and veins were avoided. For the femo-
ral shaft, the ROI was in the cortical layer. The mean and standard deviation of the CT numbers of the tissues were 
calculated from the ROI-measured results of 20 patients and compared between the two scanners. Additionally, 
the ROI-measured CT numbers were converted to the TPs of the tissues using the corresponding conversion 
relationships, and the converted TPs and SCPs from the different scanners were used to estimate the CT numbers 
of the tissues (Hs2,m5

syn.  and Hs5,m2
syn. ). The mean and standard deviation of the estimated CT numbers of the tissues 

were computed and compared with the mean values obtained from the ROI analysis to evaluate the performance 
of the proposed image synthesis method for correcting the spectral dependence of the CT number by calculating 
the ΔH and performing a rank sum test with statistical significance defined as a p  value of less than 0.05.

3.  Results and discussion

Table 2 lists the FPs proposed by Rutherford et al and Watanabe and those derived for the µ of the human tissues 
in the diagnostic x-ray spectrum in this study. Table 3 lists the mean ratios  ±σ of the mean spectrum-weighted 
partial attenuation coefficients of the soft and bone tissues for which the mean elemental composition was 
calculated using equation (2) with the FPs derived through least-squares fitting and those obtained from the 
NIST XCOM database. For all spectra, the mean ratios were lower than 5%, indicating the accuracy of the derived 
FPs. In the least-squares fitting of the SCPs, the absolute mean errors between the measured and calculated µ of 
the tissue-equivalent materials relative to water was lower than 6% for all spectra. Table 4 lists the derived SCPs 
(k1 and k2) of the six calibrated spectra from the two scanners. These SCPs were used in the following synthesis of 

CT images.
Figure 3 presents the Hs1

meas., H
s2
meas., H

s3
meas., H

s4
meas., H

s5
meas., and Hs6

meas. images. The first row of figure 4 shows the 
maps of ΔH between the Hs2

meas. and Hs1
meas., H

s3
meas., H

s4
meas., H

s5
meas., and Hs6

meas. images. The ΔH values varied with 
the spectrum. Moreover, higher ΔH values were observed for the bone-equivalent materials than for the soft-tis-
sue equivalents. The second through fourth rows of figure 4 present the maps of the ΔH between the Hs2

meas. and 
synthesized Hs2,m1

syn. , Hs2,m3
syn. , Hs2,m4

syn. , Hs2,m5
syn. , and Hs2,m6

syn.  images. For all FP sets, the ΔH values between the acquired 
and synthesized images for s2 were reduced.

Figure 5 shows the ΔH values as a function of the Zeff. of the tissue-equivalent materials. As demonstrated in 
figure 5(a), the ΔH values between the images acquired using different spectra increased as the Zeff. increased for 
all spectra, indicating the dependence of CT number on the spectrum and material composition. Although the 
general definition of the CT number uses the µ of water as a normalizer to reduce the influence from the spec-
trum dependence of the CT number, the material dependence remained, and the effect of applying the µ of water 
as a normalizer decreased as the difference between the Zeff. of the tissues and water increased. Therefore, the ΔH 
values of the tissue-equivalent materials, which have Zeff. values similar to that of water, were lower than 100 HU 
and were similar for all spectra for tissues such as lung, adipose, breast, liver, and brain. By contrast, the ΔH values 
of the bone-equivalent materials, such as the inner bone, bone mineral, and cortical bone, which have Zeff. values 
higher than 10, increased as Zeff. increased. Figures 5(b)–(d) shows the ΔH values between the image acquired 

Table 2.  FPs proposed by Rutherford et al and Watanabe as well as those derived in this study.

Parameter Rutherford et al Watanabe Proposed

a 3.62 3.4 3.8

b 3.28 3.2 3.18

c 2.06  ×  10−23 2.30  ×  10−23 9.86  ×  10−24

d 1.86 1.5 1.75

e 2.02 1.6 1.7

f  2.80  ×  10−24 1.70  ×  10−24 2.93  ×  10−24

Table 3.  Mean ratios  ±  σ of the mean spectrum-weighted partial attenuation coefficients of the soft and bone tissues for which the mean 

elemental composition was calculated using equation (2) with the FPs derived from least-squares fitting (µ̄calc.
(PE,RS)) and those obtained from 

the NIST XCOM database (µ̄NIST
(PE,RS)).

