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v

CT was the first cross-sectional imaging technique to be widely introduced 
over 50 years ago, and it was enthusiastically received by the medical com-
munity. After the advent of magnetic resonance imaging, however, CT began 
to lose its appeal. Multiplanar slices, superior soft tissue contrast, and the 
absence of ionizing radiation were considered substantial advantages. Not to 
be forgotten, MRI was considered more intellectually demanding, because it 
was necessary to select from the multitude of pulse sequences the one best 
suited to the clinical problem at hand. Even new and specific contrast agents 
were developed. Therefore, it was not surprising that CT was considered a 
diligent and patient, but somewhat boring workhorse.

Tremendous developments have occurred since then: Spiral CT, multislice 
CT, iterative image reconstruction, and finally Spectral Imaging and Photon 
Counting CT.  It is to the great credit of the editors of this book, Spectral 
Imaging: Dual-Energy, Multi-Energy and Photon-Counting CT, to provide a 
competent and easily understandable overview of these fascinating 
developments.

The international editorial team of Hatem Alkadhi, André Euler, David 
Maintz, and Dushyant Sahani, all distinguished and highly recognized imag-
ing scientists, have recruited experienced and knowledgeable experts as 
authors.

In the first part, the methodological and technical fundamentals of spectral 
CT and photon counting CT as well as the application of contrast agents are 
presented. These chapters impress by the clarity of the presentation, so that 
they are understandable even for physicians without a more extensive back-
ground in science and engineering. The fundamentals of spectral CT and pho-
ton counting CT are covered, as are the emerging future developments. In 
spectral CT, the major manufacturers pursue different strategies, which are 
explained in individual chapters, so that the reader can make his or her own 
objective assessment.

The chapter on contrast media impressively demonstrates that spectral and 
photon counting CT also allow a differentiated and targeted use of contrast 
media, which contributes to an improvement in the diagnostic accuracy. With 
the new CT technologies, elements other than iodine, such as lanthanides, 
hafnium, tantalum, tungsten, or even gold, could also be used as a basis for 
new contrast media, which could result in fascinating and completely new 
indications.

Foreword
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The main focus of the book is taken by chapters on the clinical applica-
tions of spectral imaging in various organs and diseases. It becomes clear that 
spectral imaging has great potential for a variety of clinical problems and that 
extensive experience has been gained in this field in recent years. It becomes 
clear that these are often very important, even therapy-decisive questions, 
such as the detection or exclusion of an active hemorrhage or a fresh vertebral 
fracture.

In the last two contributions, the question is raised as to what will happen 
next with CT. What can the new CT techniques in radiomics and artificial 
intelligence contribute and what can be expected from photon counting CT. 
Due to new developments, the limitations of CT compared to MRI mentioned 
at the beginning of this preface no longer exist or exist only in part. Spectral 
CT can provide multiplanar imaging, accurate tissue characterization, and is 
associated with significantly lower radiation exposure. Needless to say, mod-
ern CT is anything but boring but an exciting and dynamically evolving tech-
nology that will keep us on our toes for a long time to come!

I would like to recommend this book to the readers, and I am sure that they 
will find it as exciting and informative as I do. I would like to congratulate the 
editors and the authors on their successful project and thank them for their 
effort and hard work.

Prof. em. Dr. Dr. h.c. Maximilian Reiser, FACR, FRCR, ML 
Deptartment of Radiology  

Ludwig-Maximilians-University 
Munich, Germany

Foreword
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1  Introduction and History

The concept of using two-energy beams in CT 
imaging dates back to Hounsfield’s early work 
(Hounsfield 1973), where he explained that by 
using two distinct tube potentials, one could 
enhance the contrast of and differentiate between 
specific materials. Several important papers pub-

lished in the 1970s and the 1980s established the 
theoretical foundation of dual-energy CT imag-
ing (Alvarez and Macovski 1976; Macovski et al. 
1976; Kelcz et  al. 1979; Lehmann et  al. 1981; 
Kalender et al. 1986). Due to the limitations of 
CT technology at that time, dual-energy CT could 
not be used routinely in clinical practice. A break-
through happened in 2006, when a dual-source 
CT scanner was made commercially available, 
enabling dual- energy CT in routine patient exams 
(Flohr et al. 2006; Johnson et al. 2007).

Currently, CT manufacturers offer several 
solutions for dual-energy CT imaging. However, 
they all share the similar basic physics principle. 
The data acquisition for dual-energy CT requires 
(1) the minimal time interval between the two CT 
acquisitions, which ideally occur simultaneously, 
and (2)  sufficient difference of photon energies 
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between the two CT acquisitions. The time inter-
val requirement ensures that the images from the 
two CT acquisitions have minimal registration 
errors, and the sufficient energy difference 
requirement controls noise level in the post-pro-
cessed images to ensure acceptable image quality 
for diagnosis. After two CT acquisitions are 
obtained, the post-processing performed in all the 
dual-energy CT platforms perform the same 
basic physics task i.e., material decomposition.

2  Methods of Material 
Decomposition

X-ray attenuation characteristics depend on pho-
ton energy and the physical property of the inci-
dent material, i.e., mass density (ρ) and atomic 
number (Z). In the photon energy range of diag-
nostic imaging, there are three main mechanisms 
in X-ray photon interacting with matter: photo-
electric effect, Compton scatter, and coherent 
scatter (Rayleigh scatter). The mass attenuation 
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The three mass attenuation coefficients have 
different dependencies on photon energy (Fig. 1). 
The attenuation of the coherent scatter is much 
smaller than the other two in the energy range of 
diagnostic imaging, so its contribution to total 
attenuation may be ignored in the physical model, 
i.e.,
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This mathematic formula for the mass attenu-
ation due to the photoelectric effect and Compton 
scatter have been long established through theo-
retical physics and experimental measurements 
(Bushberg et  al. 2012). The mass attenuation 
coefficient can be separated into a product of a 
material-dependent term and a photon-energy- 
dependent term, so that the mass attenuation 
coefficient can be written as
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(3)

where αp and αC are material-dependent factors 
for the photoelectric effect and Compton scatter, 
and fp and fC are energy-dependent factors, 
respectively. When ignoring the K-edge effect, 
the format of α and f are known through X-ray 
physics (Bushberg et al. 2012).
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Fig. 1 Mass attenuation coefficients as a function of pho-
ton energy for cortical bone (ICRU 44) (left) and soft tis-
sue (ICRU 44) (right). Photoelectric effect, Compton 

scatter, and coherent scatter have distinct dependences 
with photon energy. These unique behaviors are the foun-
dation for dual-energy CT imaging
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To determine the αp and αC, we need attenua-
tion measurements from two different energy lev-
els, ELow (low energy) and EHigh (high energy),
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This process of determining material com-
position through two measurements is often 
called material decomposition and Eq. (4) is a 
physical effect model since it is based on the 
photoelectric effect and Compton scatter. 
This  model is straightforward, but has limita-
tions because it only models two mechanisms 
for X-ray interactions with materials; other 
mechanisms which are ignored in the model 
will cause some error in the calculation 
(Williamson et  al. 2006). Another commonly 
used model is the basis material model. Instead 
of using the photoelectric and Compton effects 
as the base functions, we use the attenuation 
coefficient of two selected materials, namely 
basis materials or base materials. Given two 
basis materials 1 and 2 (e.g., iodine and bone),
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a third material would have the same format,
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Substituting fP(E) and fC(E) from (5) in to (6), 
the third material can be represented as
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Equation (7) shows the attenuation of any material 
can be represented by a linear combination of two 
basis materials. It is worth noting that although Eq. 
(5) is deduced from the two physical effects model, 
it does not have the limitation that only two physi-
cal mechanisms are modeled since the attenuation 
coefficients of the basis materials 1 and 2 contain 
all the attenuation information. Neither the two 
physical effects model nor the two-basis material 
model work well when the K-edge effect is a sig-
nificant source of attenuation.

If a mixture contains three different materials 
and we would like to determine the concentration 
of each material, we will need another independent 
equation. Usually, we assume mass or volume con-
servation which means the mass fraction or volume 
fraction of the three materials must add up to 1,

 f f f f f f1 2 3 1 2 31 0 0 0+ + = ³ ³ ³, , , ,  (8)

where f1, f2, and f3 are mass or volume fractions of 
the materials. This is often called three-material 
decomposition.

The K-edge is a unique attenuation feature 
(Fig. 2). The abrupt change in attenuation around 
the k-edge energy has a different behavior than 
the smooth attenuation curves of the photoelectric 
effect and Compton scatter. Thus, a K-edge term 
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Fig. 2 Mass attenuation coefficient of iodine, soft tissue 
(ICRU 44), and cortical bone (ICRU 44). Iodine curve has 
an abrupt attenuation increase at 33.2 keV, which is called 
the absorption k-edge of iodine
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needs to be added into the decomposition model 
when the K-edge contributes substantially to the 
total attenuation. The mass attenuation coefficient 
with the K-edge term can be expressed as
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where aK and fK are the material- and energy- 
dependent terms representing the K-edge effect. 
If there are multiple K-edge materials in the mea-
surements, each material needs to have a separate 
term in the attenuation formula. Similarly, basis 
material models can be updated to include K-edge 
materials,

 

m
r

m
r

m

m
r

æ

è
ç

ö

ø
÷( ) = æ

è
ç

ö

ø
÷ ( ) + æ

è
ç

ö

ø
÷ ( )

+
æ

è
ç

ö

ø
÷ ( )

E m E m E

m Ek

k

1

1

2

2
r

 

(10)

where mk and 
m
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E  are the terms for the 

K-edge material.
When there are multiple K-edge materials in 

the model, two measurements from dual-energy 
CT imaging become insufficient to solve the prob-
lem, even with mass or volume conservation. That 
is, the number of unknowns is higher than the 
number of equations. Photon-counting CT can 
measure the energy of each X-ray photon and store 
the photon counts separately in multiple energy 
intervals, namely, energy bins. With the sufficient 
number of energy bins, this provides sufficient 
independent measurements for K-edge imaging. 
Furthermore, photon-counting CT can adjust the 
positions of its energy bins to be just before and 
just after the K-edge energy level to boost the sig-
nal from the K-edge attenuation (Roessl and 
Proksa 2007). This opens up the possibility for 
new CT contrast agents and imaging of multiple 
contrast agents simultaneously (Schlomka et  al. 
2008; Muenzel et al. 2017; Willemink et al. 2018).

The material decomposition we discussed so 
far is calculated using mass or linear attenuation 
coefficients, which means the decomposition is 
performed using the CT images. The decomposi-
tion process can also be performed using projec-

tion data. In dual-energy CT, the projection data 
can be modeled as,
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where A x ds A x dsp A C C= ò ( ) = ò ( )a a 
,  are the 

projections of the αA and αC, pL and pH are mea-
sured projection data, ELm and EHm are the maxi-
mum photon energy for the low- and high-energy 
X-ray beams, and SL(E) and SH(E) are the energy 
functions, which combine X-ray spectra and 
detector response functions. Solving Eq. (11), αA 
and αC are obtained by performing CT recon-
struction using Ap and Ac. This is projection- 
space decomposition using the photoelectric and 
Compton effects and it works similarly as the 
two-basis material model. In principle, the 
projection- space decomposition provides more 
accurate results than image-space decomposition 
since it models the imaging chain more precisely. 
However, in practice, the performance difference 
of image-space and projection-space decomposi-
tion might not be as significant as expected 
(Jacobsen et al. 2018; Sellerer et al. 2018; Taylor 
et al. 2019).

3  Synthetic Images 
from Material 
Decomposition 
and Post-Processing

In this section, we will discuss the creation, 
application, and pitfalls of the common types of 
synthetic images from spectral CT.  In conven-
tional single-energy CT, although CT images 
acquired at the chosen tube potential can be cre-
ated with multiple reconstruction kernels to serve 
different clinical tasks, the reconstruction kernels 
only impact the noise and spatial resolution of the 
CT images, and the tissue and material contrast 
of the CT images is approximately kept the same. 
On the other hand, spectral CT, including dual- 
energy CT (DECT), not only provides conven-
tional image sets with the desired noise and 

J. Wang et al.
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spatial resolution, but also provides images that 
feature different tissue contrasts and additional 
material- specific information. These synthetic 
images can be generated either from projection 
data (Alvarez and Macovski 1976; Lehmann 
et al. 1981; Kalender et al. 1986; Wang and Pelc 
2011) or CT images of multiple energies (Yu 
et al. 2011; Liu et al. 2009; Niu et al. 2014; Li 
et al. 2015) after a spectral CT scan. For clarity 
we will focus our discussion on DECT in the fol-
lowing sections, because CT systems with multi- 
energy (more than two) capabilities have just 
been approved for clinical use. However, all 
essential features of synthetic images discussed 
below apply to both DECT and multi-energy CT 
systems.

3.1  Mixed CT Images

Mixed images are generated by blending the low- 
and high-energy CT images from a DECT scan. 
The primary use of mixed images is for routine 
diagnostic interpretation and they serve as a sur-
rogate for the conventional single-energy CT 
images that the clinical users are familiar with, 
even though they may be new to DECT 
technology.

One common way to create the mixed images 
is to add the low- and high-energy images with 
user-adjustable weighting factors:

 
I w I w IMixed Low Low High High= +

 
(12)

where ILow and IHigh denote the low- and high- 
energy images respectively, and wLow and wHigh 
denote the corresponding weighting factor, and 
wLow + wHigh = 1. The optimal choice of weighting 
factors depends on the clinical task, patient size, 
and dose partition between low- and high-energy 
scans. Yu et al. showed that linearly mixed images 
from DECT provide similar or improved noise 
and iodine contrast-to-noise ratio (CNR) relative 
to 120 kV images using the same radiation dose 
over a wide range of phantom sizes (from 30 cm 
to 45  cm in lateral width), but inferior iodine 
CNR compared to 80 kV images for 30-cm small 
phantom (Yu et al. 2009). Behrendt et al. found 
weighting factor 0.5 provides the best subjective 

image quality in a DECT angiography study 
(Behrendt et al. 2009). In clinical DECT applica-
tions, the linear mix weighting factor (wLow) is 
commonly set between 0.5 and 0.7 to provide a 
balance between iodine contrast and image noise.

The mixed images can also be created in a 
non-linear fashion. Holmes et  al. showed in a 
liver CT study that a non-linear blending method 
based on a modified sigmoid function provides 
higher iodine CNR and better subjective score 
compared to a linear mixed approach (Holmes 
3rd et al. 2008).

3.2  Material-Specific Images

The foremost advantage of DECT over conven-
tional single-energy CT is its ability to provide 
material specific information for the anatomy of 
interest. Through the material decomposition 
steps discussed before, the density maps of basis 
materials can be calculated to provide quantita-
tive maps of their distribution.

Based on the two-basis material assumption, 
solving Eq. (7) using data acquired at low- and 
high energy yields the mass densities of two basis 
materials (Yu et al. 2011):

 

r

m
m

r
m

m

r

m

r

m

r

1

2 2

1

=

-æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷

æ
è
ç

Low

High

High

Low

Low

, ,

,

öö
ø
÷

æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷-

High Low High, , ,2 2 1

m

r

m

r  

 

r

m
m

r
m

m

r

m

r

m

r

2

1 1

1

=

- +æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷

æ
è

Low

High

High

Low

Low

, ,

,

çç
ö
ø
÷

æ
è
ç

ö
ø
÷

æ
è
ç

ö
ø
÷-

High Low High, , ,2 2 1

m

r

m

r  

(13)

where μLow and μHigh denote the linear coefficients 

measured at low- and high-energy scan, 
m
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 represent the mass attenuation 

coefficient of the basis material 1 at the low and 
high energy, respectively, and the similar denota-
tion applies to basis material 2. If there is a third 
material in the mixture, either mass or volume 
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conservation can be assumed to add another inde-
pendent condition to solve the three-material 
decomposition (Liu et al. 2009). In clinical appli-
cations, the commonly used unit of the mass den-
sity maps is mg/ml, which indicates the 
concentration of the material. However, some CT 
manufacturers convert the concentration unit into 
CT numbers in Hounsfield units. The advantages 
of using CT-like density maps is that they are 
more familiar to clinical users and more compat-
ible with PACS systems. However, if the users 
are looking for the absolute concentration infor-
mation of certain materials, the density maps 
with the unit of mg/ml are preferred.

DECT provides a variety of material specific 
images depending on the clinical tasks.

3.2.1  Material Differentiation Images
Material differentiation images, sometimes 
referred as material maps, display a material’s 
distribution, typically in a color-coded fashion, 
but does not provide the concentration informa-
tion. For example, in DECT scan of patient with 
kidney stones, color maps are generated for dif-
ferentiation of uric acid from non-uric-acid kid-
ney stones based on their difference in effective 
atomic numbers (Primak et al. 2007; Graser et al. 
2008). Similarly, based on DECT differentiation 
of uric acid from calcium, diagnosis of gout was 
established by using DECT to identify monoso-
dium urate crystals in synovial fluid or tissue 
aspirates (Bongartz et al. 2015). DECT has also 
been used to provide color-coded maps of silicon 
for evaluation of the integrity of silicone breast 
implants (Johnson et al. 2013).

3.2.2  Material Quantification Images
Material quantification images provide both the 
distribution and concentration information of tar-
get materials. Iodine quantification is the most 
common use of DECT and has been adopted in a 
variety of clinical applications for characteriza-
tion of liver (Lee et  al. 2011) and renal lesions 
(Mileto et  al. 2014), hemorrhage in stroke 
patients (Gupta et al. 2010), thyroid nodules (Li 
et al. 2012), and bowel disease (Fulwadhva et al. 
2016). Calcium quantification with DECT has 
been applied to differentiate between calcium 

and hemorrhage in unenhanced head CT exams 
(Hu et al. 2016). Iron maps are used in DECT to 
evaluate the liver iron accumulation for hemato-
logical patients (Luo et  al. 2015; Werner et  al. 
2019). Fat quantification in liver has been evalu-
ated in DECT exams using a three-material 
decomposition including fat, liver tissues, and 
iron (Fischer et al. 2011). Xenon maps acquired 
from DECT can be used to evaluate the distribu-
tion of morphologic and functional changes in 
pulmonary diseases such as chronic obstructive 
pulmonary disease (COPD) and asthma (Kong 
et al. 2014).

3.2.3  Material Negative Images
With material density maps calculated from 
DECT material decomposition, certain material 
can be virtually removed from the CT images to 
improve diagnostic accuracy and confidence. In 
iodine contrast enhanced DECT exams, a set of 
virtual non-contrast (VNC) images are created 
to potentially eliminate the need to acquire the 
true non-contrast images, therefore reducing 
radiation dose to patients (Ferda et  al. 2009; 
Graser et al. 2009). In DECT of bone marrow, 
calcium signal is removed from bone images to 
evaluate bone marrow edema (Wang et  al. 
2013).

3.3  Virtual Monoenergetic Images

In addition to mixed images and material-specific 
images, DECT datasets can be used to create vir-
tual monoenergetic images (VMI) which are 
gray-scale images mimicking the appearance of 
CT images acquired with a true monochromatic 
X-ray source. In theory, monoenergetic images 
can be created at any individual X-ray energy, but 
in clinical practice, the typical range of selected 
energy is from 40 to 200 keV, depending on the 
diagnostic tasks.

In principle, the creation of VMIs can be con-
sidered as the by-product of the mass density maps 
from material decomposition in Sect. 3.2. Once 
the mass density images are generated from either 
projection-space or image-space material decom-
position, the linear attenuation coefficient μ(E) can 
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be calculated based on basis material mass density 
maps and each material’s mass attenuation coeffi-
cient at a chosen energy, as shown below:
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attenuation coefficient of the two basis materials 
at the chosen energy E, and ρ1 and ρ2 are their 
mass density. The VMIs can then be obtained by 
scaling the μ(E) from Eq. (14) with μ(E) of water 
to create the CT-like images. Alternatively, Yu 
et al. showed that monoenergetic images can be 
calculated by the linear combination of CT 
images from the low and high energy (Yu et al. 
2011):

CT E w E CT w E CT( ) ( ) ( )( )= + -· ·
Low High

1
 

(15)

where CTLow and CTHigh denote the low- and high- 
energy CT images, and w(E) is the weighting fac-
tor. Two things are worth mentioning here. First, 
the w(E) here should not be confused with the 
weighting factor wLow and wHigh used for creating 
mixed images in Eq. (12). Second, although not 
given explicitly in Eq. (15), the approach of lin-
ear combination of CT images is also based on 
the assumption that there are only two basis 
materials in the material decomposition process 
(Yu et al. 2011).

Because of the freedom to create VMIs at any 
energy, they play multiple roles in DECT clinical 
applications. First, on DECT scanners using fast 
kV switching technology, no mixed images from 
low- and high-energy scans are created. VMIs are 
used as a substitute for the conventional single-
energy images for routine diagnosis purpose. The 
monoenergetic images can be created at an energy 
level that approximately matches the mean energy 
of either a 100  kV or 120  kV polychromatic 
energy beam, depending on user preference. 
Second, VMIs are often created to provide opti-
mal iodine signal in contrast enhanced DECT 
exams. Because the X-ray attenuation of iodine 
increases faster than tissue with the decrease of 
X-ray beam energy, VMIs at low energy, typically 
below 60 keV, show higher iodine contrast signal 

than conventional 100 kV or 120 kV CT images 
(Albrecht et al. 2019). However, the image noise 
of VMIs also increases at lower energies. Alvarez 
et al. showed that the noise of VMIs has a non-
monotonic relationship with the monochromatic 
energy and a minimum noise exists (Alvarez and 
Seppi 1979). Yu et  al. showed that a maximum 
CNR of iodine exists at certain monochromatic 
energy, but the optimal energy level depends on 
the phantom size and dose partition between the 
low- and high-energy scans. Third, when the 
monoenergetic images are created from projec-
tion-space material decomposition, the beam 
hardening artifacts can be more effectively 
reduced because the shape of the polychromatic 
X-ray spectrum and spectral response of CT 
detectors are properly considered in the material 
decomposition process. Fourth, because beam 
hardening is a significant cause of metal-induced 
artifacts in CT scan, monoenergetic images cre-
ated at higher energy levels can potentially reduce 
artifacts caused by metal objects (Cha et al. 2017; 
Guggenberger et al. 2012). Fifth, with VMIs cre-
ated over a range of monochromatic energies, 
spectral attenuation curves can be created to char-
acterize tissue types, such as differentiation of 
contrast enhancing solid renal mass from hyper-
dense cyst (Silva et al. 2011).