Tube voltage (kVp)

Mean µ̄calc.
(PE,RS)/µ̄

NIST
(PE,RS) ratio  ±  σ

Tissue Bone

PE RS PE RS

80 0.98  ±  0.03 1.00  ±  0.06 0.98  ±  0.02 1.00  ±  0.07

120 1.01  ±  0.05 1.03  ±  0.06 0.99  ±  0.02 1.01  ±  0.03

140 1.02  ±  0.05 1.04  ±  0.07 0.99  ±  0.03 1.02  ±  0.07

Phys. Med. Biol. 65 (2020) 025013 (12pp)
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Table 4.  SCPs (denoted as k1 and k2) of six spectra from a GE Optima CT660 scanner with applied tube voltages of 80, 120, and 140 kVp 
and a Toshiba Aquilion 64 scanner with applied tube voltages of 80, 120, and 135 kVp.

Scanner GE Optima CT660 (scanner 1) Toshiba Aquilion 64 (scanner 2)

Tube voltage (kVp) 80 120 140 80 120 135

Spectrum s1 s2 s3 s4 s5 s6

Rutherford k1 −2.43  ×  10−4 −6.11  ×  10−4 −6.45  ×  10−4 3.01  ×  10−4 1.39  ×  10−4 1.9  ×  10−4

k2 3.56  ×  10−5 2.46  ×  10−5 1.95  ×  10−5 3.48  ×  10−5 3.02  ×  10−5 3.13  ×  10−5

Watanabe k1 −2.21  ×  10−3 −2.5  ×  10−3 −2.36  ×  10−3 −7.55  ×  10−4 −8.77  ×  10−4 −7.66  ×  10−4

k2 7.23  ×  10−5 4.9  ×  10−5 3.86  ×  10−5 7.19  ×  10−5 6.2  ×  10−5 6.44  ×  10−5

Proposed k1 1.84  ×  10−4 −4.48  ×  10−4 −5.62  ×  10−4 8.87  ×  10−4 6.05  ×  10−4 6.86  ×  10−4

k2 1.97  ×  10−5 1.35  ×  10−5 1.07  ×  10−5 1.94  ×  10−5 1.68  ×  10−5 1.75  ×  10−5

Figure 3.  Phantom CT images acquired using (a) s1, (b) s2, (c) s3, (d) s4, (e) s5, and (f) s6.

Figure 4.  First row: ΔH maps between acquired images of (a) Hs1
meas., (b) Hs3

meas., (c) Hs4
meas., (d) Hs5

meas., and (e) Hs6
meas. compared with 

acquired image of Hs2
meas.. Second through fourth rows: ΔH maps between synthesized images of (a) Hs2,m1

syn. , (b) Hs2,m3
syn. , (c) Hs2,m4

syn. , 
(d)Hs2,m5

syn. , and (e) Hs2,m6
syn.  using the FP sets of Rutherford et al, Watanabe, and this study compared with the acquired image of Hs2

meas..
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using s2 and the images synthesized using the SCPs of s2 and applying different sets of FPs as a function of Zeff.. 
For all three sets of FPs, the ΔH values of the tissue-equivalent phantoms between the acquired and synthesized 
images for s2 were lower than 160 HU. Moreover, the images synthesized using the proposed FPs exhibited ΔH 
values below 110 HU.