3.4  Electron Density and Effective 
Atomic Number Images

Electron density ρe can be calculated from the 
mass density as following:
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(16)

where ρe is the electron density, ρ is mass density, 
Z is the atomic number, Am is the atom mass, and 
NA is Avogadro’s number. The effective atomic 
number of a composite material is defined as,
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where wi
e

 is the function of the total number of 
electrons of the ithmaterial, Zi is the atomic 
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number of the ith material, N is the total number 
of materials in the composite, and n is a constant 
in the range of 3–4 (Heismann et  al. 2003). 
Effective atomic number of materials can be esti-
mated with either material decomposition 
(Alvarez and Macovski 1976) or empirical cali-
bration based methods (Liu et al. 2009; Heismann 
et al. 2003; Landry et al. 2013). Attention must be 
paid to the unit of the created images. For exam-
ple, on one CT manufacturer’s DECT platform, 
the electron density values are converted to the 
Hounsfield Unit scale, which means water has a 
value of 0 HU and air has a value of −1000 
HU.  The effective atom number is often pre-
sented in units of 1 and shown as colored overlay 
image. Using electronic density and effective 
atomic number information, DECT has been 
evaluated to improve the accuracy of stopping 
power ratio calculation over single-energy CT for 
proton therapy treatment (Yang et  al. 2010). 
Atomic number Zeff is converted to mean excita-
tion potential, which was used with electron den-
sity to calculate stopping power ratio (Bourque 
et al. 2014). The DECT- based approach is found 
to be more accurate and less susceptible to small 
perturbations of human tissues compositions in 
SPR calculation than using single-energy CT 
images (Yang et al. 2010).

4  Image Quality 
and Quantitative Accuracy 
of Synthetic DECT Images

Material-specific and virtual monoenergetic 
images created from DECT are susceptible to 
noise because of the noise amplification in the 
material decomposition process (Alvarez and 
Seppi 1979). The increase of noise in virtual 
monoenergetic images with decreasing energy 
may diminish the advantage of enhanced iodine 
contrast at low monochromatic energy (Alvarez 
and Seppi 1979). On most DECT platforms, con-
ventional iterative reconstruction, which is rou-
tinely used on single-energy CT images, can also 
be applied to synthetic DECT images.

A lot of effort has been dedicated to reducing 
image noise in DECT material decomposition by 

taking advantage of the fact that when using all 
the radiation dose in the DECT acquisition, a min-
imum noise level can be reached either at certain 
monochromatic energy or by optimally mixing 
images from low- and high energies. Grant et al. 
used a frequency-split technique to reduce the 
image noise in VMIs (Grant et  al. 2014). By 
decomposing the VMIs into low- and high- 
frequency image sets, they created composite 
low-energy (e.g., 40 keV) monoenergetic images 
that maintain the high iodine contrast but have the 
image noise reduced to the minimal level typi-
cally found at 70 keV. This approach is currently 
implemented on a commercial DECT platform 
(Mono+, syngo Dual-Energy, Siemens 
Healthcare). Leng et  al. developed a method to 
reduce the image noise in multi-energy CT by 
exploiting information redundancies in the energy 
domain (Leng et al. 2011). Using this approach, 
they showed a noise reduction of up to 59% and 
CNR increase of up to 64% in VMIs in clinical 
DECT exams (Leng et al. 2015). Tao et al. used a 
prior-knowledge-aware iterative denoising 
approach to reduce noise and improve iodine 
CNR of VMIs from DECT (Tao et al. 2019). By 
introducing total-variation regularization of the 
difference image between the original VMIs and 
the low-noise mixed images of low and high 
energy, the spatial and spectral data redundancy 
are both exploited. With this approach, besides 
preserving the image resolution and noise texture 
of original VMIs, the denoised images showed a 
1.8-fold increase in iodine CNR compared to the 
VMIs produced by the commercial dual-energy 
processing application (Mono+).

Recently, deep learning has been increasingly 
used in medical imaging reconstruction (Wang 
et al. 2020), image noise reduction in CT (Chen 
et al. 2017; Yang et al. 2018; Solomon et al. 2020; 
Missert et  al. 2020), and CT dose optimization 
(McCollough and Leng 2020). In DECT applica-
tions, Zhang et al. developed a butterfly convolu-
tional neural network (CNN) to perform image 
domain DECT material decomposition and 
showed superior noise reduction in deep learning 
generated material images over images from 
direct matrix inversion and iterative decomposi-
tion method (Zhang et  al. 2019). Poirot et  al. 
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incorporated the conventional VNC images as a 
function of the corresponding CT numbers at low 
and high energy into a CNN to reduce image 
noise of VNC images. The deep learning 
approach showed lower noise and higher similar-
ity to true non-contrast images compared to the 
conventional VNC images (Poirot et  al. 2019). 
Gong et  al. proposed an Incept-net CNN archi-
tecture that utilizes multiresolution features of 
local image structure and improves the robust-
ness against local noise and artifacts while pre-
serving the structural details. They showed 
improved accuracy of material quantification and 
reduced image noise and artifact in comparison 
to conventional least-square-based, total- 
variation regularized, and U-net-based material 
decomposition methods (Gong et al. 2020).

When quantitative information is required 
from material-specific images, it is important to 
understand the impact of the assumption used in 
material decomposition (McCollough et  al. 
2020). For example, bone will appear in iodine 
maps from the iodine-water based material 
decomposition because the attenuation of bone is 
decomposed as a combination of iodine and 
water and the portion that is assigned to iodine 
will be shown as positive signal on the iodine 
map. Similarly, the pixel values of fat on a VNC 
image might be different from the fat on a true 
non-contrast image because the iodine-water pair 
is assumed in creation of the VNC images. Even 
with accurate models for material decomposi-
tion, material quantification accuracy and repro-
ducibility in DECT is also impacted by other 
factors, such as radiation dose, patient size, and 
manufacturer- dependent DECT acquisition tech-
niques (Jacobsen et al. 2018; Goodsitt et al. 2011; 
Foley et al. 2016; Pelgrim et al. 2017; Nute et al. 
2018).

5  Conclusion

With the advancement in emerging detector 
technology and novel material decomposition 
methods, DECT and multi-energy CT are play-
ing an increasing role in clinical CT imaging by 
adding functional information, providing diag-

nostic images with better image quality, and 
potentially reducing radiation dose to patients. A 
good understanding on the advantages and limi-
tations of the synthetic images is essential for a 
successful adoption of DECT into clinical 
practice.
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1  General Aspects 
and Workflow

The first medical CT scanner capable of DE scan-
ning by means of fast kV-switching was the 
SOMATOM DRH introduced by Siemens in 1987 
(Kalender 1987). It allowed for dual-energy acqui-
sitions in topogram and axial scan mode; however, 

the main clinical benefit of this new technical capa-
bility was a significant improvement in the accu-
racy of bone mineral density quantification. 
Although several clinical studies demonstrated the 
advantage of DE CT over single energy CT espe-
cially in the presence of fat—elimination of the so-
called “fat error”—(Laval-Jeantet 1986; Genant 
1977; Vetter 1986), the fast kV-switching technique 
to acquire DE data was abandoned in subsequent 
CT systems. Technical limitations led to compro-
mised scan data acquisition, degradation in image 
quality, and increased radiation dose to the patient 
since attenuation-based tube current modulation 
and necessary adaptations of the tube current 
between the kV-switches was not feasible due to 
basic physical limitations of the technology. On top 
of this new technical opportunities such as DEXA 
(dual-emission X-ray absorptiometry) became 
available and limited the need for DE CT bone den-
sitometry. Other  clinically relevant applications, 
however, were not within reach at that time.
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In 2006 DE CT was reintroduced with the 
advent of dual source CT systems (Flohr et  al. 
2006) which enabled the acquisition of DE CT 
data without the significant limitations of the pre-
vious technology, rather a much wider clinical 
application spectrum. Since then, the utilization 
of DE CT has been growing steadily, prompted in 
part by the introduction of newer generations of 
dual source CT systems with further improved 
dual-energy performance. A few years later, the 
portfolio for DE data acquisition techniques was 
extended to non-dual source CT systems with the 
introduction of subsequent spiral scanning at dif-
ferent X-ray tube voltages (Twin Spiral; Siemens 
Healthineers, Germany). This—in a second 
development step—was further improved upon 
by adding just to the high voltage spiral portion 
of the Twin Spiral acquisition an additional pre- 
filtration, already being well established for dual 
source CT systems. Hereby a dual-energy separa-
tion comparable to second and third generation 
of dual source CT was accomplished. To further 
substantially reduce the time delay between the 
high and low voltage data acquisition, a few years 
later TwinBeam (Siemens Healthineers, 
Germany) was introduced to single source CT 
systems. In this system a split filter is added to 
the X-ray tube collimator box, allowing examina-
tions even in case of high contrast dynamics as in 
a contrast-enhanced scan in the arterial phase.

From a clinical perspective, DE CT imaging 
proves far more valuable than standard CT scans 
because, unlike them, it provides functional 
information on top of the mere anatomical visu-
alization (Schneider et al. 2014). Kidney stones 
can be differentiated (Primak et al. 2007; Scheffel 
et al. 2007; Stolzmann et al. 2010), the differen-
tial diagnosis of gout is possible (Mallinson et al. 
2016), and lesions can be characterized by quan-
tifying their iodine uptake (Graser et al. 2010). In 
oncology, structures more responsive to treat-
ment may potentially be identified early during 
treatment by reduced iodine uptake rather than by 
mere lesion size measurements (Apfaltrer et  al. 
2012; Uhrig et  al. 2013; Agrawal et  al. 2014; 
Knobloch et  al. 2014). Perfusion defects in the 
lung parenchyma in patients with pulmonary 
embolism are visible in DE scans (Pontana et al. 

2008; Remy-Jardin et  al. 2014; Apfaltrer et  al. 
2014), as well as post-traumatic bone bruises or 
bone-marrow infiltration of the spine in patients 
with multiple myeloma (Pache et  al. 2010; 
Thomas et al. 2015). DE CT has been applied in 
the characterization of perfusion defects in the 
myocardium (Ruzsics et  al. 2009; Vliegenthart 
et al. 2012), as well as the iron uptake of the liver 
in patients with liver iron overload (Luo et  al. 
2015; Werner et  al. 2019). Maps of effective 
atomic numbers obtained with DE CT may be 
used to improve radiation treatment planning, 
particularly in proton therapy. The applications 
listed above are an incomplete list of clinically 
relevant DE applications which are available on 
Siemens CT machines, and are either already 
being applied clinically or currently evaluated.

Besides dedicated clinical DE applications 
like the ones mentioned above, acquired data also 
can be used for calculation of virtual mono- 
energetic images. Similar to raw data-based 
approaches back in 1986 (Kalender et al. 1986), 
high- and low-energy images can be used for 
decomposition into materials differing in photo-
electric and Compton characteristics, such as 
water and iodine (Yu et al. 2012). The concentra-
tions of both materials in each image pixel are 
calculated by means of an image-based material 
decomposition algorithm that requires calibra-
tion measurements for the attenuation of iodine 
in phantoms of different diameter for the differ-
ent X-ray spectra. The concentrations are subse-
quently multiplied with predicted CT numbers 
per concentration at the desired pseudo mono-
chromatic energy (derived from NIST tables) and 
summed up to form the final mono-energetic 
images. Pseudo mono-energetic images derived 
from image-based material decomposition have 
similar applications as raw data-based images. 
Metal artifacts are reduced at higher energies/
keV (Mangold et al. 2014), the contrast of iodine 
and bone increases at lower energies. Like in raw 
data-based techniques, image noise is amplified 
at energy levels far away from the mean energy 
of the mixed images (~ 70  keV). To avoid this 
undesirable increase in noise, which not only 
limits the ultimate clinical benefit of mono- 
energetic images but also limits the gains from 
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improved iodine contrast-to-noise ratio at lower 
keV, a novel algorithm for the computation of 
pseudo mono-energetic images was recently 
introduced (Mono+, Siemens Healthcare, 
Forchheim, Germany) that efficiently reduces 
image noise in pseudo mono-energetic images at 
low and high keV (Grant et al. 2014). Using this 
approach, images at the target keV and images at 
optimal keV from a noise perspective (typically, 
minimum image noise is obtained at approxi-
mately 70  keV) are computed. By means of a 
frequency-split technique, both the images at the 
target keV and the images with minimum image 
noise level are broken down into two sets of sub- 
images. The first set contains only lower spatial 
frequencies and thus most of the object informa-
tion, the second one contains the remaining high 
spatial frequencies and subsequently mostly 
image noise. Finally, the lower spatial frequency 
stack at the target keV is combined with the high 
spatial frequency stack at optimal keV from a 
noise perspective to combine the benefits of both 
image stacks, see Fig. 1.

The Mono+ technique can be used to signifi-
cantly increase the iodine CNR in CT angio-
graphic studies by computing pseudo 
mono-energetic images at low keV (Albrecht 
et al. 2019). It has been shown (Grant et al. 2014) 
that it may be more efficient to perform DE scans 
and compute pseudo mono-energetic images at 
40  keV using Mono+ to optimize iodine CNR 

than to perform low kV-scans, which is today the 
recommended method to improve iodine 
CNR.  The image-based Mono+ approach is 
available for all DE data from Siemens CT sys-
tems, and levels of the pseudo mono-energetic 
images can be selected between 40  keV and 
190 keV in steps of 1 keV. Figure 2 shows a clini-
cal example for illustration.

Although clinical DE applications and the 
possibility for improved image quality and better 
contrast-to-noise ratio are well perceived in the 
medical community, one of the remaining chal-
lenges of dual-energy imaging is workflow and 
workflow optimizations. In general, DE process-
ing on Siemens CT systems is mainly based on 
the high and low voltage image stacks, which can 
be flexibly stored in PACS, or loaded and pro-
cessed retrospectively by the various DE applica-
tion classes provided in the Siemens syngo 
Dual-Energy application—irrespective of which 
scanner of the Siemens Healthineers CT scanner 
portfolio is used for data acquisition. In addition, 
automated dual-energy processing is offered to 
users who prefer PACS-focused reading over 
interactive processing and expert viewing in the 
syngo Dual-Energy application. User selected 
combinations of DE results are processed and 
transferred to the user-owned PACS fully auto-
matically, thus being available whenever and 
wherever the user may need them, even for retro-
spective analysis. The most established mecha-

high contrast

40 keV

40 keV +

70 keV

high noise
medium contrast
low noise

Fig. 1 Schematic illustration of the concept used to cal-
culate Mono+ images. In this example, the CNR of iodine 
versus soft tissue is enhanced. Images with high iodine 
contrast and high image noise (40 keV) are mixed with 

images showing lower iodine contrast and lower noise 
(70  keV) to obtain improved CNR at low keVs (Grant 
et al. 2014)
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nisms for this workflow are “Rapid Results 
Technology” or “Recon&Go Inline Results.” 
Here the user has the ability to define at the scan-
ner which processing steps should happen auto-
matically, such as the generation of oblique 
Mono+ images or classified VRT images from a 
DE renal calculi application. Respective data are 
then processed automatically, and the results sent 
to the PACS system for further reading allowing 
for an efficient and integrated DE workflow (see 
Fig. 3).

One basic assumption for image-based mate-
rial decomposition—used in the Siemens 
approach—is the validity of the thin absorber 
model. If we use water and iodine, for example, 
as the basis materials for image-based dual- 
energy evaluation, the maximum X-ray attenua-
tion coefficient μΙ(E) and the maximum thickness 
dI of the iodine along any measured ray path are 
expected to be so small that it is valid to assume 
a linear contribution of the additional non-water- 
like attenuation μΙ(E)· dI to the total attenuation. 

It can be shown that the thin absorber model 
breaks down for iodine samples with more than 
5000 HU cm in water based on 120 kV, which 
corresponds to the clinical situation of an object 
with 200  HU iodine enhancement and 25  cm 
thickness. In almost all clinically relevant situa-
tions, the thin absorber model remains valid. 
Exceptions are scan scenarios where extremely 
high iodine concentrations may be present, such 
as CT urographic scans.

In addition, the thin absorber model is based 
on the concept of an effective spectrum: the mea-
sured absorption with a polychromatic X-ray 
spectrum is assumed to be independent of the 
spatial distribution of the traversed materials 
along the beam. In practice, this means that nei-
ther the CT-value of water nor the CT-value of a 
small iodine sample depends on its position 
within the scanned object. The scanner must 
therefore be equipped with a bowtie filter of 
 sufficient beam hardening and the approximately 
cylindrical patient cross-section has to be cen-

a

b

c d

Fig. 2 Left: DE images acquired on a third-generation 
DSCT scanner through the upper abdomen using the kV- 
combination 80 kV/150 kV with tin filter, and only 30 cc 
IV contrast media. Improved contrast and better lesion 
discernability in case of Mono+ at low keVs (b) compared 
to a mixed image, corresponding to a standard 120  kV 

acquisition (a). Right: Pseudo mono-energetic image 
using the Mono+ technique at 50  keV (d) compared to 
80 kV (c). Note the significantly increased iodine CNR of 
vascular structures with Mono+. (Courtesy of NYU 
Medical Center, Department of Radiology, New  York, 
USA)
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tered within the SFOV.  In a real-world setting, 
electronics noise, scanner calibration, stability of 
emitted spectra, cone beam effects, and scattered 
radiation can have a larger impact on the obtained 
results than the analysis method.

As stated in the beginning of this article, 
Siemens is processing—irrespectively of the CT 
system type used for acquisition—based on low 
and high voltage image stacks. This makes stor-
ing of images, transferring and retrospective 
application of various DE classes easy. On the 
data acquisition side Siemens offers various solu-
tions—depending on the technical capabilities of 
the respective CT system. In the following para-
graphs, the different concepts and technical real-
izations are introduced and discussed.

2  Dual Source-Based 
Dual-Energy

A dual source CT is a CT system with two mea-
surements systems, such as two X-ray tubes and 
the corresponding detectors. Both measurement 
systems acquire scan data simultaneously at the 
same anatomical level of the patient (same 
z-position). In 2006, the first dual source CT 
(DSCT) was commercially introduced by 
Siemens, the SOMATOM Definition (Siemens 
Healthcare GmbH, Forchheim, Germany), see 
Fig. 4.

The two acquisition systems A and B are 
mounted onto the rotating gantry at an angular 
offset of 90° for the first-generation DSCT (Flohr 

CT scannera

Tech performs
standard thorax scan

syngo.via
pre-processes data

Radiologist uses results for
diagnosis and distribution in PACS

PACS Systemsyngo.via

b

Fig. 3 Optimized workflow on Siemens CT systems: 
Acquired DE image data are automatically labeled, pro-
cessed by syngo via in the background and sent to PACS 
using Rapid Results Technology without any additional 
user interactions (a). Alternatively, on selected CT models 
a similar automatic advanced processing is possible 
directly at the scanner, where yet again results are pro-
cessed self-operationally and sent directly to PACS for 

further reading. Examples for respective results are shown 
in (b), where in addition to the visualization of DE results 
the gout volume is automatically calculated (in this exam-
ple 5.02 cm3). Beside material and Mono+ images, ana-
tomically oriented DE VRTs with classified results (left 
and middle) and fused images (right: overlay of mixed 
and iodine) can be generated

Dual-Energy: The Siemens Approach
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et al. 2006), and at an angular offset of 95° for the 
second- and third-generation DSCT. Detector A 
covers the full SFOV of 50 cm diameter, while 
detector B is restricted to a smaller FOV of 26 cm 
(first generation), 33 cm (second generation), or 
35.6  cm (third generation) as a consequence of 
space limitations on the gantry. The shortest gan-
try rotation times are 0.33  s (first generation), 
0.28 s (second generation), and 0.25 s (third gen-
eration). DSCT systems provide significantly 
improved temporal resolution for cardio-thoracic 
imaging. The shortest data acquisition time for an 
image corresponds to a quarter of the gantry rota-
tion time (Flohr et al. 2006). Meanwhile, several 
clinical studies have demonstrated the potential 
of DSCT to accurately assess coronary artery ste-
nosis in patients with high and irregular heart 
rates (Achenbach et al. 2006, Johnson et al. 2006, 
Scheffel et al. 2006, Matt et al. 2007, Leber et al. 
2007, Ropers et al. 2007).

Moreover, with a DSCT system, dual-energy 
data can be acquired by simultaneously operating 
both X-ray tubes at different kV settings, e.g., 
80  kV and 140  kV (Flohr et  al. 2006; Johnson 
et al. 2007). Scan parameters (e.g., tube current 
and potential) can be adjusted individually for 
both measurement systems, resulting in a bal-
anced radiation dose distribution between the 
low- and the high-energy scans. A wide range of 
routine scan protocols is available, with no 

restrictions in the choice of scan parameters such 
as gantry rotation time. Use of anatomical tube 
current modulation allows for adaptation of the 
radiation dose to the patient’s anatomy. Mixed 
images (a weighted average of low- and high- 
energy images) and Mono+ are routinely avail-
able, allowing dual-energy CT scans to be 
performed in routine clinical practice similar to 
conventional imaging protocols, with dual- 
energy information available when needed. It 
should be noted that dual-energy imaging and the 
ability for Mono+ as well as iodine quantification 
being helpful, e.g., for the assessment of the per-
fusion of the myocardium is also possible for 
gated cardiac scans on dual source systems. An 
example is shown in Fig. 5.

Spectral separation, a key measure for DE per-
formance, can be improved by introducing addi-
tional pre-filtration into the high kV beam, e.g., 
by means of a filter that can be moved into the 
beam when needed and moved out for standard 
applications. The quality of DE CT examinations 
generally relies on the separation of the energy 
spectra. High spectral overlap and bad energy 
separation result in increased image noise in the 
base-material decomposition which in turn 
requires compensation by increased radiation 
dose. The second-generation DSCT makes use of 
an additional tin filter (Sn) with a thickness of 
0.4 mm to shift the mean energy of the 140 kV 

a b c

Fig. 4 DSCT with two independent measurement sys-
tems. Left: Open gantry of a dual source CT system—red 
and green fans indicate the beams of the two X-ray tubes. 
(a) First generation: The system angle between both mea-

surement systems is 90°. (b) Second generation: To 
increase the SFOV of detector B, a larger system angle of 
95° was chosen. With the third-generation DSCT (c), the 
SFOV of detector B was further increased to 35.5 cm
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spectrum from 86  keV to 97  keV (after 20  cm 
water), see Fig. 6. The mean energy of the 80 kV 
spectrum is 60 keV. The third-generation DSCT 
provides 150 kV X-ray tube voltage with more 
aggressive tin pre-filtration (0.6 mm), shifting the 
mean energy of the 150 kV spectrum to 107 keV, 
see also Fig.  6. The tin filter improves spectral 
separation between the low- and high-energy 
spectra, narrows the high kV spectrum (which 
results in better dose efficiency and less beam 
hardening artifacts), and reduces the influence of 
cross-scattering. A relevant parameter to quantify 
the performance of a DE CT acquisition tech-
nique with regard to energy separation and mate-
rial differentiation capability is the Dual-Energy 
(DE) ratio. The DE ratio of a material is defined 
as its CT number (in HU) at low kV divided by its 
CT number (in HU) at high kV (Krauss et  al. 
2015). Water has a DE ratio of 1, meaning its CT 
number does not change in CT scans at different 
kV settings. The DE ratio for iodine, a commonly 
used base material for material decomposition in 
contrast-enhanced CT scans, increases from 1.9 
to 2 at the standard 80  kV/140  kV X-ray tube 
voltage combination to about 3.4 for 
80 kV/150 kV and 0.6 mm tin pre-filtration (mea-
sured in a 20  cm water phantom, Krauss et  al. 

2015). The larger DE ratio results in better condi-
tioned equations for base-material differentiation 
into, for example, water and iodine as base mate-
rials, and leads to less image noise in the material- 
specific images. Consequently, this enables DE 
data acquisition at the radiation dose of typical 
medical CT examinations, without additional 
dose penalty, see, e.g., (Schenzle et  al. 2010; 
Bauer et al. 2011; Henzler et al. 2012).

As a downside, DE evaluation with dual 
source CT is restricted to the smaller central 
SFOV of detector B. Raw data-based dual-energy 
algorithms cannot be realized because high- 
energy and low-energy projections are not simul-
taneously acquired at the same z-position. 
Dual-energy algorithms are therefore image- 
based. Another challenge of dual source DE CT 
is cross-scattered radiation, i.e., scattered radia-
tion originating from tube A and detected by 
detector B, and vice versa, which has to be care-
fully corrected for to avoid distortions of CT 
numbers by cupping or streaking artifacts. This 
can be done either by measurement of cross- 
scattered radiation or by model-based approaches 
(Petersilka et al. 2010). Figure 7 shows a clinical 
example of a DE CT scan acquired with a third- 
generation DSCT system.

a b c

Fig. 5 ECG-triggered “step-and-shoot” DE cardiac CT 
acquisition using a third-generation DSCT at 
90  kV/150  Sn kV, rotation time 0.25  s: Based on the 
acquired data, images with 66 ms temporal resolution can 
be reconstructed. In addition, since data form A and B are 

acquired simultaneously, DE information can be used to 
optimize iodine contrast in coronary vessels based on 
Mono+ imaging: 55 keV (a), 70 keV (b), and 110 keV (c). 
Courtesy of Medical University of South Carolina, 
Charleston, USA
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3  Twin Spiral Dual-Energy

For non-dual source CT systems, the most 
straightforward approach for acquiring dual- 
energy CT data are two subsequent CT scans of 
the same anatomical structure, one with low X-ray 
tube voltage (80 kV), the other with high X-ray 
tube voltage (140  kV). The spectral separation 
achieved with this approach is reasonably effec-
tive. DE CT is feasible with standard CT systems 

with a 50  cm diameter full scan field of view 
(SFOV). However, the disadvantage is that the 
time delay between the two scans presents a chal-
lenge for the evaluation of fast moving organs. 
Furthermore, examinations with administration of 
contrast agent are challenging, at least in early 
arterial phases when the contrast density changes 
rapidly between the two scans. The resulting 
CT-number changes will be misinterpreted by DE 
material decomposition techniques.

Fig. 6 Typical 80 kV 
and 140 kV spectra 
(after 20 cm water), 
normalized to equal 
areas under the curves 
(top). 80 kV spectrum 
and 140 kV spectrum 
with additional 0.4 mm 
tin pre-filtration (center), 
and 80 kV spectrum and 
150 kV spectrum with 
additional 0.6 mm tin 
pre-filtration (bottom). 
Note the shift of the 
mean energy of the 
high-energy spectrum to 
higher values (arrow) 
and the reduced spectral 
overlap. The yellow 
marked areas indicate 
the portion of the spectra 
that measured redundant 
information
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A technical realization was first introduced 
with the SOMATOM Definition AS, SOMATOM 
Edge (Siemens Healthcare GmbH, Forchheim, 
Germany), where the DE acquisition relies on 
two automatically, workflow-wise completely 
coupled spiral (helical) scans of the same body 
region, the first performed at 80 kV and the sec-
ond at 140 kV. The approach to go for volumetric 
acquisitions instead of a single axial scan is 
advantageous since mismatch due to motion can 
be corrected by a respective volumetric 
 registration approach. As in standard CT exami-
nations, radiation dose to the patient can be opti-
mized by anatomical tube current modulation 
(Marin et al. 2014), and iterative reconstruction 
can be applied. Because of the small time delay 
between the two spiral scans, the use of this tech-
nique is indicated for non-dynamic examinations 
that do not require the administration of contrast 
agent, such as characterization of kidney stones, 
or the examination of tophaceous lesions in 
patients with gout, or for the calculation of 
pseudo mono-energetic images to reduce metal 
artifacts at a metal-specific high energy.

With the introduction of the SOMATOM X.
Cite in 2019 and the SOMATOM X.ceed 2021, 
Siemens introduced tin filtration that had already 
been well established in Dual Source CT systems 
to Twin Spiral scanning, allowing for a substan-

tial improvement of spectral separation and better 
DE performance (see Fig. 8). A clinical example 
is shown in Fig. 9, where a voltage combination 
of 80 kV and 150 Sn kV had been used.

4  TwinBeam Dual-Energy

Recently, a new method was introduced to acquire 
DE CT data with a single source CT system with-
out kV-switching, but with better temporal registra-
tion than by performing two separate consecutive 
axial or spiral scans of the examination volume of 
interest. Two different pre-filters in the tube colli-
mator housing are used to split the X-ray beam in 
the scan direction, called “TwinBeam” (e.g., on 
SOMATOM Definition Edge, Siemens Healthcare 
GmbH, Forchheim, Germany), see Fig. 10.

The X-ray tube is operated at 120 kV tube volt-
age. One half of the multi-slice detector in the scan 
direction is illuminated by an X-ray beam pre-fil-
tered with 0.6  mm tin; compared to the standard 
120 kV spectrum, the mean energy of this pre-fil-
tered spectrum is increased, see Fig. 10, right. The 
other half of the detector in the scan direction is pre-
filtered with a thin gold filter; as a consequence of 
the K-edge of gold at 80.7 keV, the mean energy of 
this spectrum is decreased, see Fig. 10, right. The 
total attenuation of the pre-filters is adjusted to bal-

Fig. 7 Contrast-enhanced DE CT scan of a patient with 
acute pulmonary embolism acquired with a third- 
generation DSCT scanner at 90 kV/150 kV with 0.6 mm 
tin pre-filtration. Left: Mixed image overlayed by the 
quantitative perfusion information of the lung paren-
chyma, showing a v-like perfusion defect caused by an 

occluding clot. Right: In addition to parenchymal infor-
mation, DE-based color-coding of the vessel lumen. Non- 
iodinated vessels—matching with the perfusion 
defect—are highlighted in red. Courtesy of University 
Hospital of Frankfurt, Germany
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ance the radiation dose of the low-energy and the 
high- energy beam. The CT system is operated in a 
spiral (helical) scan mode at fast gantry rotation 
speed (0.28 s) with a maximum spiral pitch of 0.5 
(referring to the full z-width of the detector). 
Moreover, recently introduced CT systems 
equipped with a split filter, the SOMATOM go.Top, 

X.cite and X.ceed, even allow for adaptation of tube 
voltage. Depending on the clinical need and the size 
of the patient (attention information is derived from 
the topogram), either 120 kV or 140 kV is selected 
for the use with the split filter. The possibility for a 
higher voltage is of advantage for two reasons: 
First, spectral separation is increased. Secondly, 

a b

Fig. 9 Clinical example for dual-energy imaging tech-
nique relying on two consecutive spiral scans (Twin 
Spiral) at 80 kV and 150 Sn kV on SOMATOM X.cite. 
Post-thrombectomy follow-up CT: Hyperattenuating 
intraparenchymal area visible in the conventional mixed 

image (a). Iodine overlay image (b) derived from spectral 
information reveals that area of hyper-attenuation corre-
sponds to an area of diffused contrast material extravasa-
tion. Virtual non-contrast image excludes active bleeding. 
Courtesy of University Hospital Zurich, Switzerland

Fig. 8 DE performance can be measured quantitatively 
in terms of iodine ratio (HU at low energy divided by HU 
at high energy): For the high kV beam, additional tin fil-
tration was introduced for dual systems to improve DE 

performance. Additional tin filtration of 0.7  mm intro-
duced with the SOMATOM X.cite and X.ceed, increases 
dual-energy separation for Twin Spiral into the range of 
second- and third-generation dual source CTs
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140 kV allows for a higher tube output and enables 
scanning of larger patients. Then, for the recon-
struction of the TwinBeam data, each half of the 
detector acquires a complete spiral data set because 
of the lower spiral pitch, allowing for low- and high-
energy images to be reconstructed at any z-position 
as an input into Mono+ and/ or image-based mate-
rial decomposition techniques.

This technology provides DE data in the full 
SFOV of 50 cm diameter. The radiation dose to the 
patient can be optimized by means of anatomical 
tube current modulation or risk organ- dependent 
tube current modulation, in addition to iterative 

reconstruction techniques. The data sets are tempo-
rally registered, enabling DE CT scans with con-
trast agent even in the arterial phase. The downside 
of this approach is that spectral separation is worse 
than with approaches using two different kV-set-
tings of the X-ray tube. Furthermore, a powerful 
X-ray tube is required because the pre-filtration 
absorbs a considerable portion of the X-ray flux, in 
turn limiting the use of this technique to non-obese 
patients. Because of the maximum spiral pitch of 
0.5, maximum volume coverage speed is limited. 
Figure 11 shows a clinical example acquired with 
the split filter technique.

Fig. 10 Left: Principle of a DE acquisition technique that 
uses a split filter, called “TwinBeam” (Siemens Healthcare 
GmbH, Forchheim, Germany), in the tube collimator 
housing to split the X-ray beam in the scan direction. 

Right: The standard 120 kV spectrum is split into a low- 
energy spectrum after filtering with gold (Au, top), and a 
high-energy spectrum after filtering with tin (Sn, bottom)

a b c d

Fig. 11 Contrast-enhanced thorax-abdominal CT exami-
nation on a SOMATOM X.cite using Twin Spiral tech-
nique. From the acquired DE data, Mono+ images can be 
generated to increase iodine contrast. At lower energies of 
45 keV (b), delineation of anatomical structures and con-

spicuity of lesions is improved compared to 70 keV images 
(a). In addition, virtual non-contrast images (c) and 
iodine—as overlay—images (d) can be extracted. The lat-
ter in particular allows for quantitative analysis of iodine 
distribution. Courtesy of Erlangen University, Germany

Dual-Energy: The Siemens Approach



26

5  Conclusions

Since 2006, with the introduction of DE on Dual 
Source CT systems, DE imaging has experienced 
a renaissance. Its clinical application spectrum is 
growing, and different technical solutions for 
data acquisition are available. With ongoing tech-
nological progress, such as improved spectral 
separation by means of dedicated pre-filtration of 
the high-energy beam, successful DE applica-
tions have been demonstrated without increased 
radiation dose to the patient compared to stan-
dard single energy CT scans. The dual source 
dual-energy CT solution provides technical and 
clinical advantages, such as flexible selection of 
the kVs of the low-energy beam allows for opti-
mized scanning, adapted to clinical needs. The 
wide detector coverage combined with the high 
rotation time allows scanning of even challeng-
ing patients, for example those short of breath. 
Twin Spiral and TwinBeam are alternatives avail-
able for single source CTs. Despite the different 
technical realizations, the same image-based 
automatic processing techniques and processing 
applications are applied, allowing the use of DE 
in a routine clinical workflow.
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Abstract

The Philips dual-layer detector approach for 
spectral imaging was introduced as early as 
2005  in a prototype installed in Hadassah 
University Medical Center, Israel. Since then 
both the detector design and the material 
decomposition and reconstruction techniques 
were further developed and improved to allow 
better SNR and CNR in spectral results. This 

single-source approach to spectral imaging 
has some clear advantages: energies acquisi-
tion is perfectly aligned by design; it does not 
require a special dual-energy acquisition mode 
thus making all scans spectral and enables 
projection-based material decomposition. It 
also allows for advanced clinical application, 
such as cardiac and perfusion, to utilize spec-
tral imaging. In addition, it allows to easily 
overcome limitations of the source-based 
techniques in the sense that it does not have 
dose penalties, field of view restriction, it does 
not require to slow rotation time, and it is not 
limited by patient habitus.
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In this chapter, we will discuss the dual- 
layer detector architecture, projection-based 
material decomposition and image reconstruc-
tion as well as the different spectral results and 
their clinical use.

1  Spectral Detection Through 
a Dual-Layer Detector

While material decomposition in energy- 
selective CT was proposed by Alvarez and 
Macovski in 1976, a dual-layer detector for a 
simultaneous acquisition of two energies in CT 
was first proposed by Brooks and Di Chiro in 
1978. A Philips Healthcare team proposed a dif-
ferent configuration and implementation of that 
idea (Carmi et al. 2005; Altman et al. 2006) and 
in October 2005 Philips has installed the world 
first clinical prototype utilizing a single-source 
spectral detection technique at the Hadassah 
Medical Center in Jerusalem, Israel. This imple-
mentation included two attached scintillator lay-
ers, optically separated, and read by a 
side-looking, edge-on, silicon photodiode, thin 

enough to maintain the same detector pitch and 
geometrical efficiency as a conventional CT 
detector (Figs. 1 and 2). The top scintillator lay-
er’s atomic number and thickness have been 
optimized to maximize energy separation at 120 
and 140  kVp, while maintaining high enough 
signal statistics for the low- energy raw data even 
for a large patient. A low Z (atomic number) 
Garnet scintillator material, with a high light-
output (~15%–20% better than GOS), has been 
developed to meet these requirements. This con-
tributes to a high SNR in the top (low-energy) 
layer detector, enabling it to function at a very 
low dose without causing artifacts, typical to 
electronic-noise dominant signals.

The mean energy separation of the dual-layer 
detector, at 120 kVp, with and without a 30-cm 
water absorber, is shown in Fig. 3. The decrease 
in energy separation with increasing patient size 
is compensated due to the complete consistency 
in sampling of the two energies.

The Philips approach to spectral imaging is 
unique in the sense that it is based on a single 
source and spectral detection. Compared to 
source-based dual-energy techniques, the 
detector- based technique has some clear advan-
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Fig. 1 A schematic view of the Philips Healthcare dual-layer detector
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tages: energies acquisition is perfectly aligned by 
design as they are not only simultaneously mea-
sured, but also sampled exactly at the same angle 
at the same pixel, unlike the other methods of 
dual-energy CT; it does not require a special 
dual-energy acquisition mode thus making all 
scans spectral and enables projection-based 
material decomposition (see next section) which 
in turns allows better SNR and CNR in spectral 
results, like iodine quantification, effective 
atomic number image, electron densities, and vir-
tual MonoE images (Sellerer et  al. 2018; Ehn 
et al. 2018). It also allows for advanced clinical 
application, such as cardiac and perfusion, to uti-
lize spectral imaging. In addition, it allows to 
easily overcome limitations of the source-based 
techniques in the sense that it does not have dose 
penalties, field of view restriction, it does not 
require to slow rotation time and it is not limited 
by patient habitus.

2  Spectral Material 
Decomposition 
and Reconstruction

Dual-energy spectral decomposition in the projec-
tion domain, using a two-base model, was first pro-
posed by Alvarez and Macovski (1976). In this 
approach, the two projections data sets of the low 
and high energies are transformed into a new pair 
of projections data sets, from which all the various 
spectral results can be derived. The resulting two 
spectral-projections data sets are independent of 
the incident spectrum, hence clear from beam hard-
ening effect, while even metal beam hardening and 
artifacts can be suppressed quite easily. This is a 
very important result of the projection-domain 
spectral decomposition, unlike image-domain 
spectral decomposition, where the resulting spec-
tral images (e.g., virtual monochromatic images) 
suffer from beam hardening effects, and require 
special beam hardening correction, which is, often, 
insufficient (see e.g., Carmi et al. 2005).

Fig. 2 A vertical implementation of a 16  ×  16 pixels 
dual-layer detector
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The Philips implementation of projection- 
domain spectral decomposition (Altman et al. 
2015) assumes an accurate forward model of the 
projection’s formation, as an input. This includes 
the precise source X-ray spectrum, the beam fil-
tration, its variations in the directions to all the 
detection pixels, and the resulting different spec-
trum incident on each detection pixel in air. This 
implementation is simpler than the empirical 
approach proposed in (Alvarez and Macovski 
1976), or the maximum-likelihood method pro-
posed by Alvarez (Alvarez et al. 2011).

The basic Philips approach to the transforma-
tion from the low and high energies projections 
data sets to the Photo-Electric and Compton- 
scattering projections data sets is described below 
in Fig. 4 and the following equations:
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where μ0 is an arbitrary quantity with a dimen-
sion of an attenuation coefficient, which the end 
results are divided by at the end of the process. 

The above transformation utilizes a two-base 
model:
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where M represents a material mix, optimized for 
energy-dependence “universality” (~71% soft 
tissue, ~28% bone, ~1% iodine), while assuming 
the following:

 1. Variable separation between the energy 
dependence and the Z dependence of the 
attenuation coefficient components (cross 
sections) is possible within the X-rays energy 
range used in CT.

 2. The energy dependence of Compton 
Scattering, and the Photo-Electric cross sec-
tions, can be considered to be the same for all 
patients and test phantoms, based on the 
above material mix (this excludes phantoms 
and objects with a very large content of heavy 
metals/elements).

 3. Coherent scattering can be either neglected or 
included in the photo-electric component 
(Energy dependence is ~1/E2).
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Fig. 4 A schematic description of the Philips spectral decomposition and image reconstruction
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Assuming the above, the line integrals can be 
expressed as:
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From which, the values of aM
scat and aM

phot , the 
spectral line integrals are derived.

Where,

 1. The functions fphot(E) and fscat(E) are derived 
from the E dependence of the chosen material 
mix M, calculated from NIST tables.

 2. Fl(E) and Fh(E) are the energy distributions of 
the X-ray beam in air, incident on the top 
layer pixels and the bottom layer pixels, 
respectively (after all filtration and without 
any scanned object/body). Note that both 
Fl(E) and Fh(E) are matrices of distribution 
functions that must be pre-calculated and 
require full input/knowledge of the filtration 
along the rays to each detector pixel.

 3. The material decomposition procedure 
described above has two important “side 
effects” that are addressed:

 (a) Anti-correlated Noise: The transforma-
tion, mentioned above, determines the 
specific portions of LowE signal and 
HighE signal, assigned to the Scatter and 
to the Photo projection signals, respec-
tively. As a result any portion of a radia-
tion signal that is assigned to the Scatter 
projection signal, while it should have 
been assigned to the Photo signal, would 
cause a correlated error in the correspond-

ing Photo-Electric signal, and vice versa. 
This would result in a correlated noise 
between the two, hence would need a spe-
cial consideration of how to reduce this 
noise through an Anti-Correlation Filter 
(ACF) in the projection domain.

 (b) Noise Induced Bias: It occurs in many 
cases, since the original radiation inten-
sity per detection pixel is divided between 
two separate projection signals (Scatter 
and Photo projections sets in Philips 
approach). In this case, taking the loga-
rithm of the raw signal, the statistical 
uncertainty of which is at the tail of the 
Poisson distribution, is causing a DC 
bias. This bias is corrected by a special 
filter at the input to the material decom-
position process.

 4. Following the reconstruction of the Photo- 
Electric and the Scatter images, special filters/
algorithms are used, in the image domain, to 
conserve image structures, edges, and fea-
tures, adapted from the conventional image, 
while reducing the image noise in a frequency- 
dependent form.

It is important to emphasize that projection- 
domain spectral decomposition can be used only 
if the signals from the two X-ray energies are 

Dual-Energy: The Philips Approach
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sampled both simultaneously (“Equi-time”) and 
at the same angle (“Equi-angle”). Only the 
spectral- detector and the fast-kVp-switching 
methods meet this condition.

3  Spectral Results

The Philips spectral CT system can provide a 
variety of spectral image types, on top of the con-
ventional images, which are reconstructed 
through advanced spectral algorithms. Those 
spectral results can be generated either prospec-
tively, on the scanner and sent to PACS, or retro-
spectively, directly on PACS utilizing Spectral 
Based Images known as SBI (as described above) 
and have the potential for additional clinical 
information to conventional CT imaging. Each 
spectral result is designed for a different clinical 
usage as will be explained in this chapter.

As described above, data from the low and 
high energy layers of the spectral detector 
undergo spectral decomposition in the projection 
space to generate optimal photo-electric absorp-
tion and Compton scattering images that are used 
as a two-base model. These optimal photo-elec-
tric absorption and Compton scattering images 
do not represent the pure Compton and photo-
electric effects. They are slightly modified ver-
sion of them. This is because different materials 
have slightly different energy dependencies, 
mainly at low energies, from the expected theo-
retical models of the two basic physical interac-
tions. Moreover, coherent scattering which is the 
third component that contributes to the total 
attenuation of X-ray in matter need to be included, 
despite its relatively small contribution.

The optimal Photo and Scatter sets of images 
are stored together with the derived noise-images 
set in a special SBI (Spectral Based Images) for-
mat. All the relevant spectral results and images 
can be derived from the SBI series, using various 
algorithms. Hence, the spectral results can be 
created on demand and reviewed as needed on 
PACS and are not required to be sent to PACS 
prospectively.

The conventional images are analogous to the 
images obtained from a single-energy scanner 

and are utilized for routine diagnostic purposes. 
For every scan, the pre reconstructed sum of the 
signals from the simultaneous acquisition of the 
high- and the low-energy data is combined to 
obtain the total amount of absorbed energy. 
Filtered back projection or iterative reconstruc-
tion algorithms are then used to reconstruct the 
combined raw data and create true conventional 
images. It has been shown that image quality of 
these conventional images from the Philips spec-
tral CT system are comparable to images obtained 
from a single-energy scanner (Hojjati et al. 2017; 
Van Ommen et al. 2018).

Spectral results can have units of attenuation 
(HU) and other voxel values that represents phys-
ical quantities, for example, density in mg/ml. 
The clinical use of the different spectral results 
generated from the spectral-detector DECT have 
been demonstrated in several papers for several 
clinical applications in body, cardiac and neuro 
imaging (Brun Andersen et al. 2020; Fulton et al. 
2017; Rajiah et al. 2017a; Neuhaus et al. 2017a) 
as well as for emergency imaging (Demirler 
Simsir et al. 2020). The high quantitative accu-
racy of the various spectral results was recently 
demonstrated in several studies (Ehn et al. 2017; 
Hua et al. 2018).

In the following, the algorithm and the poten-
tial clinical usage of the different spectral results 
will be discussed.

3.1  MonoE: Monoenergetic 
Images [HU]

MonoE images are virtual mono-energy images 
which simulate images as if they are obtained 
using a pure monochromatic X-ray beam at a 
specific keV value. Virtual monochromatic 
images are generated between 40  keV and 
200 keV, in increment of 1 keV, and the voxels in 
these images represent Hounsfield values (HU). 
This is illustrated in Fig. 5. The MonoE images 
are created by a linear combination of the two- 
base model, namely the photo-electric effect (PE) 
and Compton scattering (Sc) components, where 
a different weight is used for each KeV.  In the 
low energy range the proportion of the photo-
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electric effect is high and the Compton scattering 
is low, whereas in the high energy range it is 
opposite. In the 70 keV the proportions of these 
two components are very similar.

It should be noted that it is possible to gener-
ate monoE results also for keV values higher than 
the used kVp value since the behavior of the uni-
versal energy dependent basis is known also for 
high energies. Also, in order to stay above the 
K-edge of Iodine (33.2 keV), the lowest monoE 
was selected to be 40 keV.