Table 5 lists the mean ΔH values  ±  σ of the tissue-equivalent phantoms between the acquired image Hs2
meas. 

and the synthesized Hs2,m1
syn. , Hs2,m3

syn. , Hs2,m4
syn. , Hs2,m5

syn. , and Hs2,m6
syn.  images with different sets of FPs. Compared with the 

FPs proposed by Rutherford et al and Watanabe, the images synthesized using the proposed FPs presented the 
lowest mean ΔH values for all applied TP maps. Thus, the proposed FPs could improve the ability of the PFM to 
describe the µ of the human tissues in the diagnostic x-ray spectrum. The proposed FPs were applied in the fol-

lowing studies.
Table 6 lists the mean ΔH values  ±  σ between the phantom CT images acquired using difference spectra and 

between the acquired images and images synthesized using the same SCPs of the acquired images. The ΔH values 
of the synthesized images were lower than those of the acquired images for all SCPs and TP maps. For the aver-
age of all tissue-equivalent rods, the image synthesis reduced the mean ΔH values from 62.5 to 34.9 HU. For the 

cortical bone rod, the image synthesis reduced the mean ΔH values from 170.7 to 46.0 HU.
Figure 6(a) presents the acquired and synthesized images of the bone flap. The first row of figure 6(b) shows 

the ΔH maps between the acquired Hs3
meas. and Hs1

meas., H
s2
meas., and Hs5

meas. images. Hs1
meas. presented the highest ΔH 

value. The second row of figure 6(b) presents the ΔH maps of the synthesized Hs1,m3
syn. , Hs2,m3

syn. , and Hs5,m3
syn.  images 

Figure 5.  (a) ΔH values  ±  σ of the tissue-equivalent rods between the acquired images of Hs1
meas., H

s3
meas., H

s4
meas., H

s5
meas., and Hs6

meas. 
and the acquired image of Hs2

meas.. ΔH values of the tissue-equivalent rods between the synthesized images of Hs2,m1
syn. , Hs2,m3

syn. , Hs2,m4
syn. , 

Hs2,m5
syn. , and Hs2,m6

syn.  using (b) the FP sets of Rutherford et al, (c) those of Watanabe, and (d) those proposed in this study and the 
acquired image of Hs2

meas..
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and the corresponding acquired Hs1
meas., H

s2
meas., and Hs5

meas. images. The ΔH values were lower with the synthe-
sized images.

Table 7 lists the mean ΔH values  ±  σ calculated from figure 6. Compared with the acquired images, the 
mean ΔH values of the synthesized images of Hs1,m3

syn. , Hs2,m3
syn. , and Hs5,m3

syn.  were 73.5%, 68.3%, and 57.2% lower, 
respectively. Spectrum s1 had the lowest mean photon energy compared with spectra s2 and s5, and the Zeff. of 
the bone flap was higher than that of water. Therefore, the spectrum and material dependence were greatest in 
Hs1

meas., which exhibited the highest mean ΔH value compared with those of Hs2
meas. and Hs5

meas.. Nevertheless, 
the low mean photon energy of spectrum s1 also exhibited superior material differential ability compared with 
spectrum s3. The TPs converted from Hs1

meas. were more accurate than those from Hs5
meas., resulting in the great-

est reduction in mean ΔH value for Hs1,m3
syn. . By contrast, the reduction of the mean ΔH value for Hs5,m3

syn.  was 
approximately 50%. The positioning errors of the bone flap and the different rebinning processes of the scanners 
may have contributed to this low reduction. Conversely, spectra s2 and s5 were generated with a tube voltage of  

Table 5.  Mean ΔH  ±  σ of the tissue-equivalent materials between the acquired image of Hs2
meas. and synthesized images of Hs2,m1

syn. , Hs2,m3
syn. , 

Hs2,m4
syn. , Hs2,m5

syn. , and Hs2,m6
syn.  with the FP sets of Rutherford et al, those of Watanabe, and those proposed in this study.