In the Philips spectral CT system, the noise in 
the spectral results is typically lower than in the 

corresponding conventional images due to spe-
cial noise reduction techniques that are used in 
the spectral reconstruction process to minimize 
the noise and to optimize the signal to noise ratio 
(Kaltsz et  al. 2017). See also Spectral Material 
Decomposition and Reconstruction section 
above.

A specific result named mono E-equivalent to 
conventional CT can be generated as well. This 
result has almost the same HU value as a conven-
tional image generated from 120  kVp voltage 
(regardless of the actual tube voltage used during 
the scan) but with lower artifacts and noise.

Fig. 5 Virtual mono-energetic images from 40 to 200 keV displaying tissue attenuation properties similar to those 
resulting from imaging with a mono-energetic beam at a single keV level (Fulton et al. 2017)
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The equivalent monochromatic images are 
70 keV, 66 keV, and 64 keV for body, head, and 
extremities, respectively.

Monochromatic images may overcome some 
of the limitations of a polychromatic X-ray beam. 
A conventional CT image is created from a poly- 
energetic X-ray tube with a certain voltage (e.g., 
120  kVp, 140  kVp) and therefore it is recon-
structed from multiple energies. Since the mono- 
energetic series (MonoE) represents a single 
energy, it minimizes some of the known limita-
tions of a polychromatic X-ray beam. For exam-
ple, beam-hardening, metallic, and calcium 
blooming artifacts.

The potential benefits of the high virtual 
mono-energetic images derived from dual-layer 
CT scans for reduction of artifacts caused by 
orthopedic metal implants, were demonstrated 
both in a phantom study (Wellenberg et al. 2017) 
and clinical studies for implants in the spine, pel-
vis, and extremities (Neuhaus et al. 2017b; Große 
Hokamp et al. 2017a) as well as dental implants 
(Große Hokamp et al. 2018).

Low-energy mono-energetic images are influ-
enced by photo-electric data, resulted in increas-
ing attenuation and signal to noise ratio (SNR) 
and are therefore useful for all vascular imaging. 
The increased attenuation at low keVs can be 
used for contrast reduction, which is especially 
important in patients with renal insufficiency 
(Oda et  al. 2018; Tsang et  al. 2017; Nagayama 
et  al. 2017; Hickethier et  al. 2020) and for 
improvement in image quality when the contrast 
enhancement is suboptimal, salvaging angio-
graphic studies and reducing the need for addi-
tional contrast or radiation dose. Also, low 
MonoE reconstructions allow the user to create 
angiography studies from a routine contrast- 
enhanced exam, adding additional diagnostic 
information to the exam. In addition, low MonoE 
images are used for better lesion conspicuity (Liu 
et  al. 2019; Yoon et  al. 2020; Große Hokamp 
et al. 2017b).

The advantage of the monochromatic images 
was also demonstrated in neuroimaging by reduc-
ing beam hardening artifacts for optimized gray- 
white matter contrast (Neuhaus et al. 2017c) and 
for visualization improvement of intracranial 

hemorrhage and brain lesions (Lennartz et  al. 
2018). In addition, it was demonstrated that 
improved gray-white matter differentiation in 
cranial CT by using virtual mono-energetic 
images enables a radiation dose reduction com-
pared to conventional images (Reimer et  al. 
2019). The reduction of blooming artifacts for 
coronary stent assessment and calcium blooming 
reduction in cardiac imaging was recently dem-
onstrated as well (Hickethier et  al. 2017; Van 
Hedent et al. 2018).

The next spectral results that are described are 
the virtual non-contrast (VNC), iodine no water, 
and calcium suppressed. These three spectral 
types belong to the same category of two- material 
decomposition. A two-material decomposition 
algorithm assumes that each voxel consists of 
two types of materials only. In order to achieve 
this, a simple linear basis transformation from the 
basis of the photo-electric effect and Compton 
scattering components into a new basis represen-
tation of two selected materials is performed. By 
selecting the two materials to be iodine and water, 
it is possible to generate the virtual non-contrast 
(VNC) and the iodine no water results. By select-
ing the materials to be a calcium-based material 
and water, a calcium suppressed image can be 
created.

3.2  VNC: Virtual Non-Contrast

This is a spectral result that mimics the attenua-
tions values of a non-contrast CT scan from a 
data that is acquired with a contrast injection. It 
thus has the potential of replacing a true non- 
contrast series. By applying the two-martials 
decomposition to a NIST-based iodine and water 
basis, the iodine attenuation contribution of each 
voxel is removed and only the water attenuation 
contribution of each voxel in HU is displayed 
according to the mono 70 keV image. Due to the 
nature of this algorithm, the HU of the bony 
structures and calcium pixels are decreased by 
about 50% of their value in the 70 keV image.

A recent study compared the VNC images 
derived from the dual-layer spectral detector to a 
true non-contrast (TNC), found a good agree-
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ment of the attenuation measurements between 
the two images in most abdominal tissues with an 
overestimation in fatty tissues (Jamali et  al. 
2019). This is in agreement with prior studies 
(Ananthakrishnan et al. 2017; Sauter et al. 2018) 
where the quality of iodine removal in VNC 
images was not influenced by the original con-
trast enhancement and thus has a potential advan-
tage in reducing the radiation dose delivered to 
the patient in biphasic and triphasic 
examinations.

It was also shown that with an appropriately 
chosen proportionality factor as a correction 
coefficient, spectral CT VNC can reliably esti-
mate the calcium score from a contrast-enhanced 
coronary CTA and shows good agreement with 
the conventional technique (Nadjiri et al. 2018).

3.3  Iodine No Water [mg/ml]

This is a spectral result type in which the voxel 
values represent the iodine concentration of the 
displayed tissue in mg/ml as calculated from the 
iodine-water two-material decomposition algo-
rithm. The quantification of the iodine density is 
calculated by scaling the iodine projection on the 
water basis. Non-enhanced soft tissues are set to 
approximately 0 mg/ml of iodine.

Iodine no water [mg/ml] images have the 
potential to allow for improved visualization of 
iodine-enhanced tissues. This result can also be 
used for iodine quantification, but only in areas 
where iodine is present.

The accuracy of the iodine concentrations was 
tested in a phantom study for a range of concen-
trations between 2 and 20 mg/ml and found to be 
within a 0.3 mg/ml accuracy (Hua et al. 2018).

In Fig. 6, we show an example where a con-
ventional, VNC, and iodine no water images are 
compared for a renal lesion.

3.4  Calcium Suppression [HU]

In this image type, voxels containing calcium are 
suppressed and replaced by virtual HU values as 
similar as possible to the expected HU without 
calcium contribution to the attenuation. In a simi-
lar way to the VNC algorithm, the contribution of 
the calcium-based material attenuation of each 
voxel is removed and only the water attenuation 
contribution of each voxel is displayed in HU 
according to the mono 70  keV.  In contrast to 
VNC algorithm, where the iodine material is rep-
resented by a specific slope, the bony structures 
cannot be represented by one slope but of a range 
of calcium-based materials slopes. According to 

a b c

Fig. 6 (a) Axial CT scan at the level of left kidney shows 
a cystic lesion, which has attenuation higher than a simple 
cyst (arrow); (b) virtual non-contrast CT at the same level 
shows that there is higher attenuation in the VNC image 
indicating that this is a hemorrhage; and (c) iodine-only 

image at the same level shows absence of significant 
iodine in the lesion thus confirming that there was no con-
trast uptake in the lesion, but the high attenuation is con-
sistent with hemorrhage, thus a complicated cyst (Fulton 
et al. 2017)
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the calcium composition weight in each bony 
structure, an appropriate index value can be 
selected. A low index value selection targets tis-
sues with a low calcium composition weight; a 
high index value selection targets tissues with a 
high calcium composition weight.

In a recent study, the calcium suppressed 
images from dual-layer CT have been used to 
visualize the bone marrow edema in traumatic 
vertebral compression fractures (Neuhaus et  al. 
2018). In a different study (Abdullayev et  al. 
2019), it was found that calcium suppressed 
images are capable of improving differentiation 
between a metastatic and a normal bone. Also, it 
was demonstrated that calcium suppressed 
images could clearly present the temporoman-
dibular joint displacement. This suggested that 
calcium suppressed images could be used to 
diagnose the displacement of the temporoman-
dibular joint disc (Zhang et al. 2020).

In the above described spectral types, where 
the two-material decomposition is applied, the 
algorithm didn’t attempt to separate between two 
selected materials. In the spectral results that are 
explained below, a classification method between 
two materials is performed. The spectral results 
that are included in this category are the iodine 
density, contrast-enhanced structures, iodine 
removed, and the pair uric acid and non-uric acid 
removed.

3.5  Iodine Density [mg/ml]

This is an image type in which, similarly to the 
iodine no water result, the voxels values repre-
sent the iodine concentration of the displayed tis-
sue in mg/ml. In this image, the non-negative 
iodine quantification for all voxels which are 
classified as including Iodine is calculated by 
scaling the iodine projection on the water basis as 
explained for the iodine no water result. Voxels 
which are classified as not included iodine are set 
to 0 mg/ml and are visualized as black pixels.

Similar to the iodine no water result, iodine 
density images enable the identification of 

iodine-containing structures as well as direct 
quantification of iodine.

The accuracy of the iodine concentrations for 
iodine density was tested in a phantom study for 
a range of concentrations between 2 and 20 mg/
ml and found to be within a 0.3 mg/ml accuracy 
(Hua et al. 2018).

It was shown that iodine density allows one 
to detect occult bone lesions that cannot be 
detected with conventional CT due to the high 
contrast of the bone and the lack of bone destruc-
tions. Iodine density yields high sensitivity and 
adequate specificity for the differentiation of 
vertebral trabecular metastases and healthy tra-
becular bone (Borggrefe et al. 2019). In another 
study (Kikano et  al. 2020), it was shown that 
iodine density images can help elucidate and 
differentiate between various cardiothoracic 
pulmonary perfusion anomalies and may 
enhance a radiologist’s diagnostic confidence. 
Also, Lennartz et al. showed that iodine overlay 
images obtained with spectral-detector CT 
improve visual and quantitative diagnostic accu-
racy in assessing skeletal muscle metastases 
compared to conventional images (Lennartz 
et  al. 2019). In a study case, iodine density 
images allowed for differentiation of benign and 
malignant pulmonary nodules (Große Hokamp 
et al. 2019).

In Fig.  7, we show hypodense lesion in the 
head of the pancreas using conventional CT, 
mono-energetic 40  KeV, iodine density, and Z 
effective. The Z effective result will be discussed 
shortly.

3.6  Contrast-Enhanced 
Structures [HU]

In this result all the voxels, which are classified 
as including iodine, remain identical to MonoE 
70 keV. All bone classified voxels are displayed 
as black voxels. Contrast-enhanced structures 
images have the potential of providing bone-free 
images which can help in visualizing vascular 
structures without bone or calcifications.
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3.7  Iodine Removed [HU]

An image type in which all the voxels which are 
classified as not including iodine above a certain 
threshold are displayed as black voxels. All other 
voxels remain identical to MonoE 70 keV.

3.8  Uric Acid and Uric Acid 
Removed Pair [HU]

In these two spectral results, the classification is 
done between uric acid and calcium voxels and the 
two results are complementary with each other.

3.8.1  Uric Acid [HU]
In the uric acid result, all the voxels which are clas-
sified as including uric acid remain identical to 
MonoE 70 keV. All other voxels classified as not 
including uric acid are displayed as black voxels.

3.8.2  Uric Acid Removed [HU]
In the uric acid removed result, all the voxels 
which are classified as not including uric acid 
remain identical to MonoE 70 keV. All other vox-
els classified as including uric acid are displayed 
as black voxels.

The uric acid and uric acid removed image pair 
are intended for uric acid and calcium classifica-

Fig. 7 Patient with a slight increase in volume in the head 
of the pancreas and stranding in the peripancreatic fat. In 
the pancreatic head, a slight hypodense lesion (arrow-
heads outline the lesion) is visible on the conventional 
image; however, it is easily missed. On iodine density as 

well as mono 40 keV and Zeff images, the lesion stands 
out against the normal pancreatic parenchyma and the 
lesion was correctly diagnosed as a pancreatic adenocarci-
noma (Brun Andersen et al. 2020)
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tion and therefore have a potential use in gout dis-
ease diagnosis and stone characterization.

In gout disease, the attenuation of low-atomic- 
weight monosodium urate (MSU) crystals differs 
from that of high-atomic-weight calcium such as 
calcium pyrophosphate dihydrate (CPPD) crys-
tals, that exist in pseudogout and can have a clini-
cal presentation like that of gout.

Uric acid-calcium pairs are also useful in 
characterizing urinary calculus composition as 
demonstrated by Rajiah et al. (2017b).

The last two spectral results that are described 
below, Z effective and electron density can be 
used for material characterization.

3.9  Z Effective

This is an image in which the voxel values repre-
sent the effective atomic number of the displayed 
tissue. While the atomic number is characteristic 
of an element, the effective atomic number is 
characteristic of materials consisting of more 
than one element such as water, soft tissue, and 
bone.

A Z effective calculation is based on the ratio 
of attenuations at two different energies and is 
therefore independent of the material density. 
The expected Zeff values for known different tis-
sues from the literature were calculated and a 
conversion curve between the monoEs ratio and 
the calculated Z effective was created.

The Z effective images can be displayed in 
color or gray scales. The dynamic range is set to 
be between 5 and 30, where water is 7.4 and air is 
set to be zero. Non-enhanced soft tissues have Z 
effective value of approximately seven. Fatty tis-
sues have lower Z effective than water, while 
bone and contrast-enhanced tissues have higher 
values compared with water Z effective. Metal 
implants have a high Z effective possibly higher 
than 30.

In a phantom study (Hua et al. 2018), different 
tissues with different Z effective values from 
approximately 6 (adipose tissue) to about 13 
(cortical bone) were scanned in different configu-

rations. It was found that the accuracy of the Z 
effective is on the order of +/− 2% for both soft 
tissue and bone-equivalent materials, with some-
what larger percentage deviations for lung- 
mimicking materials. The accuracies were found 
to be similar in different scans and reconstruction 
parameters.

Z Effective images have the potential to dif-
ferentiate tissues based on their atomic number 
values, for example, in stone characterization 
(Fulton et al. 2017). This is shown in Fig. 8 in a 
different study. In addition, it was shown that the 
use of contrast-enhanced spectral CT including Z 
effective images increases the confidence of the 
radiologists in correctly characterizing various 
lesions and minimizes the need for supplemen-
tary examinations (Brun Andersen et  al. 2020). 
See Fig. 8.

The benefit of the dual-layer spectral CT was 
recently demonstrated in the emergency depart-
ment (Demirler Simsir et al. 2020). It was shown 
that by using iodine density and Zeff maps, the 
detection of subtle filling defects and demonstra-
tion of the presence or lack of lung perfusion 
deficits in pulmonary embolism is better. This is 
shown in Fig. 9.

3.10  Electron Density [%EDW]

This is a spectral result that displays the electron 
density of each voxel relative to the electron den-
sity of water (3.34 × 10^29 electrons × m-3) in 
units of percent where the expected value for 
water in these units is 100 [%EDW].

The electron density (ED) estimation is based 
on a linear combination of the photo-electric 
effect and Compton scattering where the 
Compton scattering component dominates. The 
two parameters of the linear combination coeffi-
cients were determined by finding the best fit to 
the expected electron densities of known litera-
ture tissues. The normalization was chosen so 
that the relative ED of water is 100.

For several decades, in order to calculate the 
radiation dose distribution, HU were converted to 
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a b

Fig. 8 Urinary calculus composition. (a) Coronal 120- 
kVp routine diagnostic image in a patient with acute 
abdominal pain shows a 7-mm calculus in the inferior 
pole of the right kidney (arrow). (b) Effective atomic 

number-based reconstruction at the same level shows that 
the calculus has high atomic number (arrow) consistent 
with a calcium calculus (Rassouli et al. 2017)

a b c

d e f

Fig. 9 A 36-year-old woman presented with right-sided 
acute chest pain (upper row). (a) On conventional CT, a 
small filling defect was present in right lower lobe sub- 
segmental pulmonary artery (arrow). (b) Iodine density 
and (c) Zeff maps showed no perfusion deficit distal to the 
filling defect (arrows). A 90-year-old woman presented 
with dyspnea, right-sided chest pain (lower row), (d) 
Conventional CT, small filling defect was present in right 
lower lobe sub-segmental pulmonary artery (arrow). (e) 

Iodine density map demonstrated a wedge-shaped area of 
decreased perfusion (iodine density; 0.08  mg/ml; blue 
arrow) compared to the adjacent lung parenchyma (iodine 
density; 1.27  mg/ml; white arrow) indicating a sub- 
segmental pulmonary embolism with perfusion deficit. (f) 
The Zeff map demonstrated the wedge-shaped area with 
decreased perfusion color-coded in light blue, yellow, and 
red (arrow) (Demirler Simsir et al. 2020)
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the electron or physical density via a calibration 
curve, in the case of photon therapy or to the pro-
ton stopping power, in the case of proton therapy.

Dual-layer CT allows a direct calculation of 
the electron density on a pixel-by-pixel basis. 
This approach can potentially enhance the work-
flow of radiation therapy planning by eliminating 
the need for a calibration curve mapping for pho-
ton therapy and improve the range accuracy for 
proton therapy.

The accuracy of the electron density was 
assessed recently in phantoms studies (Hua et al. 
2018; Rassouli et al. 2017). Hua et al. concluded 
that the electron density accuracy is of the order 
of ±1% for both soft tissue and bone-equivalent 
materials and did not appear to be sensitive to dif-
ferent scans and reconstruction parameters. Ohira 
et  al. (2019) found that percentage error of the 
electron density for each reference material var-
ied from −2.0% to 1.2% and therefore the use of 
dual-layer spectral CT can enhance radiotherapy 
treatment planning. In another study, it was dem-
onstrated that in homogeneous and heteroge-
neous phantoms, the use of electron density and 
Z effective can improve the accuracy of the stop-
ping power ratio (SPR) predictions for particle 
therapy resulting in remaining discrepancies in 
the order of 1%. This can minimize the beam 
range uncertainty and allow for reduced safety 
margins in the patient (Faller et al. 2020).

Recently, it was demonstrated on few case 
reports that ED imaging improves GGO visual-
ization compared with conventional CT.  It was 
suggested that ED imaging may improve the 
detection of early-stage COVID-19, a stage for 
which conventional CT has shown limited sensi-
tivity for detection (Daoud et al. 2020).
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Abstract

This chapter provides an overview of the GE 
Dual-Energy Approach to Spectral Imaging 
known as Gemstone Spectral Imaging (GSI). 
Since 2010 when GE launched GSI on 
Discovery™ CT750 HD, GE has provided 
continued improvements to the technology, 
capabilities, and workflow, as well as spectral 
clinical tools to support advances in diagnosis 
and solutions across the Discovery™ GSI, 

S. Slavic (*) 
GE Healthcare, Waukesha, WI, USA
e-mail: Scott.Slavic@ge.com 

M. Danielsson 
Department of Physics, KTH Royal Institute of 
Technology, AlbaNova University Center,  
Stockholm, Sweden
e-mail: matsdan@kth.se

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96285-2_4&domain=pdf
https://doi.org/10.1007/978-3-030-96285-2_4#DOI
mailto:Scott.Slavic@ge.com
mailto:matsdan@kth.se


46

Revolution™ CT Frontier, and Revolution™ 
CT/Revolution™ Apex platforms.

The GSI acquisition method enables pre-
cise temporal registration of the dual-energy 
sinograms, projection-based material decom-
position, and delivers a full 50  cm material 
decomposition scan field of view.

The technologies employed to achieve the 
dual-energy acquisitions are detailed in the 
discussion of balanced system design below. 
Calibration of fast kVp switching data, mate-
rial decomposition, and visualization of the 
resulting images are covered in the image 
reconstruction, projection-based material 
decomposition, and post-processing/clinical 
applications sections. The chapter closes with 
GSI implementation in the context of work-
flow, imaging improvements, solutions to 
challenging diagnostic applications, and the 
path to the future of photon counting.

Academic research and clinical exploration 
of GSI have grown rapidly and resulted in rich 
scientific publications and extensive clinical 
adoption. GSI has shown benefits in:

• Better lesion characterization by providing 
information about the chemical composition 
and material characteristics

• Improving lesion detection with enhanced 
contrast-to-noise ratio

• Reducing beam hardening and metal artifacts
• Optimizing iodine load in contrast enhanced 

CT studies

1  Background

Dual-energy in CT has grown since vendors 
introduced it in the early 2010s. Relative to con-
ventional single kVp imaging, dual-energy imag-
ing has the capability to enhance material 
differentiation and reduce beam hardening arti-
facts. Fast kVp switching, where the kVp alter-
nates between low and high kVp for every view 
has several benefits including fine temporal view 
registration (high temporal consistency between 
high and low energy views), helical and axial 

acquisitions, and full 50 cm field of view. It also 
presents some implementation challenges.

A balanced system design must enable rapid 
kVp rise and fall1 while achieving sufficient 
energy separation and angular view sampling 
within the constraints of medical diagnostic rota-
tion speeds. Detector primary decay and after-
glow performance are critical to avoiding spectral 
blurring between views. Concurrently, there 
needs to be a strategy for dose efficiency through 
balancing the flux between the two spectrums 
and noise reduction processing, and advanced 
reconstruction techniques to ensure image qual-
ity across resolution, spectral performance, noise, 
texture, and other image quality metrics.

Gemstone spectral imaging (GSI) is based on 
projection-based material decomposition. The 
mixed kVp sinogram is transformed into view- 
aligned low and high kVp sinograms. Material 
basis decomposition is performed on the paired 
kVp measurements accounting for the tube spec-
trum, bowtie filter, and beam hardening proper-
ties of the basis materials. The noise correlation 
of the resulting material density images is well 
understood and employed in noise reduction pro-
cessing (Alvarez and Seppi 1979) and advanced 
deep learning techniques.

While the technology to enable dual-energy is 
important, image quality, clinical workflow, and 
clinical applications to provide the right images 
and clinical answers are equally critical to ensure 
adoption and clinical acceptance.

Future research and development into spectral 
imaging continues to expand and new technolo-
gies are in development in the dual-energy space 
and photon counting space (Chandra and Langan 
2011).

2  Balanced System Design

The fundamental principle behind fast kVp 
switching is the acquisition of two different 

1 Since the kVp rise and fall are incorporated into the view 
measurements, a fast switching generator is required, and 
any remaining low level nonidealities are accounted for in 
the spectral calibration of the data.
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kVps, alternating on a view-by-view basis 
between low and high kVp in a single rotation. 
This enables precise temporal registration of 
views, thereby freezing motion as the alternating 
spectrums penetrate the patient. This signifi-
cantly reduces image artifact. For decades, the 
barrier preventing successful clinical introduc-
tion has been the limitations in the acquisition 
and detection systems.

The advancements in system components 
comprising GE scanners make GSI possible. 
Both high and low energy data sets are acquired 
simultaneously for axial and helical acquisitions 
at the full 50 cm field of view.

The generator and tube are capable of reliably 
switching between 80 and 140  kVp settings 
within microseconds to achieve 0.25  ms cycle 
time (Fig. 1). This capability has been achieved 
by a patented high frequency generator and tube 
with novel generator control hardware and firm-
ware, a low capacitance interface, and 
microsecond- level tube electrostatic focal spot 
size and position control.

The Gemstone detector is a key contributor to 
fast kVp switching acquisitions through its scin-
tillator and data acquisition system (DAS). GE 
Healthcare’s (GEHC) scintillator material, 
referred to as Gemstone, is a complex rare earth- 
based oxide, which has a chemically replicated 
garnet crystal structure. This lends itself to imag-
ing that requires high light output, fast primary 
speed, very low afterglow,2 and almost undetect-
able radiation damage.

Gemstone™ has a primary decay time of 
30  ns, making it 100 times faster than GOS 
(Gd2O2S), while also having afterglow levels that 
are lower than 25% of GOS levels, making it 
ideal for fast sampling. The capabilities of the 
scintillator are matched with a fast-sampling 
DAS, enabling simultaneous acquisition of low 
and high kVp sinograms at customary rotation 
speeds.

2 Afterglow refers to a secondary decay of light emitting 
from the scintillator for several milliseconds after the 
X-ray source is turned off. It carries a part of the signal 
from one view to the next during a scan, thereby smearing 
the information, and potentially causing unwanted spec-
tral decomposition artifact.

In order to combat the traditional flux issues 
that have challenged fast kVp switching, low 
kVp and high kVp acquisitions are flux balanced 
through advances in the DAS and generator via 
two methods: dynamically changing view inte-
gration times, and more recently, near instanta-
neous modulation of both kVp and mA (Fig. 2). 
Dynamic view integration times are accom-
plished by allocating additional time to the low 
kVp acquisition relative to the high kVp acquisi-
tion in order to reduce the possibility of photon 
starvation conditions. Coupled with the appropri-
ate rotation speed, a more balanced flux condi-

Fig. 1 Illustration of ultra-fast kV switching. The views 
objected at high and low kVp levels are indicated in red 
and green, respectively

mA
Switching

kV
Switching

Fig. 2 Simultaneous kVp and mA switching. In this 
example, the mA value used for the high kVp views is 
lower than for the low kVp views
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tion between the two kVp scans is achieved and 
this serves to minimize patient dose. Near instan-
taneous kVp and mA switching is accomplished 
via advanced cathode technologies that allow for 
very fast control of both kVp and mA.

By means of flux balance methodologies and 
noise reduction techniques, GSI is designed to 
minimize additional dose relative to single- 
energy scans (Chandra and Langan 2011).

Studies performed between 2012 and 2014 
demonstrated abdominal GSI doses of between 
12.8 and 21.8 mGy. These values are below the 
ACR’s 25 mGy reference dose level for a single- 
phase abdominal CT. The noise levels with GSI 
were comparable to those with SECT (Dubourg 
et al. 2014; Lin et al. 2012; Schuman et al. 2014).

3  Image Reconstruction

Following the acquisition, calibration corrections 
are applied to the data. Spectral calibration is 
complicated by the nonideal kVp rise and fall 
making it difficult to find a fixed kVp having pre-
cisely the same spectral response as an actual fast 
kVp switching energy spectrum. As a result, the 
spectrum is fitted to a linear combination of single 
kVp spectra. The overall spectrum (Sp) is decom-
posed into a superposition of several known kVp 
(p) spectra through the measurement of the detec-
tor response to the bowtie-attenuated beam:
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where Sk(E) are the basis spectra of the fixed 
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where μd(E) is the linear attenuation coefficient of 
the detectors, td is detector thickness, μb(E,d) and 
Ib(d) are respectively the linear attenuation coeffi-
cient and the thickness of bowtie material b corre-
sponding to detector channel d. R(d) can be 
measured through a fast-switching air scan, and 
Gk(d) can be calculated based on the system geom-
etry. The problem now becomes one of solving for 
R(d). This is an overdetermined problem and can 
be easily solved by least squares fitting. Once the 
calibration corrections have been applied to the 
low and high kVp data sets, they are aligned in 
projection space, transformed into a material basis 
pair projection (such as water and iodine), and 
then reconstructed. These material density images3 
may be combined to create a monochromatic 
image at any specific keV level. A pictorial flow is 
presented in Fig. 3 (Chandra and Langan 2011).

4  Projection-Based Material 
Decomposition

Dual-energy material decomposition is based 
upon the mass attenuation coefficient across the 
medical diagnostic imaging spectrum being a 
function of two independent variables: attenua-
tion due to the photoelectric effect and that due to 
Compton scatter (Alvarez and Macovski 1976). 
Through a mathematical change of basis one can 
express the energy-dependent attenuation 
observed in two kVp measurements in terms of 
two basis materials:

3 Material density images represent the effective density 
for the material necessary to create the observed kVp 
measurements. For example, pure water appears as 
1000 mg/mL in a water image, 20 mg/mL of dilute iodine 
is labeled as such an iodine image.
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where I represents the attenuated X-ray spec-
trum, Io represents the reference spectrum, μ1(E) 
and μ2(E) represent the mass attenuation coeffi-
cients of the basis materials, and m1 and m2 are 
their respective effective densities. Slow(E) and 
Shigh(E) are defined by the source spectrum, 
source filtration, and detector performance. The 
solution for m1 and m2 accounts for spectral varia-
tion over the field of view due to the bowtie filter, 
and multi-material beam hardening. As a conse-
quence, projection-based material decomposition 
provides the opportunity for more quantitative 
precision than may be achieved with single kVp 
imaging.
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Given the material basis density images, one 
can compute attenuation data (p) that would be 

measured with a monoenergetic X-ray source. 
For consistency with the Hounsfield unit, one can 
normalize the attenuation measurement with 
respect to water (Chandra and Langan 2011).

5  Image Generation 
and Post-processing

5.1  Image Types

5.1.1  Monochromatic
Monochromatic images, ranging from 40 to 
140 keV, depict objects as if they were imaged 
with a theoretical monochromatic beam whose 
X-ray energy is measured in kiloelectron volts 
(keV) instead of peak kilovoltage (kVp).

Monochromatic images with lower energy 
levels generally improve the contrast-to-noise 
ratio (CNR) and can even achieve higher CNR 

Data Acquisition Projection Space Image Space

Monochromatic Images
40-140 keV

Material Density Images
(Water, Iodine, Calcium, HAP,

Uric Acid, Fat)

Material Density
Transformation (with

MAR Correction if GSI
MAR is applied)

Image
Reconstruction

Split

Interleaved High and
low kVp projections

GSI Data Acquisition

VUE

Image
Reconstruction

Fig. 3 Schematic illustration of the GSI Material Decomposition process
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than single-energy imaging at the same dose. 
This is because monochromatic images at lower 
energy levels (40–70  keV) are closer to the 
K-edge of iodine (33.2  keV), at which iodine 
exhibits much higher attenuation as compared to 
conventional single-energy CT at 120 kVp. 
Figure  4 shows the increased CNR at lower 
keV.  A big advantage over single-energy scan-
ning is the availability of the range of keV images 
from a single exposure vs. single energy where 
the CNR is fixed based on the technique chosen.

Clinical studies confirm that low energy 
monochromatic images (40–70 keV) can depict 
more subtle contrast enhancement by improving 
the CNR between a lesion and background paren-
chyma13. Monochromatic images provide more 
reliable attenuation values than conventional 
polychromatic CT images.

5.1.2  Material Density
Material density (MD) images are generated 
natively or via post-processing from spectral data 
and provide qualitative and quantitative informa-
tion regarding tissue composition and contrast 
media distribution (Patino et al. 2016)

MD images are generated as a material basis 
pair (e.g., water/iodine, uric acid/calcium). For 
example, when the water and iodine pair is gener-
ated, the iodine images visualize the density of the 
object with suppressed water information (written 
as “iodine (water)”) and water images visualize 
the density of the object with suppressed iodine 
information (written as “water (iodine)”). Note 
that the measured pixel intensity values in these 

images are proportional to material density (con-
centration) and are expressed in mg/ml.

GSI can detect iodine contrast in concentra-
tions as low as 0.5 mg/ml in density at a dose as 
low as 8 mGy.4 Iodine detectability is a perfor-
mance metric that is key to the clinical value of 
dual-energy CT.

As Patino/Sahani et  al. (Patino et  al. 2016) 
summarized, material-specific images generated 
by spectral CT expand the current role of CT and 
overcome several limitations of single-energy 
CT.

The selection of the optimal material pairs for 
reconstruction is based on the specific clinical 
task.

The most common material pair used clini-
cally is iodine and water, because the iodine 
(water) image can be used to assess iodine distri-
bution, to increase tissue contrast, and to amplify 
subtle differences in attenuation between normal 
and abnormal tissues. This capability facilitates 
improved lesion detection and characterization, 
tumor viability quantification, and treatment 
response monitoring (Patino et al. 2016; Agrawal 
et al. 2014). Figure 5 illustrates how a color iodine 
overlay can aid in identifying cancer lesions.

In chest imaging, iodine (water) images that 
represent the iodine distribution in the lung 
parenchyma (an example of which appears in 
Fig.  6) can also help to identify pulmonary 
embolism- associated perfusion defects, espe-

4 Detectability demonstrated on Revolution™ CT and 
Revolution™ Apex Products. Detection of 0.5 mg/mL at 
8 mGy was demonstrated in head phantom testing

Fig. 4 A 30  cm  ×  40  cm QRM phantom, simulating a 
large patient, was scanned with 80 mm GSI helical at a 
CTDIvol of 24 mGy. The contrast-to-noise ratio (CNR) of 

the liver ROI against the background was automatically 
computed using the GSI Viewer Optimal CNR tool
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cially in patients with underlying perfusion 
abnormalities (Bauer et al. 2011; Pontana et al. 
2008).

Fat (iodine) or fat (water) images can be used 
to characterize fat content in abdominal lesions, 
such as cholesterol stones in the gallbladder 
(Fig. 7) and fat-containing renal lesions. Morgan 
et al. demonstrated that fat (iodine) images per-
mit differentiation between low- and high-fat- 
containing adrenal lesions with a high specificity 
of 94% (Morgan et al. 2013).

5.1.3  Material-Suppressed Iodine
Spectral information in GSI Images may be uti-
lized to generate virtual unenhanced images 
(VUE) by subtracting iodine from the images. 
The VUE algorithm is based on multi-material 
decomposition (MMD), which replaces the vol-
ume fraction of contrast by the same volume 
fraction of blood, producing iodine-suppressed 
images. The VUE images provide attenuation 
information in Hounsfield units. Figure 8 shows 
an example of a non-contrast scan acquired at 
120 kVp, and GSI contrast enhanced 70 keV and 
VUE images derived from a GSI contrast 
enhanced scan. The iodine filled vessels are 
removed in the VUE images.

VUE Imaging has shown promise in clinical 
use cases where a True unenhanced (TUE) image 
is typically used (Mileto et al. 2021).

a b

Fig. 5 A patient with recurrent liver carcinoma. (b) Iodine color overlay on 55 keV can better visualize recurrent cancer 
lesions (arrows) than (a) 55 keV image

Fig. 6 A patient with pulmonary embolus. An iodine 
color overlay on this 70 keV image aids in the identifica-
tion of embolus (arrow) and the area of lung perfusion 
abnormality (arrow heads)

Fig. 7 A patient with gallbladder cholesterol stone. This 
fat (water) image characterizes the fat contents of the 
stone (arrows)
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5.1.4  Metal Artifact Reduction
Patients imaged with CT routinely have metal 
implants which can cause artifacts due to photon 
starvation, beam hardening, and scatter. GSI Metal 
Artifact Reduction (GSI MAR) is a dual-energy 
metal artifact reduction algorithm designed to reveal 
anatomic details obscured by metal artifacts. GSI 
MAR can reduce metal artifacts using a three-stage 
correction to address all three factors. This approach 
generates metal- corrected images, while preserving 
spatial resolution and data integrity near the metal 
(Girijesh et al. 2014; Pal et al. 2013a, b; Hsieh et al. 
2013). The output sinograms are used as input to the 
improved spectral imaging chain to generate the 
final GSI MAR images (Fig.  9). Metal artifact 

reduction used in conjunction with higher keV set-
tings (>100 keV) that also provide beam hardening 
reduction has allowed GSI and GSI MAR to realize 
enhanced metal artifact reduction that exceeds the 
performance of both of conventional MAR, and the 
metal artifact suppression achieved in high keV vir-
tual monoenergetic images.

5.2  Noise Suppression

Noise suppression is very important due to flux 
challenges with the low kVp samples in any 
multi-energy technology. To address this issue, 
GE has used two methodologies to date in GSI 

a

c

b

Fig. 8 Examples of (a) a non-contrast image acquired at 120 kVp, and (b) GSI contrast enhanced 70 keV image, (c) 
VUE image derived from GSI contrast enhanced scan
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imaging. Noise suppression in GSI by virtue of 
the projection-based material decomposition is 
applied in the material density space in order to 
enhance image quality without shifting mean val-
ues. This allows for noise suppression techniques 
to propagate to all image types: Virtual 
Monochromatic, Material Density, Metal 
Artifact-Reduced Images, and Post-Processed 
images such as Virtual Unenhanced images.

5.2.1  Iterative Reconstruction
The initial noise suppression method deployed 
with GSI leverages the statistical iterative recon-
struction approach taken by ASIR5 (Fan et  al. 
2010) while simultaneously leveraging well- 
known noise correlation properties of the projec-
tion space material decomposition process 
(Alvarez and Seppi 1979).

5.2.2  TrueFidelity™ GSI
Recent advancements in deep learning have led 
to the application of deep learning techniques to 

5 ASIR focuses on the statistical modeling of the noise 
properties of the system in conjunction with the properties 
of the scanned object. As a result, it provides significant 
benefit for those examinations that may experience limita-
tions due to noise in the reconstructed images. In the case 
of spectral imaging, this is applied to reduce the noise in 
the material density images to enhance image quality.

increase the noise reduction capability while 
maintaining and improving other imaging met-
rics such as texture and resolution. TrueFidelity™ 
was designed to produce image quality perfor-
mance not easily achievable by conventional ana-
lytical and iterative techniques. Rather than 
manually optimizing the reconstruction over 
many parameters to balance image noise, spatial 
resolution, overall texture, and other quality met-
rics across a multitude of clinical imaging sce-
narios, the deep learning approach uses a neural 
network to learn the desired characteristics of the 
reconstructed images.

While both noise reduction techniques repre-
sent clinically relevant and robust performance, 
TrueFidelity™ GSI represents a step change in 
overall image quality. Examples of noise sup-
pression and the improvements made from itera-
tive reconstruction and deep learning are 
presented in Figs. 10, 11, 12 and 13.

6  Workflow and Clinical 
Processing

GE’s GSI Workflow has evolved with the 
approach to assist the technologist through the 
workflow to ensure dose and image quality are 
optimized, organize the output images based on 

a b c

Fig. 9 A patient with metal denture and mouth floor car-
cinoma. (a) 60 keV image shows the artifacts caused by 
the metal denture. (b) 60  keV with GSI MAR and (c) 

iodine color overlay with GSI MAR can reduce metal arti-
facts and reveal enhanced mouth floor carcinoma
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clinical function, and transfer the relevant images 
to PACS for the initial read. The images still con-
tain spectral information for later analysis and 
post-processing as needed on advanced worksta-
tions (Slavic et al. 2017).

Key features that allow this workflow include:

• GSI Profiles: available at a higher level in pro-
tocol management to standardize, automate, 
and personalize GSI scan and recon parame-
ters based on clinical needs.

• GSI Assist: personalizes GSI scan parameters 
to clinical indications and the anatomy of the 
patient.

• Xtream Recon: reconstructs GSI specific 
images natively on the console with real-time 
reconstruction speed, using parallel  processing 
of the spectral information to greatly speed up 
the overall recon process.

• Direct transfer to PACS: offers the direct 
transfer of all natively reconstructed GSI 
images to PACS.

Fig. 10 Iterative reconstruction and deep learning noise suppression—monochromatic images. (Image courtesy of 
Houston Methodist)

Fig. 11 Iterative reconstruction and deep learning noise suppression—material density images. (Image courtesy of 
Houston Methodist)
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These workflow features allow the user to auto-
mate scanning, dose, and reconstructions to allow 
seamless usage in clinical workflow. The custom-
ization capability allows users to customize the 
strategy per their clinical needs (Gauntt 2019)

Figure 14 shows how GSI Profiles and GSI 
Assist automate and assist in the GSI workflow. 
Figure 15 represents the Xtream Recon flow par-
allelizing the reconstruction process and allow-
ing the fast direct-to-PACS methodology.

7  Spectral Applications 
and Future

Workflow, PACS clinical tools continue to 
advance, facilitating spectral imaging solutions 
and leading to widespread adoption. With GE, 
this spans the Advantage Workstation (AW) and 
the Edison Platform to provide viewing, analysis, 
and analytics platforms to support clinical 
workflows.

Fig. 12 Iterative reconstruction and deep learning noise suppression—virtual unenhanced images. (Image courtesy of 
UZ Brussels)

Fig. 13 Iterative reconstruction and deep learning noise suppression—monochromatic images with metal artifact 
reduction. (Image courtesy of Froedtert Hospital)
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With spectral imaging, in addition to the image 
types, viewers and applications are able to utilize 
spectral data for quantitative analysis spanning, 
material assessment, effective Z imaging and his-
tograms, spectral response curves, contrast-to-
noise (CNR) curves, overlays of spectral data, and 
post-processed imaging. This tool suite continues 
to develop, provide more automated solutions, and 
incorporate advanced imaging (AI) techniques.

Figures 16, 17 and 18 represent examples of 
clinical outputs from GE clinical tools. These 
advanced tools incorporate a combination of 

spectral analysis, multi-material decomposition, 
advanced segmentation, and colorization of 
images to help automate clinical outputs and 
clinical findings.

8  Photon Counting: The Next 
Leap in Spectral Imaging

The next revolutionary step in spectral imaging is 
photon counting. GE is pursuing a novel approach 
in this area.

Fig. 14 GSI Assist/Profiles workflow

Prep
Material Decomposition

Iterative Recon
Monochromatic images

(40-140keV)

Material Density images
(Iodine, Water, Calcium,

Uric Acid, HAP, Fat)

VUE

PACS
and/or
post-

processing
workstations

Fig. 15 Illustration of Xtream Recon technology and 
direct transfer to PACS. An intermediate stage is created 
after projection data preparation and material decomposi-

tion iterative recon process. From this juncture multiple 
GSI DICOM images can be natively reconstructed
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8.1  Photon Counting with Deep 
Silicon

Photon counting has emerged in recent years as a 
future alternative to dual-energy CT imaging. In 
photon counting, each X-ray is counted sepa-
rately. The energy of each X-ray is measured 
using a number of programmable thresholds. In 
contrast to dual-energy CT, the number of energy 
levels can be selected in the design of the front- 
end electronics. For the deep silicon solution, we 
have eight threshold levels, meaning in principle 
that eight different materials can be separated in 
a so-called material basis decomposition. 
Typically, only three materials will be recon-
structed, but having more thresholds increases 
dose efficiency and also means there is no need to 
change energy threshold levels for different 

image cases. This increases usability. Deep sili-
con and other photon-counting solutions also 
offer significantly higher spatial resolution com-
pared to state-of-the-art.

Silicon is the number one industry standard 
semiconductor substrate and very large volumes 
of high purity crystalline material are produced 
in a multitude of fabricators around the world. 
Due to the enormous investments in silicon pro-
duction over many years, it is basically impossi-
ble for any other material to compete in terms of 
cost or quality. A proposed alternative to silicon 
is to use a cadmium-based detector, either cad-
mium telluride (CdTe) or cadmium zinc telluride 
(CZT). Those materials exist in prototype vol-
umes, and an additional challenge is the environ-
mental and health hazards associated with 
cadmium (World Health Organization 1992).

Fig. 16 Abdomen colorization of iodine in liver lesions
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8.2  X-Ray Detection Efficiency 
for Deep Silicon

Since silicon has a low atomic number, a signifi-
cant thickness is required to efficiently absorb 
incoming high energy X-rays in the diagnostic 

range. Another factor that will impact the dose 
efficiency is the non-active “dead” layer at the 
surface, since there is never a perfect crystal 
structure all the way to the edge of the crystal and 
charge collection will be limited in this region. A 
low atomic number means that the sensitivity to 
any dead layer at the entrance surface of the 
detector is reduced. In Fig. 19, we show that the 
overall detection efficiency (DE) is very high.

8.3  X-Ray Scatter in the Detector

An advantage of silicon is that its low atomic 
number means there is a negligible probability 
for K-fluorescence, which deteriorates both 
energy resolution and spatial resolution, since 
energy deposition for one interaction is scat-
tered over several pixels by the K-fluorescence 
photons. On the other hand, the cross section 
for Compton scatter is significant. All Compton 

Fig. 17 Automated and advanced segmentation of gout crystals

Fig. 18 Automated lung segmentation and colorization 
for pulmonary embolism studies
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scatter energy depositions above the minimum 
threshold will be counted and will contribute to 
the image. Energy deposited by Compton inter-
actions will be recorded in the low energy bins, 
which allows these to be distinguished from the 
photoelectric interactions, which tend to be 
recorded in the higher energy bins. For X-rays 
with a primary Compton interaction, the energy 
resolution will be reduced since all energy is 
not deposited. For X-rays with a primary photo 
interaction, all the energy is deposited, and the 
energy resolution will be very high due to the 
high inherent energy resolution in silicon. 
Intersecting tungsten foils stop the scattered 
photons and work as a general anti-scatter col-
limator without loss of geometrical efficiency. 
In Fig. 20, we outline the distributions of differ-
ent interactions in deep silicon for a 140 kVp 
spectrum, which is the worst-case diagnostic 
spectrum in that it produces the most Compton 
interactions. The point spread function in 
Fig.  21 confirms that Compton scattered pho-

tons are efficiently absorbed by the tungsten 
and have a negligible impact on spatial 
resolution.

8.4  Count Rate Performance

One significant challenge with photon-counting 
detectors has been the very high count rates, 
where the input flux can be up to 109 photons/
mm2/s. In deep silicon, the depth of the silicon 
can be segmented into sub-voxels to decrease the 
count rate for each input channel. With a design 
using nine depth strata (with longer strata deeper 
in the detector), the count rate can be reduced by 
the same factor. The design shown in Fig. 22 out-
lines the depth strata together with the measured 
count rate response as a function of the X-ray1. 
High count rate performance translates into 
reduced detective quantum efficiency (DQE) loss 
at high input flux and also enables a robust 
design, far from the point of detector saturation.

Fig. 19 X-ray detection efficiency for different detector geometries for photon-counting CT
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Fig. 20 Photoelectric and Compton interactions in deep silicon

Fig. 21 Measured point spread function and MTF for deep silicon

Fig. 22 Count Rate Performance and diagram of multi strata design

S. Slavic and M. Danielsson



61

8.5  Deep Silicon Summary

In summary, the deep silicon approach to pho-
ton counting allows for the use of an industrial 
standard material with extremely high purity 
and crystal lattice quality. The depth of the sili-
con will result in high detection efficiency and 
enable depth strata for high and robust perfor-
mance for high X-ray flux imaging cases. X-rays 
that are Compton scattered in the detector are 
absorbed by intersecting tungsten foils that also 
work as a collimator for object scatter. Charge 
collection in silicon is very fast, which trans-
lates into low diffusion of charges between pix-
els, resulting in high energy resolution. This in 
turn leads to high quantification accuracy and 
precision (for example, iodine concentration), 
and to dose-efficient three-material decomposi-
tion (Xu et al. 2013).