Spectrum Material map

Mean ΔH  ±  σ of tissue-equivalent rods

Measured

Synthesized using the SCPs of the s2

Rutherford Watanabe Proposed

s1 m1 57.9  ±  69.7 30.8  ±  16.9 35.2  ±  23.2 28.2  ±  12.3

s3 m3 23.4  ±  30.5 18.0  ±  8.8 23.8  ±  16.9 14.6  ±  4.8

s4 m4 84.8  ±  90.0 51.8  ±  22.7 59.2  ±  30.8 46.3  ±  16.6

s5 m5 56.9  ±  68.2 42.0  ±  33.7 48.7  ±  42.5 36.7  ±  26.7

s6 m6 66.8  ±  78.8 48.7  ±  37.0 55.0  ±  45.7 43.9  ±  30.0

Mean 58.0  ±  22.3 38.3  ±  13.9 44.4  ±  14.7 33.9  ±  12.9

Table 6.  Mean ΔH  ±  σ of tissue-equivalent rods between phantom CT images acquired using difference SCPs and between acquired 
images and images synthesized using SCPs identical to those of the acquired images.

Mean ΔH  ±  σ

Spectrum s1 s2 s3 s4 s5 s6

Spectrum s1 57.9  ±  69.7 77.6  ±  102.4 55.1  ±  25.6 53.3  ±  23.5 61.4  ±  33.2

s2 57.9  ±  69.7 23.4  ±  30.5 84.8  ±  90.0 56.9  ±  68.2 66.8  ±  78.8

s3 77.6  ±  102.4 23.4  ±  30.5 103.1  ±  123.9 73.6  ±  101.5 81.8  ±  112.6

s4 55.1  ±  25.6 84.8  ±  90.0 103.1  ±  123.9 45.5  ±  29.3 48.6  ±  26.6

s5 53.3  ±  23.5 56.9  ±  68.2 73.6  ±  101.5 45.5  ±  29.3 47.6  ±  8.3

s6 61.4  ±  33.2 66.8  ±  78.8 81.8  ±  112.6 48.6  ±  26.6 47.6  ±  8.3

TP map m1 28.2  ±  12.3 20.8  ±  9.9 52.5  ±  25.3 46.2  ±  32.8 51.3  ±  40.8

m2 34.2  ±  25.2 8.9  ±  2.8 45.1  ±  22.4 34.4  ±  21.6 39.9  ±  28.2

m3 33  ±  27.3 14.6  ±  4.8 43.7  ±  20.9 30.7  ±  19.1 35.3  ±  26.3

m4 51.9  ±  41.7 46.3  ±  16.6 27.4  ±  12.9 43.9  ±  28.7 38.4  ±  34.9

m5 43.2  ±  54.4 36.7  ±  26.7 21  ±  19.7 33.3  ±  35.5 41.7  ±  14.9

m6 57.9  ±  55.8 43.9  ±  30.0 23  ±  23.2 36.9  ±  38.1 39.1  ±  23.5

Figure 6.  (a) Acquired and synthesized images of the temporal bone flap. (b) ΔH maps of the acquired and synthesized images.
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120 kVp and therefore presented similar Hmeas. values in the acquired images. Nevertheless, the image synthesis 
could further lower the difference between Hs2

meas. and Hs5
meas., and the mean ΔH value for Hs2,m3

syn.  was reduced to 

less than 20 HU.
The first row of figure 7 displays the Hs2

meas. and Hs5,m2
syn.  images of the abdomen and the ΔH maps between 

the images. The CT numbers of the Hs2
meas. and Hs5,m2

syn.  images of the soft tissue region were similar with the ΔH 
values being lower than 20 HU. By contrast, relatively high ΔH values reaching more than 50 HU were observed 
in the lumbar spine. Similar results were observed in the Hs5

meas. and Hs2,m5
syn.  images of the pelvis, as presented in 

the second row of figure 7. ΔH values in the hip joint, particularly in the cortical bone layer of the ischium and 
femoral head and neck, were higher than 60 HU. These results indicate that the image synthesis method mainly 
influenced the CT number of tissues with Zeff. values higher than that of water.

The mean ΔH values  ±  σ of the lung, muscle, liver, and femoral shaft tissues between the acquired and syn-
thesized images are listed in table 8. The mean ΔH values between the Hs2

meas. and Hs5
meas. of all tissues were lower 

than 23 HU, except for the femoral shaft (81.5 HU). No significant differences were noted between the Hs2
meas. 

and Hs5
meas. of the lung and liver, but significant differences were observed between those of the muscle and femo-

ral shaft. By contrast, the mean ΔH values of all tissues were below 26 HU, and no significant differences were 

Table 7.  Mean ΔH  ±  σ of the temporal bone flap calculated from figure 6.