The deep silicon concept will deliver high spa-
tial resolution combined with high energy resolu-
tion and spectral performance for tissue 
differentiation and quantification (Danielsson 
et al. 2021). One example is the evaluation of the 
degree of stenosis in blood vessels, when so- 
called “blooming artifacts” can be avoided and 
separation between calcium and iodine signifi-
cantly improved. Another example is detection 
and follow-up of cancer.
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1  Introduction

Canon Medical introduced the first multi-energy 
Computed Tomography (CT) system powered by 
deep learning artificial intelligence with the launch 
of Spectral Imaging on the Aquilion ONE Prism 
CT system in 2020. Spectral Imaging’s multi-
energy approach combines the benefits of Rapid 

kV Switching technology with deep learning- based 
reconstruction to maximize the diagnostic value of 
every photon at each kV level, making routine and 
wide volume multi-energy imaging possible.

Spectral Imaging relies on the fundamental 
collection of data at two energies, a high and a 
low kV, that can be used to represent two basis 
materials, such as iodine and water, for material 
decomposition. The Aquilion ONE platform fea-
tures a key design consideration for the optimal 
implementation of multi-energy CT: wide vol-
ume coverage. The Aquilion ONE Prism offers 
16  cm of longitudinal coverage, allowing for 
acquisition of a whole organ, such as the head or 
heart, in a single rotation as well as a 50 cm mid-
plane Field of View (FOV) (Fig.  1). Therefore, 
Spectral Imaging is designed to encompass both 
standard helical and wide volume coverage.
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Rapid kV Switching works by collecting 
interleaved projection views at each energy, gen-
erated by rapidly toggling between kV levels as 
the tube rotates around the patient. Rapid kV 
Switching minimizes spatial and temporal mis-
alignment, permitting raw data-based material 
decomposition. Combining Rapid kV Switching 
with the image quality improvement capabilities 
of deep learning artificial intelligence permits the 
data to be acquired with tube current modulation, 
a key feature for optimizing radiation dose man-
agement. By infusing Rapid kV Switching with 
the power of deep learning, a full suite of clinical 
output—from crisp, clear iodine maps to low 
noise virtual monoenergetic images—can be 
generated for standard and wide volume CT.

2  The Aquilion ONE Prism 
and Its Technology

The Aquilion ONE wide volume CT system, first 
launched in 2007, offers 16  cm of longitudinal 
coverage that permits isotropic volumes of an 
entire organ to be acquired in a single rotation of 
the gantry. The Aquilion ONE Prism has 320 
detector rows, each 0.5  mm thick. Canon 
Medical’s Spectral CT is designed to combine 
the temporal resolution benefits of Rapid kV 
Switching with the ability of 16 cm coverage to 
reduce motion artifact throughout the volume. 
Performing Spectral CT on whole organs 
acquired in a single rotation provides increased 
diagnostic potential in applications such as spec-

tral cardiac CT.  Spectral is also designed to be 
compatible with the entire 50  cm FOV in both 
standard helical modes and for wide volume 
modes. Sufficiently large field of view has 
become an important factor for CT systems, par-
ticularly when scanning large patients, as some 
anatomical structures may be missed with a lim-
ited FOV, such as the periphery of lung, liver, and 
bowel.

The Aquilion ONE Prism also utilizes Canon 
Medical’s SUREExposure Automatic Exposure 
Control (AEC) to vary the tube current applied 
during a scan, based on the size and composition 
of the individual patient being scanned. The pur-
pose of AEC is to automatically optimize the CT 
scan exposure to reduce overall radiation dose 
while tailoring the dose distribution to yield con-
sistent image quality. This technology is particu-
larly relevant for radiosensitive subjects, such as 
chest and pediatric patients. Canon Medical’s 
spectral CT is compatible with the routine use of 
AEC in both standard helical and wide volume 
scanning modes.

2.1  Spectral Rapid kV Switching

Every multi-energy CT system needs to generate 
two complete sinograms worth of raw data, one 
at each energy, to perform material decomposi-
tion, i.e., the process of separating the data into 
two basis materials. In order to acquire views at 
more than one energy, Rapid kV Switching oper-
ates by quickly and repeatedly switching the 
energy of the beam from high to low as the tube 
and detector rotate around the patient (Fig.  2). 
Rapid kV Switching minimizes the temporal 
delay between high and low energy measure-
ments, resulting in images with minimal contrast 
delay and motion mismatch. In addition, Rapid 
kV Switching allows for the material decomposi-
tion process to take place in the raw data domain 
itself (Zou and Silver 2008), rather than post- 
reconstruction in the image domain. Raw data- 
based decomposition has been demonstrated to 
be less impacted by beam hardening and other 
biases that occur when material decomposition is 
performed in the image domain (Li et al. 2011).

Fig. 1 The Aquilion ONE Prism offers 16 cm of longitu-
dinal coverage, allowing for acquisition of a whole organ, 
such as the head or heart, in a single rotation as well as a 
50 cm midplane Field of View (FOV)
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Earlier implementations of kV switching 
using conventional reconstruction techniques are 
constrained by the need to acquire a large number 
of views at each energy to maintain spatial reso-
lution. This requires highly specialized hardware 
that makes implementing dual-energy scanning 
across a variety of platforms difficult. In addition, 
the need to maintain energy separation between 
the high and low kV across such a large number 
of views requires conventional kV switching to 
operate at speeds that prohibit the use of AEC for 
radiation dose management. Furthermore, such 
approaches face significant challenges when the 
cone angle of the system is large, as required for 
wide volume coverage. Canon Medical’s deep 

learning-based spectral reconstruction was devel-
oped to overcome these challenges associated 
with kV switching.

2.1.1  Deep Learning
Deep learning is a subfield of machine learning 
that takes advantage of multi-layered artificial 
neural network and represents the current state- 
of- the-art in Artificial Intelligence. Unlike con-
ventional algorithms that are constrained by 
pre-programmed rules for performing a complex 
task, deep learning occurs when a neural network 
learns from its own intensive training process and 
develops its own logic structure. With deep learn-
ing, a Deep Convolutional Neural Network 
(DCNN) comprised of layers of neurons is 
trained in the performance of a complex task 
(Fig. 3). A neuron is a node where a mathemati-
cal operation takes places, the output of which is 
connected with other neurons, forming a net-
work. The neural network derives its name from 
the neuron-synapse paradigm found in biology 
and mimics how humans draw conclusions, 
based on learning from examples. As the network 
“learns,” the mathematical parameters, known as 
weight and bias, applied by each neuron are 
adjusted until reaching a target level of perfor-
mance. This ability to learn via a deep neural net-
work gives deep learning algorithms the freedom 
to find the optimum way to perform the desired 
task.

The key to a successful DCNN lies in its train-
ing, the process by which the neural network 
learns how to successfully perform its function. 
The network must compare its output to a gold 
standard reference in order to gauge its perfor-
mance and learn, i.e., adjust the weights and bias 
of its neurons. To accomplish this the DCNN 
uses a mathematical loss function to determine 
the amount of error between its output and the 
reference datasets.

Canon pioneered the successful application of 
deep learning in CT reconstruction with the intro-
duction of the AiCE Deep Learning 
Reconstruction in 2018. The implementation of 
AiCE dramatically lowered image noise over 
conventional reconstruction as the AiCE neural 
network is able to distinguish and preserve signal 

Fig. 2 Rapid kV Switching operates by quickly and 
repeatedly switching the energy of the beam from high to 
low as the tube and detector rotate around the patient

Fig. 3 A Deep Convolutional Neural Network (DCNN) 
comprised of layers of neurons is trained in the perfor-
mance of a complex task. A neuron is a node where a 
mathematical operation takes places, the output of which 
is connected with other neurons, forming a network
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while reducing unwanted noise. On the Aquilion 
ONE Prism, AiCE is able to reduce noise by 32% 
compared to the standard hybrid iterative recon-
struction approach.

2.2  Spectral Deep Learning 
Reconstruction

Spectral deep learning reconstruction is a deep 
learning-based reconstruction algorithm that uses 
projection views acquired with Rapid kV 
Switching to perform raw data-based material 
decomposition into basis pairs as well as recon-
struct the resultant images. Spectral reconstruc-
tion allows for the highly precise spatial and 
temporal alignment of the high and low energy 
views associated with Rapid kV Switching, with-
out sacrificing full anatomical coverage or auto-
matic exposure control (Zhang et al. 2020).

A common challenge to all multi-energy CT 
technology is noise amplification of the material 
decomposition process. Computing the basis 
materials from the two kV measurements requires 
solving what is referred to in mathematics as an 
ill-posed inverse problem, meaning the solution 
and resulting image output is very sensitive to 
noise. Recently, deep learning technologies have 
been successfully applied in CT reconstruction, 
demonstrating great noise reduction capabilities 
and thus well-suited to advancing the state-of- 
the-art in multi-energy CT (Akagi et al. 2019).

Previous implementations of kV switching 
have relied on brute force hardware approaches 
to acquire enough views at each kV to both pre-
serve image quality and effectively perform 
material decomposition. Rather than compromise 
wide volume coverage or AEC by greatly increas-
ing view rates, spectral reconstruction takes 
advantage of the fact that much of the anatomical 
information contained in a high kV view and a 
low kV view is common to both views. The high 
spatial frequency information needed to maintain 
spatial resolution can be distilled from either 
energy; for high spatial resolution content the 
acquisition of a second independent sinogram is 
superfluous. The unique information provided by 
the high and low energy views is the degree to 

which the X-ray beam is attenuated by the patient 
being scanned via Compton scattering and the 
photoelectric effect.

Spectral deep learning reconstruction takes 
advantage of the fact a deep learning neural net-
work can be trained to convert the energy- 
dependent attenuation information associated 
with one kV into that of another kV. Therefore, 
spectral reconstruction works by generating Deep 
Learning Views (DLVs) created by transforming 
attenuation information in views acquired at one 
energy into that of the opposite energy. DLVs are 
generated by the trained neural network using 
measured data from both the opposite-energy 
views at a particular location and adjacent same- 
energy views. The DLVs then complement the 
measured views at each energy to generate a 
complete sinogram for each kV.  Spectral deep 
learning reconstruction then performs material 
decomposition in the raw data domain and com-
pletes the reconstruction process, with a deep 
learning-based denoising step to create low noise 
spectral CT image data.

The neural network used in spectral deep 
learning reconstruction has a multi-scaled struc-
ture, similar to that of U-Net (Ronneberger et al. 
2015). With multiple layers at different scales, 
the network creates a large receptive field and is 
capable of capturing a multitude spatial and spec-
tral features in the data. As with all deep learning 
technologies, the key to successful reconstruction 
lies in the training of the neural network. Training 
of network parameters was conducted to mini-
mize the mean absolution error loss function, as 
shown in (1), between training input and target 
data,
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where Θ denotes the parameter set of the neu-
ral network, yn and yn

*  represent the nth training 
input and target sample, respectively, from a total 
of N training sample pairs, and f(y| Θ) represents 
neural network processing using input data y with 
underlying parameter Θ.

Spectral deep learning reconstruction was 
trained on complete measured sinograms acquired 
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at each energy for a wide variety of patient and 
phantom attenuation levels with a broad range of 
exposure levels. The sinogram data used for train-
ing were processed with an array of sophisticated 
models, such as a statistical model for noise 
reduction. Other models utilized to ensure ultra-
high quality training include spectral, anatomical, 
material, and advanced system models. Using 
these ultra-high quality sinograms, the neural net-
work was trained to generate DLVs from mea-
sured opposite-energy views and adjacent 
same-energy views. Spectral deep learning recon-
struction’s neural network has also been opti-
mized for denoising in the image domain, using 
training data reconstructed with Canon’s AiCE 
reconstruction algorithm (Fig. 4). AiCE has been 
demonstrated to preserve high contrast spatial 
resolution while greatly reducing noise magni-
tude and producing a noise texture more similar to 
filtered backprojection than model-based iterative 
reconstruction approaches (Akagi et  al. 2019). 
This denoising step plays a vital role in compen-

sating for non-equal flux at 80 kV vs 135 kV and 
improving the utility of low keV Virtual 
Monoenergetic Images (VMI). After the extensive 
training process, Spectral deep learning recon-
struction was tested with independent validation 
datasets and hundreds of thousands of image 
results were reviewed extensively by engineers, 
medical physicists, and radiologists.

3  Spectral Performance

3.1  Spatial Resolution and CNR 
Performance

By using high frequency information from the 
views of both energies, spectral deep learning 
reconstruction is able to preserve the system’s 
high contrast spatial resolution, as shown in 
Fig. 5.

The denoising capabilities of spectral deep 
learning reconstruction boost the contrast-to- 

Fig. 4 This figure illustrates the process of spectral deep 
learning reconstruction algorithm (bottom) and the train-
ing of the neural networks (top). The kV switching data is 
input to the neural network. The neural network restores 
full sampled high kVp and low kVp views followed by 

sinogram material decomposition. The material decompo-
sition step produces basis material sinograms which can 
be reconstructed into material images and monochromatic 
images

Dual-Energy: The Canon Approach
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noise (CNR) ratio of iodine. Below are CNR 
results for various densities in the 33 cm Gammex 
model 472, comparing Spectral CT across keV 
levels to single energy CT (Fig. 6).

3.2  Wide Volume Detector

Canon Medical’s Spectral CT can be used in 
combination with the full 16  cm wide volume 
detector coverage available on the Aquilion ONE 

Prism, providing multi-energy imaging of entire 
organs in a single rotation. This capability is par-
ticularly useful in cardiac CT where, in the last 
10 years, contrast-enhanced ECG gated CT has 
become important in imaging the coronary arter-
ies. As an adjunct to coronary artery assessment, 
multi-energy CT is of increasing interest for eval-
uating myocardial blood supply (Vliegenthart 
et al. 2012).

Below is an example of the image quality and 
uniform temporal resolution that can be achieved 
for cardiac imaging when spectral CT is com-
bined with the use of a wide volume detector 
(Fig.  7). Virtual monochromatic Images can be 
used to enhance contrast in the coronary arteries.

3.3  Virtual Monochromatic 
Images

Conventional single energy acquisitions are spec-
ified in terms of a peak kilovoltage, or kVp, in 
which the indicated value refers to the maximum 
energy contained in wide spectrum. The CT 
Number, or Hounsfield Unit (HU), for a given 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
T

F

lp/mm

Body MTF

Conventional 120kVp
Spectral 70keV

Fig. 5 This graph compares the MTF of a monochro-
matic image at 70 keV from a Spectral Body scan with a 
120 kVp single energy Body scan
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Fig. 6 This graph shows CNR results for various densi-
ties in the 33 cm Gammex model 472, comparing spectral 
CT across keV levels to single energy CT.  The results 

show spectral CT consistently achieve higher CNR com-
pared to single energy CT
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pixel is largely determined by two energy- 
dependent physical interactions between photons 
and matter, viz. the photoelectric effect and 
Compton effect. The photoelectric effect is domi-
nated at lower energies while the Compton effect 
is stronger at higher energies. In clinical practice, 
these two effects are discussed in terms of a rep-
resentative material basis pair, such as iodine and 
water. Acquiring images with two energy levels 
allows for the individual impact each of basis 
material on attenuation to be determined. This 
material-specific information can then be com-
bined to represent CT Numbers not just at the 
effective energy levels used for acquisition but 
also at other energies in a spectrum, from 
35–200 keV on the Aquilion ONE Prism. Because 
images generated by recombining basis material 
information represent data associated with single 
point in the polyenergetic beam spectrum they 
are called Virtual Monoenergetic Images (VMIs).

While the ability to create VMIs at keV levels 
that yield improved contrast for various materials 
has existed for some time, the promise of multi- 
energy CT VMIs for improving patient care has 
been stymied by the concomitant generation of 
noise (Hanson et  al. 2018; Yu et  al. 2011). The 
CT Number of iodine increases over 15-fold in 
reducing from 120  keV to 40  keV, but as the 
share of photons comprising the recombined 
VMI image decreases the image noise increases 
and can be prohibitive to visualization of low 
contrast objects. Conventional denoising tech-

niques can diminish both high contrast spatial 
resolution and the noise texture. Spectral CT 
takes advantage of the powerful noise reduction 
capabilities of deep learning to improve the util-
ity of VMIs of all keVs for patient care. Phantom 
experiments show noise can be reduced by over 
50% at 70 keV relative to a conventional single 
energy scan while maintaining fine texture and 
that the CNR of iodine is increased by 50%, even 
at 40 keV (Fig. 8).

While contrast CT is helpful for diagnosing 
GI pathology, contrast-induced nephropathy is a 
concern for patients with compromised renal 
function. Low energy virtual monochromatic 
images can enhance the contrast, and Canon’s 
spectral solution is designed to offer low noise 
and fine grain texture across the monochromatic 
spectrum (Fig. 9).

3.4  Spectral Iodine Maps

In addition to structural information, spectral CT 
provides functional information. Images in 
Fig. 10 show iodine maps on which a perfusion 
defect is apparent as a large wedge-shaped region 
of hypoperfusion. An iodine map can both serve 
as a check on the original image, and also provide 
supporting information. An ROI placed on the 
iodine map can quantify the iodine concentration, 
enabling a more detailed understanding of the 
local perfusion (Fig. 10).

Fig. 7 Virtual monoenergetic (70 keV) image of a spec-
tral cardiac scan. The left image shows the left ventricle in 
an approximate short axis view. The right image shows a 
two-chamber view. These are examples of images that can 
be obtained with a wide volume detector and are notable 

for the uniform temporal resolution. 70 keV DL Spectral. 
Rapid-kV switching (135–80 kVp); AEC; Spectral Body; 
CTDIvol: 9.6 mGy; DLP 153.4; 2.1 mSV *k-factor 0.014. 
(Courtesy Prof. Roy and Prof. Ohana, University Hospital 
of Strasbourg)
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Fig. 8 Virtual monochromatic images of a pulmonary 
thromboembolism case. Canon’s Spectral CT allows the 
generation of virtual monochromatic images for the 165 
energy levels between 35 and 200 keV. Spectral CT allows 
easy tuning of the energy to suppress or enhance contrast, 

or optimize the contrast difference between two adjacent 
structures. Rapid kV switching (135–80  kVp); 550; 
Spectral Body; CTDIvol: 13  mGy; DLP 548; 7.7  mSV 
*k-factor 0.014. (Courtesy Prof. Yokoyama and Associate 
Prof. Machida, Kyorin University, Japan)

70 keV80 keV 60 keV

Fig. 9 This post-nephrectomy patient with low renal 
function was administered a reduced bolus of low density 
iodinated contrast. Spectral imaging was used to enhance 

vasculature with monochromatic imaging. (Courtesy 
Prof. Roy and Prof. Ohana, University Hospital of 
Strasbourg)
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3.5  Workflow

Rapid kV Switching with spectral deep learning 
reconstruction produces a wealth of spectral CT 
data for clinicians to enhance diagnosis. Spectral 
CT offers automatically generated monoener-
getic images, material-specific reconstructions, 
and iodine maps, requiring no additional effort or 
training for the technologist. Images are deliv-
ered directly to the reading station, making a rich 
array of information readily available to assist the 
radiologist with patient diagnosis.

Postprocessing software applications offer the 
ability to quantify images, as well as create multi- 
layered images (Fig. 11).

Compliance with Ethical Standards
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Fig. 10 Iodine maps of a pulmonary thromboembolism 
case. These images show iodine maps on which a perfu-
sion defect is apparent as a large wedge-shaped region of 
hypoperfusion. Rapid-kV switching (135–80  kVp); 

550  mA; Spectral Body; CTDIvol: 13  mGy; DLP 548; 
7.7 mSV *k-factor 0.014. (Courtesy Prof. Yokoyama and 
Associate Prof. Machida, Kyorin University, Japan)
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rial characterization; the blue curve shows increased 
enhancement at low energy as compared to the yellow 
curve. This information is helpful in understanding perfu-
sion differences in different parts of the liver. (Courtesy 
Prof. Roy and Prof. Ohana, University Hospital of 
Strasbourg)
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1  Principles of Photon-
Counting CT

This review article gives an overview of the basic 
principles of photon-counting detector CT, its 
spectral capabilities, and of the clinical experi-
ence gained so far in pre-clinical installations. 
Other reviews of photon-counting detector CT 
may be found in Taguchi and Iwanczyk (2013), 
Taguchi (2017), Willemink et  al. (2018), Leng 
et al. (2019), and Si-Mohamed et al. (2017a).

1.1  Properties of Current Solid-
State Scintillation Detectors

To understand the properties of photon-counting 
CT detectors it is helpful to recapitulate the prop-
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erties of solid-state scintillation detectors as they 
are used in all medical CT scanners today. Solid- 
state scintillation detectors consist of detector 
elements with a side length of 0.8–1 mm and a 
depth of 1.2–2 mm, made of a scintillator (e.g., 
gadolinium-oxysulfide GOS) with a photodiode 
attached to its backside, see Fig. 1. The X-rays 
are absorbed in the scintillator. They produce vis-
ible light which is registered by the photodiode 
and converted into an electrical current. Both the 
intensity of the scintillation light and the ampli-
tude of the induced current pulse are proportional 
to the energy E of the absorbed X-ray photon. A 
CT scanner acquires 1000 and more projections 
(readings) during one rotation of the measure-
ment system around the patient. For each of the 
detector elements, all current pulses registered 
during the time of one projection are integrated. 
X-rays with lower energy E, which carry most of 
the low- contrast- information, contribute less to 
the integrated detector signal than X-rays with 

higher energy as consequence of the energy- 
proportional weighting. In more mathematical 
terms, the detector responsivity D(E), a function 
describing the generated photocurrent per inci-
dent X-ray flux at energy E, is proportional to E, 
see Fig. 2. The contrast-to-noise ratio (CNR) in 
the CT images is negatively affected, in particu-
lar in CT scans with iodinated contrast agent—
the X-ray absorption of iodine is highest at lower 
energies closely above its K-edge at 33 keV, see 
Fig. 2.

Furthermore, scintillation detectors cannot 
provide spectrally resolved signals—all medical 
CT scanners today capable of dual-energy imag-
ing rely on special acquisition techniques to miti-
gate this limitation, be it dual source CT, fast kV 
switching, or use of dual layer detectors.

The low-level analog electric signal of the 
photodiodes is distorted by electronic noise 
which becomes larger than the quantum noise 
(Poisson noise) of the X-ray photons at low X-ray 

X-rays Collimator blades

TiO2 based
reflector

GOS

Photo-diodes

z-direction

Detector element
top view

Collimator
blades

Separation
layers

0.8 − 1mmb

a

Fig. 1 Schematic drawing of an energy-integrating scin-
tillator detector. (a) Side view, (b) top view. The 
z- direction is the patient’s longitudinal direction. Detector 
cells made of a scintillator such as GOS absorb the X-rays 
(red arrows) and convert their energy into visible light 
(orange circles). This light is detected by photodiodes and 

converted into an electrical current (two-step conversion). 
The individual detector cells are separated by optically in- 
transparent layers (e.g., based on TiO2) to prevent optical 
crosstalk. Collimator blades above the separation layers 
suppress scattered radiation

T. Flohr et al.



75

flux and causes a disproportional increase of 
image noise and instability of low CT-numbers. 
Electronic noise is, e.g., responsible for noise 
streaks in shoulder and pelvis images. The preva-
lence of electronic noise at low X-ray flux sets a 
limit to potential further radiation dose reduction 
in CT.

The detector elements are separated by opti-
cally in-transparent layers with a width of about 
0.1 mm to prevent optical crosstalk between them 
which would significantly reduce spatial resolu-
tion. X-ray photons absorbed in the separation 
layers do not contribute to the measured signal 
even though they have passed through the 
patient—from a radiation dose perspective they 
are wasted dose. The ratio of active detector cell 
size and total size (including separation layers) is 
called geometric dose efficiency. Current medical 
CT detectors with an active cell size of about 
0.8  ×  0.8  mm2 to 1  ×  1  mm2 (Willemink et  al. 
2018) have geometric dose efficiencies of 0.7–
0.8 (70–80%). Significantly reducing the size of 

the scintillators to increase spatial resolution 
while keeping the width of the separation layers 
constant will reduce the geometric efficiency—
therefore, it is problematic to increase the spatial 
resolution of solid-state scintillation detectors 
beyond today’s performance levels (Flohr et  al. 
2007).

1.2  Properties of Photon-
Counting Detectors

Photon-counting detectors are made of semicon-
ductors such as cadmium-telluride (CdTe), 
cadmium- zinc-telluride (CZT), or silicon (Si). 
We will focus on CdTe- and CZT-based photon- 
counting detectors.

High voltage (800–1000 V) is applied between 
the cathode on top and pixelated anode electrodes 
at the bottom of a CdTe/CZT layer with a thick-
ness of 1.4–2  mm, see Fig.  3. The absorbed 
X-rays produce electron-hole pairs which are 
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Fig. 2 Detector responsivity D(E) as a function of the 
X-ray energy E for a GOS scintillator detector (dotted 
black line, approximation solid black line) and a CdTe 
photon-counting detector (dotted blue line, approximation 
solid blue line). The iodine K-edge at 33 keV is indicated 

by a vertical line. Low-energy X-rays closely above the 
K-edge of iodine contribute less to the detector signal of a 
scintillator detector than of a photon-counting detector. 
The iodine contrast in the image is therefore lower for a 
scintillator detector than for a photon-counting detector
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separated in the strong electric field. The  electrons 
drift to the anodes and induce short current pulses 
(10−9  s). A pulse-shaping circuit transforms the 
current pulses to voltage pulses with a full width 
at half maximum (FWHM) of 10–15  nanosec-
onds. The pulse height of the voltage pulses is 
proportional to the energy E of the absorbed 
X-rays. As soon as the pulses exceed a threshold 
they are counted, see Fig. 4.

Photon-counting detectors have several advan-
tages compared to solid-state scintillation detec-
tors. The detector elements are defined by the 
strong electric field between common cathode 
and pixelated anodes (Fig. 3) without additional 
separation layers. The geometric dose efficiency 
is only reduced by anti-scatter collimator blades 
or grids. Different from scintillator detectors 
each “macro pixel” confined by collimator blades 
can be divided into smaller sub-pixels which are 
read-out separately if needed (see Fig.  3b) to 
improve spatial resolution.

All current pulses produced by absorbed 
X-rays are counted as soon as they exceed a 

threshold energy T0 ~ 20–25 keV. Low-amplitude 
baseline noise is well below this level and does 
not trigger counts—even at low X-ray flux only 
the statistical Poisson noise of the X-ray quanta is 
present in the signal. CT scans at very low radia-
tion dose or CT scans of obese patients show 
therefore less image noise, less streak artifacts, 
and more stable CT-numbers than the corre-
sponding scans with a scintillation detector, and 
radiation dose reduction beyond today’s limits 
seems possible.

The detector responsivity D(E) in the X-ray 
energy range from 30 to 100 keV is approximately 
constant (see Fig. 2)—all X-ray photons contribute 
equally to the measured signal regardless of their 
energy E, as soon as E exceeds T0. There is no 
down-weighting of lower-energy X-ray photons as 
in solid-state scintillation detectors. Photon-
counting detectors can provide CT images with 
potentially improved CNR, in particular in CT 
scans with iodinated contrast agent, see Fig. 2.

In a more advanced read-out mode, several 
counters operating at different threshold energies 

X-rays Collimator blades

Pixelated anodes

Cathode

CdTe/CZT
Electrons

High voltage ~1000V

z-direction

Detector element top view

Collimator
blades

Potential
sub-pixel
structure

b

a

Fig. 3 Schematic drawing of a direct converting photon- 
counting detector. (a) Side view, (b) top view. The X-rays 
(red arrows) absorbed in CdTe or CZT produce electron- 
hole pairs that are separated in a strong electric field 
between cathode and pixelated anodes. The detector pix-
els are formed by the pixelated anodes and the electric 

field without additional separation layers between them. 
Collimator blades are needed to suppress scattered radia-
tion. A potential division of the “macro pixels” between 
two collimator blades into smaller sub-pixels is indicated 
for the three left detector cells. The pixelated anodes must 
then be correspondingly structured (not shown here)
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can be introduced for energy discrimination, see 
Fig.  4. Up to 6 different thresholds have so far 
been realized in prototype settings (Schlomka 
et al. 2008). In the example of Fig. 4, 4 different 
energy thresholds T0, T1, T2, and T3 are realized. 
During the measurement time of one projection, 
counter 1 counts all X-ray pulses with an energy 
exceeding T0, while counter 2 simultaneously 
counts all X-ray pulses with an energy exceeding 
T1, and so on. The photon-counting detector 
simultaneously provides 4 signals S0, S1, S2, and 
S3 with different lower-energy thresholds T0, T1, 
T2, and T3. CT images reconstructed from these 
raw data are shown in Fig. 5. By subtracting the 
detector signals with adjacent lower-energy 
thresholds, “energy bin” data can be produced. 
Energy bin b0 = S1 – S0 as an example contains all 
X-ray photons detected in the energy range 
between T1 and T0. Physically, the thresholds are 
realized by different voltages which are fed into 
pulse-height comparator circuits.

The simultaneous read-out of CT data in dif-
ferent energy bins opens the potential of spec-
trally resolved measurements and material 
differentiation in any CT scan.

1.3  Challenges for Photon-
Counting Detectors

Despite their benefits, CdTe- or CZT-based 
photon- counting detectors need to cope with sev-
eral challenges. Their spectral separation is 
reduced by unavoidable physical effects. The 
current pulses produced by X-rays absorbed 
close to pixel borders are split between adjacent 
detectors cells (“charge sharing”). This leads to 
erroneous counting of a high-energy X-ray pho-
ton as several lower-energy hits. Incident X-rays 
at an energy E may kick-out K-electrons of the 
detector material (Cd and Te have K-edges at 
26.7 and 31.8  keV, respectively). The empty 
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Fig. 4 The electrons produced by absorbed X-rays in a 
photon-counting detector induce signal pulses at the 
anodes with a pulse height proportional to the X-ray 
energy. The pulses are counted as soon as they exceed a 
threshold T0 (dashed blue line, “counting” is indicated by 
a blue dot). T0 has a typical energy of 25 keV, well above 

the low-amplitude baseline noise. Three additional thresh-
olds at higher energies (T1 at 50 keV, T2 at 75 keV, T3 at 
90 keV) are also indicated—simultaneous read-out of the 
counts exceeding different thresholds (in this example 4) 
provides spectrally resolved detector signals

Basic Principles and Clinical Applications of Photon-Counting CT



78

K-shells are immediately refilled, and 
 characteristic X-rays at the K-shell fluorescence 
energy EFluoro are released which are re-absorbed 
and counted in the detector cell itself or in neigh-
boring detector cells (“K-escape”). The incident 
X-rays at the primary interaction site lose the 
energy EFluoro and are counted at energy E- EFluoro. 
Charge sharing, fluorescence, and K-escape are 

illustrated in Fig.  6. In summary, high-energy 
X-ray photons are wrongly counted at lower 
energies, and spectral separation as well as spa-
tial resolution are reduced. The low-energy bins 
of the detector will contain wrong high-energy 
information (“high-energy tails” as shown in 
Fig. 7). For a realistic detector model including 
charge sharing, fluorescence, and K-escape, the 

Fig. 5 Contrast-enhanced kidney scan acquired with a 
pre-clinical hybrid dual source CT prototype with 4 
energy thresholds (25, 50, 75, and 90 keV, as indicated in 
Fig. 4), operated at an X-ray tube voltage of 140 kV. The 
higher the low-energy threshold, the lower is the iodine 

contrast and the higher is the image noise in the recon-
structed images, because fewer low-energy X-ray photons 
contribute to the image. Courtesy of National Institute of 
Health NIH, Bethesda, MD, USA
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Fig. 6 Schematic 
illustration of charge 
sharing at pixel 
boundaries and loss of 
energy due to K-escape, 
which lead to double 
counting of X-ray pulses 
at wrong energies and 
reduction of spectral 
separation. EFluoro is the 
K-shell fluorescence 
X-ray energy
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spectral separation with two energy bins is equiv-
alent to existing dual-energy techniques (Kappler 
et al. 2010).

Increasing the size of the detector pixels 
improves spectral separation, because boundary 
effects such as charge sharing and K-escape con-
tribute less to the total detector signal, see Fig. 7. 
The maximum size of the detector pixels is unfor-
tunately limited by pulse pile-up. Medical CTs 
are operated at high X-ray flux rates up to 109 
counts per s and mm2—if the detector pixels are 
too large, too many X-ray photons hit them too 
closely in time to be registered separately (the 
width of the voltage pulses after pulse-shaping is 
at least 10  ns). Several overlapping pulses are 
then counted as one hit only at a too high energy 
(“pulse pile-up”). Pulse pile-up leads to non- 
linear detector count rates and finally to detector 
saturation. It can be reduced by making the detec-
tor pixels smaller—however, smaller pixels lead 
to more charge sharing and K-escape. Finding 
the optimum size of the detector cells to balance 
pulse pile-up, charge sharing, and K-escape is 
one of the most challenging tasks in designing a 
photon-counting detector (Blevis 2020).

2  Material Decomposition 
for Photon-Counting CT

As the spectral X-ray attenuation of most materi-
als in the relevant energy regime from 30 to 
140  keV can be well approximated by a linear 
combination of the attenuation due to the photo- 
electric effect and Compton scattering, data 
acquisition with two energy bins and a decompo-
sition into two base materials are often sufficient 
in the material decomposition task. Today’s 
established dual-energy applications are based on 
decomposition into two base materials such as 
calcium and water, iodine and water, or iodine 
and calcium.

Data acquisition with more than two energy 
bins enables multi-material decomposition under 
certain preconditions. Separation into two basis 
materials plus an additional element with its 
K-edge position in the energy range of the source 
spectrum of a clinical CT, such as gadolinium or 
gold, requires the spectral data acquisition to 
comprise at least three energy bins. The K-edge 
attenuation needs to be represented by an addi-
tional base material for an accurate and consis-
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Fig. 7 Computer simulation of the X-ray spectra recorded 
in the 2 energy bins of a realistic photon-counting detector 
for an incident 140  kV spectrum (bin1: 25–65  keV, blue 
line; bin2: 65–140 keV, green line). The dotted line is the 
incident X-ray spectrum. Left: pixel size 0.225 × 0.225 mm2. 

Right: pixel size 0.45 × 0.45 mm2. Increasing the pixel size 
reduces the characteristic “high- energy tail” of the low-
energy bin caused by charge sharing and other effects such 
as K-escape
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tent material decomposition of the spectral data. 
Unfortunately, these K-edge materials do not 
naturally occur in the human body. Multi-material 
decomposition will therefore be limited to clini-
cal scenarios in which K-edge elements are intro-
duced into the human body, e.g., to separate 
different contrast agents (e.g., iodine and gado-
linium, or iodine and bismuth), or to compute 
material maps of other heavy elements (e.g., 
tungsten, or gold).

The computation of material-specific images 
from spectral projection data can essentially be 
achieved with three different methods: image- 
domain decomposition, projection-domain 
decomposition, and one-step inversion. In image- 
domain decomposition, each individual energy 
bin is first reconstructed separately and the actual 
material decomposition is performed in the image 
domain with linear approximations (Maaß et al. 
2009). Prior knowledge on the object can be eas-
ily incorporated in these methods (Liu et  al. 
2016); however, beam-hardening artifacts are 
difficult to be corrected in an image-domain 
decomposition approach and are better handled 
with a projection-domain decomposition 
algorithm.

In projection-domain decomposition (Roessl 
and Proksa 2007), the spectral information, given 
by the measurements of the photon counts in the 
various energy bins, is first decomposed into the 
base materials directly in the projection domain, 
for example with a maximum likelihood algo-
rithm. Then, the material-specific sinograms are 
separately reconstructed to provide the material- 
specific images in the image domain. This 
approach allows the incorporation of a statistical 
noise model and beam-hardening effects are 
properly modeled by the system model (Schirra 
et al. 2013). Compared to image-domain decom-
position methods, prior (image domain) informa-
tion and additional constraints are less easy to 
implement in the projection domain.

Finally, one-step inversion methods aim at 
combining the material decomposition and 
reconstruction task into one single step and solve 
this problem iteratively (Mory et al. 2018). In this 
way, the unknown base material images are 

reconstructed jointly with the use of a forward 
model, which compares the current base material 
estimates with the measured spectral projection 
data and minimizes the residual error in an itera-
tive procedure. Both additional constraints on the 
basis material images as well as statistical noise 
models can therefore be easily incorporated at 
the cost of a computationally more expensive 
algorithm (Mory et al. 2018).

One difference between dual-energy spectral 
CT systems and photon-counting spectral CT 
systems regarding material decomposition is that 
in photon-counting CT systems the number of 
spectral acquisitions (i.e., the number of energy 
bins) is often higher than the number of basis 
materials that should be decomposed. Thus, the 
decomposition task is over-determined, and the 
question especially for projection-domain 
decomposition arises how to make optimal use of 
the spectral information during decomposition. A 
common option to use the spectral information 
optimally in a projection-based decomposition is 
the maximum likelihood material decomposition 
(Schlomka et al. 2008), an iterative minimization 
algorithm that aims to find the basis material line 
integrals, which best match the measured photon 
counts in the energy bins considering the noise 
distribution of the measured data. A major ingre-
dient of the maximum likelihood decomposition 
is a spectral forward model that is used to calcu-
late for a given combination of material line inte-
grals the expectation values of the measured 
photon counts. The spectral forward model com-
prises the photon emission of the tube, the photon 
attenuation by the object, and the photon detec-
tion process by the photon-counting detector. 
Assuming that tube emission spectrum, material 
attenuation spectra, and detector model are given, 
the only unknown in the decomposition are the 
basis material line integrals. If for a set of energy 
bins measured photon counts are available, the 
according basis material line integrals can be 
determined by minimizing the deviation between 
the measured counts and the expectation values 
of the counts, determined with the spectral for-
ward model. In maximum likelihood approaches, 
the deviation is minimized in a statistical sense. 
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For this, a model describing the noise in the mea-
surements is needed. Commonly, it is assumed 
that the noise of the measured photon counts fol-
lows a Poisson noise distribution.

Different strategies have been proposed to 
solve the minimization problem (Schlomka et al. 
2008). The final results of all strategies are virtu-
ally the same. Thus, main selection criterion is 
the computation time, since material decomposi-
tion can be time-consuming. Pre-computation 
methods, look-up tables, and neural networks 
may be applied for speed-up (Zimmerman and 
Petschke 2017).

The spectral image formation in a single- 
source spectral photon-counting CT prototype 
(SPCCT - Philips Healthcare, Haifa, Israel) fol-
lows a two-step approach, with the material 
decomposition performed in the projection 
domain. To this end, the photon counts from the 
five energy bins are first decomposed into two or 
three basis materials using a maximum likelihood- 
based algorithm as described above (Schlomka 
et al. 2008; Roessl and Proksa 2007). In a subse-
quent step, basis material images are recon-
structed. For example, each basis material image 
can be reconstructed separately using a filtered 
back-projection reconstruction algorithm (Grass 
2001; Heuscher 2004).

For standard spectral image reconstruction in 
other photon-counting CT prototypes (Siemens 
Healthcare GmbH, Forchheim), the photon 
counts from the four energy bins are combined 
into two effective energy bins and statistically 
decorrelated. Then, an iterative beam-hardening 
correction in the projection domain is performed 
based on a two-material decomposition into 
water and iodine—the result are pseudo- 
monoenergetic projection data at two distinct 
energies. The pseudo-monoenergetic projection 
data provide the basis for the established dual- 
energy applications, not only for direct recon-
struction of monoenergetic images at arbitrary 
energies, but also for subsequent material decom-
position into water and iodine, water and iron, or 
calcium and iodine. For research, the projection 
data of the four energy bins can be read-out sepa-
rately and decomposed into two, three, or four 
basis materials.

3  Pre-clinical Evaluation 
of Photon-Counting CT

Currently, CT scanner prototypes based on CdTe/
CZT detectors are used to evaluate the potential 
and limitations of photon-counting CT in clinical 
practice.

A small-bore spectral micro-CT equipped 
with a Medipix detector with 8 energy channels 
has been translated to a large-bore photon- 
counting CT capable of obtaining diagnostic 
spectral CT images of a human within a clinical 
radiation dose level (Panta et al. 2018); however, 
no further results have been published yet.

Recently, a clinical single-source spectral 
photon-counting CT system (SPCCT—Philips 
Healthcare, Haifa, Israel) with a full field-of- 
view (FOV) of 50  cm has been installed 
(Si-Mohamed et  al. 2020). The system is 
equipped with tiles of 2 mm thick CZT sensors 
with a 500 μm × 500 μm pixel pitch, bonded to 
the proprietary ChromAIX2 application-specific 
integrated circuit (ASIC) (Steadman et al. 2017). 
Each channel offers pulse-height discrimination 
with five programmable energy thresholds with 
windows between 30 and 120  keV, which are 
advantageous with respect to achievable signal- 
to- noise ratio (SNR) even if only two or three dif-
ferent materials should be discriminated (Alvarez 
2011). The single-source system acquires data 
from 64 rows to reconstruct a 50 cm FOV with a 
z-coverage of 17.6 mm at the iso-center. The sys-
tem supports both axial and helical scan modes 
with a shortest gantry rotation time of 0.33 s and 
2400 projections per rotation. Furthermore, the 
scanner is equipped with an ASG and can be 
operated at clinically relevant flux levels for large 
animal and human studies. A previous pre- 
clinical single-source photon-counting CT sys-
tem (Philips Healthcare, Haifa, Israel) provided 
an in-plane field-of-view of 168  mm and a 
z- coverage of 2.5 mm, with a rotation time of 1 s 
(Kopp et al. 2018).

A pre-clinical hybrid dual source CT scanner 
prototype equipped with a conventional scintilla-
tion detector and a CdTe photon-counting detec-
tor (Siemens Healthcare GmbH, Forchheim, 
Germany) was described and evaluated in 
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Kappler et  al. (2012, 2013, 2014). The photon- 
counting detector consists of sub-pixels with a 
size of 0.225 × 0.225 mm2. The detector provides 
2 energy thresholds per sub-pixel. 2  ×  2 sub- 
pixels can be binned to a “UHR pixel” with a 
pixel size of 0.45 × 0.45 mm2, 4 × 4 sub-pixels 
can be binned to a “macro pixel” with a size of 
0.9 × 0.9 mm2 comparable to today’s medical CT 
systems. By assigning alternating low-energy 
and high-energy thresholds to adjacent detector 
sub-pixels in a “chess pattern mode,” the detector 
provides 4 energy thresholds in “macro pixels.” 
The in-plane FOV of the photon-counting detec-
tor is 275  mm, the z-coverage is 8–16  mm, 
depending on the read-out mode. A completion 
scan with the energy-integrating sub-system can 
be used to extend the photon-counting FOV to 
500 mm. The shortest rotation time of the system 
is 0.5 s.

A clinical single-source CT scanner prototype 
(Siemens Healthcare GmbH, Forchheim, 
Germany) is equipped with a CdTe photon- 
counting detector consisting of sub-pixels with a 
size of 0.275 × 0.322 mm2. Its FOV is 500 mm at 
the iso-center. 2 × 2 sub-pixels can be binned to a 
“macro pixel” in the “standard” mode, the 
z- coverage is then 57.6 mm (144 × 0.4 mm at the 
iso-center). The sub-pixels can as well be read 
out separately in the “UHR” mode, the z- coverage 
is then limited to 24 mm (120 × 0.2 mm at the 
iso-center). The detector provides 4 energy 
thresholds per sub-pixel. The shortest rotation 
time of the system is 0.3 s (Flohr et al. 2020). The 
system is installed in three pre-clinical settings 
and operated using typical clinical scan protocols 
(Ferda et al. 2021).

The imaging performance of the pre-clinical 
hybrid dual source CT was evaluated by means of 
phantom and cadaver scans (Yu et  al. 2016a; 
Gutjahr et  al. 2016), confirming clinical image 
quality at clinically realistic levels of X-ray pho-
ton flux. In contrast-enhanced abdominal scans 
of human volunteers, similar qualitative and 
quantitative image quality scores as with conven-
tional CT were achieved, with the addition of 
spectral information for material decomposition 
(Pourmorteza et al. 2016).

An improvement of iodine CNR by 11–38% 
with photon-counting CT was confirmed by mea-
surements in 4 anthropomorphic phantoms simu-
lating 4 patient sizes (Gutjahr et  al. 2016). 
Improved iodine CNR can potentially be trans-
lated into reduced radiation dose, or reduced 
amount of contrast agent. Better differentiation 
of gray and white brain matter was demonstrated 
in a brain CT study with 21 human volunteers 
(Pourmorteza et al. 2017) and attributed to both 
higher soft-tissue contrasts (10.3 ± 1.9 HU versus 
8.9 ± 1.8 HU), and lower image noise for photon- 
counting CT.

The impact of missing electronic noise on 
image quality was assessed for various clinical 
applications at low radiation dose. Less streaking 
artifacts in shoulder images acquired with the 
photon-counting detector of the pre-clinical 
hybrid dual source CT as compared to its scintil-
lation detector were demonstrated (Yu et  al. 
2016b), as well as better Hounsfield unit stability 
in a lung phantom in combination with better 
reproducibility (Symons et al. 2017a). This is an 
important pre-requisite for further reduced radia-
tion dose in lung imaging, e.g., in the context of 
lung cancer screening. In a study with 30 human 
subjects undergoing dose-reduced chest CT 
imaging (Symons et al. 2017b), photon-counting 
CT demonstrated higher diagnostic quality with 
significantly better image quality scores, fewer 
beam-hardening artifacts, lower image noise, and 
higher CNR for lung nodule detection, see Fig. 8.