Spectrum

Mean ΔH  ±  σ of the temporal bone flap

Measured Synthesized using the TP map of the m3

s1 245.3  ±  162.23 65.0  ±  56.5

s2 56.2  ±  41.5 17.8  ±  15.3

s5 145.8  ±  45.6 62.4  ±  57.3

Figure 7.  First row: (a) Hs2
meas. and (b) Hs5,m2

syn.  images of the abdomen and (c) ΔH maps between the images. Second row: (d) Hs5
meas. 

and (e) Hs2,m5
syn.  images of the pelvis and (f) ΔH maps between the images.

Table 8.  Mean ΔH  ±  σ of lung, muscle, liver, and femoral shaft tissues between the acquired and synthesized images. The p  values derived 
from the Wilcoxon test for comparing the measured and synthesized H are presented.

Comparison

Mean ΔH  ±  σ (p  value)

Lung Muscle Liver Femoral shaft

Hs2
meas., Hs5

meas. 22.7  ±  53.5 (0.25) 5.1  ±  8.0 (<0.05) 5.1  ±  7.9 (0.09) 81.5  ±  65.1 (<0.01)

Hs2
meas., Hs2,m5

syn. 20.7  ±  54.0 (0.25) 7.9  ±  7.9 (0.36) 2.7  ±  8.0 (0.17) 16.4  ±  64.7 (0.39)

Hs5
meas., Hs5,m2

syn. 25.7  ±  53.9 (0.12) 4.4  ±  7.9 (0.28) 5.9  ±  8.0 (0.11) 3.7  ±  68.4 (0.91)
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observed between Hmeas. and Hsyn.; therefore, the proposed image synthesis method can reduce the influence of 

spectrum dependence on the acquired CT number without introducing additional error.
As demonstrated by the cadaveric and patient image studies, the spectrum variation from different tube volt

ages or scanners can influence the acquired CT numbers for tissue, especially bone tissue. The mean ΔH value 
of the femoral shaft between different scanners was 81.5 HU, and the mean ΔH value of the bone flap between 
different tube voltages was approximately 245.3 HU. If the conversion relationships between the CT number and 
volumetric bone mineral density are used (Lin et al 2017), these CT number differences can lead to errors of 6.4% 
to 52.4% in the converted volumetric bone mineral densities. To obtain reliable and comparable bone quality 
indices, the CT numbers acquired from different tube voltages or scanners must be corrected before the con-
version. In contrast to previous studies, no significant differences were observed between the Hs2

meas. and Hs5
meas. 

of lung and liver tissues. This might be because the number of patients used in this study was insufficient to 
present differences in Hmeas. between scanners. The TP map used for the image synthesis was converted from 
the acquired CT images. As demonstrated by the phantom study, image artifacts and noise fluctuation in the 
acquired CT image can be propagated into the converted TP map and the subsequent synthesized CT image. 
Therefore, proper artifact and noise reduction methods could be applied prior to image synthesis to prevent the 
appearance of these undesirable image features in the synthesized image.

4.  Conclusion

This study proposed an image synthesis method to correct the spectrum dependence of the CT number. 
Stoichiometric calibration and standard tissue data were applied to characterize the x-ray spectrum using SCPs 
and to determine the conversion relationship between CT number and TPs. In addition, FPs for human tissue in 
the diagnostic x-ray spectra were derived to improve the ability of the PFM to describe the relationship among 
the TPs, x-ray spectrum, and µ. The CT number of a tissue in a particular scanning spectrum can be estimated 
using the SCPs of the spectrum and TPs of the tissue. The CT numbers measured using different spectra can 
be normalized to arbitrary spectrum conditions, which can reduce the difference in the CT numbers of the 
same material between different tube voltages or scanners. In conclusion, the proposed image synthesis method 
could be applied to correct the spectrum dependence of the CT number and could assist in multimodality and 
multicenter image evaluation research.
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