Improved quality of coronary artery calcium 
(CAC) scoring with photon-counting CT at low 
radiation dose was shown in a combined phan-
tom, ex  vivo and in  vivo study (Symons et  al. 
2019). The authors concluded that photon- 
counting CT technology may play a role in fur-
ther reducing the radiation dose of CAC scoring.

Different photon-counting detector manufac-
turers are using different compromises to balance 
pulse pile-up and charge sharing effects, but all 
use pixel sizes smaller than integrating detectors. 
This results in increased spatial resolution, typi-
cally over 30  lp/cm or 0.15  mm (Kopp et  al. 
2018). It is important to notice that with small 
detector pixel size, the size of the X-ray tube 
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focal spot practically determines the spatial 
 resolution. Small focal spots can allow 30 lp/cm, 
but at the expense of a reduced maximum X-ray 
flux or mA. Increased spatial resolution enabled 
by the smaller detector pixels of photon-counting 
CT was evaluated in several phantom studies. 
0.15  mm in-plane spatial resolution and mini-
mum slice widths down to 0.41 mm were demon-
strated for the pre-clinical hybrid dual source CT 
prototype, and better spatial resolution was con-
firmed in clinical images of the lung, shoulder, 
and temporal bone (Leng et al. 2018). At equal 
spatial resolution, photon-counting images had 
less image noise than conventional CT images 
because of the better modulation transfer func-
tion (MTF) of the measurement system (Leng 
et  al. 2018). Significant improvements of coro-
nary stent lumen were found (Symons et  al. 
2018a), as well as superior qualitative and quan-
titative image characteristics for coronary stent 
imaging when using a dedicated sharp convolu-
tion kernel (von Spiczak et al. 2018). In a phan-
tom study (Bratke et  al. 2020) spectral 
photon-counting CT allowed for the noninvasive 

evaluation of intra-stent restenosis with reliable 
results regarding the residual lumen for most 
tested stents and the clear identification or suspi-
cion of stenosis for all stents when, in contrast, 
the residual lumen could not be detected for a 
single stent using dual layer CT. The benefit of 
spectral photon-counting CT for the assessment 
of stents was also demonstrated in vivo on rabbits 
as illustrated in Fig. 9. Figures 10 and 11 show 
first images of patient carotid and coronary CTA, 
illustrating the added value of spectral photon- 
counting CT for the assessment of atherosclerotic 
plaques. The clinical benefits of this superior 
visualization of plaques in small vessels still need 
to be validated but preliminary results are 
promising.

Kopp et al. (2018) demonstrated on a phantom 
and animal study that spectral photon-counting 
CT has the potential to improve the assessment of 
lung structures due to higher resolution com-
pared to conventional CT.

Improved spatial resolution and less image 
noise with the “UHR mode” of the pre-clinical 
hybrid dual source CT were also demonstrated 

a b

Fig. 8 Example of a low-dose lung scan acquired with 
the pre-clinical hybrid dual source CT prototype. (a) 
Energy-integrating detector image. (b) Photon-counting 
detector image, demonstrating less image noise (arrow-

heads) at low radiation dose because of the absence of 
electronic noise. (Courtesy of R Symons, NIH, Bethesda, 
USA)
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for CT scans of the brain, the thorax, and the kid-
neys (Pourmorteza et  al. 2018), as well as for 
temporal bone anatomy (Zhou et al. 2018a).

Superior visualization of higher-order bronchi 
and third-/fourth-order bronchial walls at pre-
served lung nodule conspicuity compared with 
clinical reference images was demonstrated in 22 
adult patients referred for clinically indicated 
high-resolution chest CT (Bartlett et  al. 2019). 
According to the authors, photon-counting CT is 
beneficial for high-resolution imaging of airway 
diseases, and potentially for other pathologies, 
such as fibrosis, honeycombing, and emphysema.

The achievable image quality with a photon- 
counting detector in high-resolution chest CT is 
demonstrated in Fig. 12. Figure 13 illustrates the 
resolution improvement for temporal bone 
anatomy.

The spectral performance of the pre-clinical 
hybrid dual source prototype with photon- 
counting detector was evaluated in phantom stud-
ies (Leng et  al. 2017). CT number accuracy in 
virtual monoenergetic images (VMIs) and iodine 
quantification accuracy were found to be compa-
rable to dual source dual-energy CT. According 
to the authors, photon-counting CT offers addi-
tional advantages, such as high spatial resolution, 
and improved CNR. In an anthropomorphic head 
phantom containing tubes filled with aqueous 

solutions of iodine (0.1–50  mg/ml) excellent 
agreement between actual iodine concentrations 
and iodine concentrations measured in the iodine 
maps was observed (Symons et al. 2018b). The 
authors assessed the use of iodine maps and 
VMIs in head and neck CTA in 16 asymptomatic 
volunteers and proposed VMIs as a method to 
enhance plaque detection and characterization as 
well as grading of stenosis by reconstructing 
images at different keV.

The routine availability of VMIs with photon- 
counting CT may pave the way to further stan-
dardization of CT protocols, provided that CNR 
and image quality of the VMIs are enhanced by 
refined processing (see e.g. Grant et al. 2014). In 
this approach, VMIs at standardized keV levels 
tailored to the clinical question (e.g., 55–60 keV 
for contrast-enhanced examinations of parenchy-
mal organs, 45–55  keV for CT angiographic 
studies) are the primary output of any CT scan 
regardless of the acquisition protocol. Going one 
step further, the acquisition protocol may be stan-
dardized as well. Some authors (Zhou et  al. 
2018b) already recommend a standardized acqui-
sition protocol with 140 kV X-ray tube voltage 
for contrast-enhanced abdominal CT examina-
tions in all patient sizes, with standardized VMI 
reconstruction at 50  keV.  According to the 
authors, optimal or near optimal iodine CNR for 

a b

Fig. 9 Comparison of spectral photon-counting CT and 
conventional CT for in vivo stent assessment in a rabbit. 
Ultra-High Spatial Resolution images from SPCCT (b) 
show a significantly improved visualization of the stent 

lumen (about 5 mm diameter) compared to conventional 
CT (a). Especially the stent’s struts and intra-stent lumen 
can be better visualized. (Courtesy of S.  Si-Mohamed, 
Hospices Civils de Lyon, France)
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all patient sizes is obtained with this protocol. 
Figure 14 shows spectral image types that can be 
routinely reconstructed for each thoraco- 
abdominal CT scan.

Several authors assessed the performance of 
spectral photon-counting CT for detection and 
characterization of kidney stones, another estab-
lished dual-energy CT application (Gutjahr et al. 
2017; Ferrero et  al. 2018; Marcus et  al. 2018). 

They found comparable overall performance to 
state-of-the-art dual-energy CT in differentiating 
stone composition, while photon-counting CT 
was better able to help characterize small renal 
stones (Marcus et al. 2018).

Figure 15 demonstrates a promising dual- 
energy processing technique for vascular imag-
ing—the computation of virtual non-calcium 
images based on a two-material decomposition 

a c

b d

Fig. 10 Axial (a, c) and modified sagittal (b, d) images of 
the right carotid artery of a 55-year-old asymptomatic 
man having undergone radiotherapy of the neck for 
Hodgkin lymphoma, acquired with a single-source CT 
prototype with photon-counting detector (a, b) and angio 
MRI (c, d). The injection protocol for the photon- counting 
CT was of 40 mL of Iomeron 400 followed by 20 mL of 
saline at 4  mL/s. Data acquisition: helical mode with 

64  ×  0.27  mm collimation, 0.33  s rotation time, 
CTDIvol = 15.9 mGy, DLP = 332.7 mGy.cm. Image recon-
struction: soft reconstruction kernel, 1024 × 1024 image 
matrix, 0.25  mm slice width. Excellent visualization of 
the lumen of the carotid as well as plaques in both their 
soft and calcific parts. The arrows show an ulceration con-
firmed by angio MRI. (Courtesy of S. Boccalini, Hospices 
Civils de Lyon, France)
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Fig. 11 Cardiac images of a 48-year-old woman with 
chest pain, acquired with a single-source CT prototype 
with photon-counting detector, after injection of 45 ml of 
iodine (400 mg/ml) at a rate of 4 ml/s. Data acquisition: 
ECG gated helical mode with 64 × 0.27 mm collimation, 
0.33  s rotation time, CTDIvol  =  25.7  mGy, 

DLP = 475.7 mGy.cm. Image reconstruction: sharp recon-
struction kernel, 1024  ×  1024 image matrix, 0.25  mm 
slice width. Excellent visualization of the coronary tree 
including small branches and small fat peri-coronary 
inflammation. (Courtesy of Prof. Douek, Hospices Civils 
de Lyon, France)

Fig. 12 Lung images of a 74-year-old woman with breast 
cancer and signs of fibrosis after radiation therapy, 
acquired with a single-source CT prototype with photon- 
counting detector. Data acquisition: “UHR” mode, 
120  ×  0.2  mm collimation, 0.3  s rotation time, 

CTDIvol = 3.89 mGy, DLP = 126 mGycm. Image recon-
struction: sharp convolution kernel, 1024 × 1024 image 
matrix, 0.4  mm slice width. Excellent visualization of 
fibrosis and fine details such as fissures. (Courtesy of 
J. Ferda, Pilsen, Czech Republic)
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into iodine and calcium images. In the iodine 
images—which correspond to virtual non- 
calcium images—calcified plaques are removed 
which hamper the assessment of the true vessel 
lumen in standard CT images, in particular for 
small vessels. In contrast to other processing 

techniques removing calcified plaques, the lumen 
of the vessels is restored.

If the photon-counting detector is operated with 
more than two energy bins, multi-material decom-
position is possible if K-edge elements are present. 
In a canine model of myocardial infarction, 

a b c

Fig. 13 (a) Bones of the middle ear—the stapes (yellow 
circle) has a size of about 2 mm × 3 mm. (b) Specimen 
image acquired with a state-of-the-art medical CT 
(SOMATOM Force, Siemens Healthcare). (c) Specimen 
image acquired with a single-source CT prototype with 

photon-counting detector. Data acquisition: “UHR” mode, 
120  ×  0.2  mm collimation. Spatial resolution is signifi-
cantly improved. (Courtesy of A Persson, CMIV, 
Linköping, Sweden)

Fig. 14 Abdominal images of a 67-year-old woman with 
adrenal adenoma and parapelvic renal cyst, acquired with 
a single-source CT prototype with photon-counting detec-
tor. Data acquisition: “standard” mode, 144 × 0.4 mm col-
limation, 0.3  s rotation time, CTDIvol  =  10.2  mGy, 

DLP = 450 mGycm. Image reconstruction: 0.4 mm slice 
width. VMIs at 190, 65, 55, and 45  keV, virtual non- 
contrast image VNC, and iodine image. (Courtesy of 
J. Ferda, Pilsen, Czech Republic)
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Symons et  al. (2017c) performed dual- contrast 
agent imaging of the heart to simultaneously 
assess both first-pass and late enhancement of the 
myocardium. The authors concluded that com-
bined first-pass iodine and late gadolinium maps 
allowed quantitative separation of blood pool, 
infarct scar, and remote myocardium. The same 
authors also investigated the feasibility of simulta-
neous material decomposition of three contrast 
agents (bismuth, iodine, and gadolinium) in vivo 
in a canine model (Symons et  al. 2017d). They 
observed tissue enhancement at multiple phases in 
a single CT acquisition, opening the potential to 
replace multiphase CT scans by a single CT acqui-
sition with multiple contrast agents, see Fig. 16.

Several phantom and animal studies have also 
demonstrated the feasibility of multiple contrast 
imaging using a combination of material decom-
position and K-edge imaging. The concept of 
assessing the liver in different time phases from 
a single-scan, double injection of iodine and 
gadolinium contrast agents, was demonstrated in 
2017 (Muenzel et al. 2017) in a simulation study. 
Si-Mohamed et al. (2019) demonstrated the fea-
sibility of this dual-contrast multiphase liver 

imaging by injecting iodinated and gadolinated 
contrast agents in healthy rabbits at different 
times so that the first contrast agent visualized 
the portal phase and the second the arterial 
phase.

The ability to perform absolute quantification of 
multiple contrast agents can be used for the simul-
taneous assessment of different pathophysiological 
processes. Spectral photon-counting CT has been 
used to image macrophages inside atherosclerotic 
plaque with gold nanoparticles, and simultane-
ously image the arterial lumen with an iodine con-
trast agent (Cormode et al. 2010). In a study from 
the same team, spectral photon- counting CT has 
been used in phantoms and in rabbits to simultane-
ously discriminate and quantify a gold blood pool 
agent (Au-NP) from an iodinated contrast agent 
imaging tissue and calcium- rich matter, from a 
single scan (Cormode et  al. 2017). Si-Mohamed 
et al. (2018) have demonstrated that spectral pho-
ton-counting CT can be used to perform a complete 
peritoneal dual- contrast protocol, enabling a good 
assessment of the peritoneal cavity and abdominal 
organs in rats thanks to dual-contrast agents within 
peritoneal and blood compartments, see Fig. 17.

a b c

Fig. 15 Contrast-enhanced abdominal scan of a 73-year- 
old patient acquired with a single-source CT prototype 
with photon-counting detector. Data acquisition: “stan-
dard” mode, 144  ×  0.4  mm collimation, 0.5  s rotation 
time, 120  kV, 130 eff. mAs, DLP  =  316 mGycm. (a) 
Standard diagnostic image (VMI at 65 keV). A calcified 
plaque (arrow) prevents the assessment of the patency of 

the small aortic branch. (b) Conventional HU threshold- 
based Ca-removal—reliable evaluation of the small vessel 
is still not possible (arrow). (c) Virtual non-Ca image—the 
calcified plaque is removed, and the true vessel lumen is 
restored (arrow). (Courtesy of J.  Ferda, Pilsen, Czech 
Republic)
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a b c

Fig. 16 Simultaneous imaging of 3 different contrast 
agents (iodine, gadolinium, and bismuth) by multi- material 
decomposition in a dog model. Scan data were acquired 
with the pre-clinical hybrid dual source CT prototype and 
read-out in four energy bins (25–50, 50–75, 75–90, and 
90–140  keV). Bismuth was administered more than one 
day prior to scanning. Intravenous administration of gado-
linium-based contrast agent was followed by intravenous 
administration of iodine-based contrast agent after 3 mins 

to simultaneously visualize different phases of renal 
enhancement. (a) Image acquired at 30 s after start of gad-
olinium injection, at the peak of gadolinium enhancement 
in the renal cortex. (b) Image acquired at 220 s, at the peak 
of iodine enhancement in the renal cortex. (c) Enhancement 
curves of gadolinium and iodine in the aorta, renal cortex, 
medulla, and pelvis. (Courtesy of R Symons, NIH, 
Bethesda, MD, USA, see also Symons et al. 2017d)
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Fig. 17 Abdominopelvic spectral photon-counting CT 
images and contrast material images acquired post-IV 
injections of intraperitoneal gadolinium and intravenous 
iodine-based contrast agents. The contrast material images 
allowed a specific enhancement of the abdominal organs 
and vessels on the iodine map (top row, head arrow: 
hepatic vein; bottom row, head arrow: urinary cavity) (in 

purple) and the peritoneal cavity on the gadolinium 
K-edge map (in green) for increasing the contrast in each 
compartment potentially enabling better lesion detection 
in comparison to conventional imaging. (Courtesy of 
S.  Si-Mohamed, Hospices Civils de Lyon, France, see 
also Si-Mohamed et al. 2018; Thivolet et al. 2020)
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While several novel imaging contrast agents 
based on high atomic number elements are being 
explored, iodine and gadolinium are particularly 
attractive because of their existing approval for 
clinical use. However, these iodinated agents have 
a number of limitations (nephropathy, gadolinium 
retention, non-specificity, K-edge at too low 
energy for iodine, etc.). Thus there is a compelling 
need to develop photon-counting specific contrast 
agents to expand the field of CT-based molecular 
imaging. Nanoparticles are a promising platform 
for contrast agent development. Cormode et  al. 
(2017) described the biodistribution and pharma-
cokinetics of gold and iodine contrast agents. They 
found persistently high concentrations of the gold 
nanoparticles in the blood vessels of rabbits over 
the duration of the experiment (41 min), allowing 
both arterial and venous mapping. Photon-
counting CT imaging may allow the use of blood 
pool agents for delayed steady-state imaging, and 
can simultaneously perform first-pass arterial 
imaging using a different contrast agent, such as 
iodine. Further potential applications of blood 
pool contrast agents include detection of bleeding, 
visualization of tumor vasculature, and quantifica-
tion of tissue blood volume. In another study, 
Riederer et  al. (2019) have investigated a tanta-
lum-based contrast agent (K-edge energy of tanta-
lum is 67.4 keV). They were able to demonstrate 
in a phantom study that spectral photon-counting 
CT can provide tantalum density maps and allows 
for material decomposition and differentiation 
between tantalum and iodine in vitro which may 
enable for an improved follow-up diagnosis in 
patients after vascular occlusion therapy.

Photon-counting CT can also be used to study 
the biodistribution of nanoparticles in vivo over 
time. In particular, longitudinal imaging of the 
biodistribution of nanoparticles would be highly 
attractive for their clinical translation. Spectral 
photon-counting CT allowed repetitive and quick 
acquisitions in vivo, and follow-up of changes in 
the Au-NP biodistribution over time as demon-
strated in 2017 (Si-Mohamed et  al. 2017b). In 
another study from Badea et al. (2019) the team 
investigated the in vivo discrimination of iodine 
and gadolinium nanoparticle contrast agents 
using both dual-energy micro-CT with energy- 

integrating detectors and photon-counting detec-
tor based spectral micro-CT.  The material 
concentration maps confirmed expected biodis-
tributions of contrast agents in the blood, liver, 
spleen, and kidneys. Photon-counting CT dem-
onstrated to be useful for functional characteriza-
tion of solid tumors and could aid in the 
characterization of nanoparticles that show prom-
ise in the developing field of cancer theranostics.

In clinical practice, the use of multi-material 
maps may be hampered by the unavoidable 
increase of image noise in a multi-material 
decomposition. Similar to ultra-high resolution 
scanning non-linear data and image denoising 
techniques will play a key role to fully exploit the 
potential of multi-material decomposition in clin-
ical routine, see, e.g., Tao et al. (2018).
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1  Introduction

Contrast media are an important element in mod-
ern computed tomography and are the basis for a 
profound diagnosis. The number of computed 
tomography (CT) examinations performed is 
increasing by approximately 5% each year. In 
2020, roughly 280 million CT scans were per-
formed worldwide, and about 50% of these CT 
examinations were contrast enhanced. 
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Intravenous iodine-containing low- and iso- 
osmolar contrast media, such as iopromide or 
iodixanol, are standard and are commonly used 
for contrast enhancement in CT imaging (Pietsch 
et al. 2012).

Thus, the physical properties of these contrast 
media for X-ray attenuation are limited exclu-
sively to one element—iodine. One option for the 
future would be the development of contrast 
media with other contrasting elements, prefera-
bly with a much higher atomic number (Nowak 
et al. 2011; Pietsch et al. 2009).

Such contrast media would be more suitable 
for higher voltage ranges of the X-ray tube used 
in CT. On the one hand, this would allow more 
flexibility in imaging protocols, allowing exami-
nations with lower radiation doses to be made 
with equivalent diagnostic value (Nowak et  al. 
2011; Roessler et  al. 2016). In addition, these 
contrast media could allow new applications or 
indications due to optimized spectral differentia-
tion in X-ray attenuation compared to iodine. 
Furthermore, iodine-free contrast media would 
have advantages for patients with known reac-
tions to contrast media or with thyroid 
disorders.

The continuous technological progress in 
X-ray imaging and CT should be an incentive for 
the development of a new dedicated contrast 
media, as new technologies in detectors and 
tubes, as well as the application of artificial intel-
ligence algorithms will further develop and 
improve the next generation of CT scanners in 
the long term.

2  Iodinated Contrast Media: 
Current Standard in Safety 
and Tolerability

Iodinated nonionic contrast media are the stan-
dard in contrast-enhanced CT. They were clini-
cally approved and established over 40 years ago. 
Millions of patients with a wide variety of dis-
eases, multimorbid elderly patients, patients with 
severe diseases such as generalized atherosclero-

sis, acute cerebral or myocardial infarction, 
advanced cancer, severe heart failure, impaired 
renal or hepatic function, and also pregnant 
women as well as newborns have been given 
these contrast media via all conceivable routes of 
administration.

2.1  Structure 
and Physicochemistry

All currently available iodinated contrast media 
are based on the tri-iodinated benzene ring. They 
are classified, based on the presence of 1 or 2 tri- 
iodinated benzene rings, as monomeric or 
dimeric, and based on the electric charge of the 
molecule, as ionic and nonionic contrast media, 
respectively (Pietsch et al. 2012; Schöckel et al. 
2020).

The structure and charge of the molecule 
define the two main physicochemical properties 
of contrast media:

 1. Osmotic pressure or osmolality
High osmolality ionic contrast media 

(HOCM) such as sodium diatrizoate 
(Urografin) has an osmolality up to five times 
higher than that of human blood. In contrast, 
nonionic low osmolality CM (LOCM) have a 
markedly lower osmolality than HOCM, 
which is nonetheless higher than that of blood. 
Nonionic iso-osmolar contrast media (IOCM) 
have an osmolality the equivalent to that of 
blood.

 2. Viscosity
The viscosity is a crucial parameter for the 

flow properties of solutions, which increases 
with increasing concentration and decreasing 
temperature in a non-linear relationship. In 
practice, this factor is relevant for the possible 
speed of injection of contrast media through a 
needle or catheter.

At comparable concentrations, dimeric 
contrast media are much more viscous than 
monomerics at similar concentrations. All 
new contrast media developments must take 
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into account, in addition to excellent tolerabil-
ity, the physicochemical parameters which are 
crucial for the application of such agents in 
CT (Behrendt et al. 2013).

2.2  Tolerability and Safety

In general, iodinated CM have a very high toler-
ability and safety profile (Rosovsky et al. 1996; 
Palkowitsch et  al. 2013; Dawson 2006). The 
known types of adverse reactions after applica-
tion can in principle be divided according to their 
pathophysiology into idiosyncratic dose- 
independent hypersensitivity reactions or organ-
otoxic dose-dependent reactions. Hypersensitivity 
reactions are allergy-like and are not immuno-
modulated. Direct biological reactions to the 
administration of the molecules of iodinated CM 
solution and their physicochemical properties 
are, for example, contrast media-induced 
nephropathy (CIN) following intra-arterial 
administration (e.g., cerebral angiography). 
Furthermore, reactions involving thyroid func-
tion due to free iodide can also be regarded as 
such. Mild and transient adverse reactions are 
observed in up to 3% of patients after intravenous 
injection of nonionic compounds. Nevertheless, 
some rare but occasionally serious adverse reac-
tions to iodine-containing contrast media may 
occur. In patients with a serious thyroid dysfunc-
tion, these include the effects of free iodide, 
which may be present in contrast media in the 
smallest traces or may be generated in the body 
itself following administration. Adverse reac-
tions are usually observed more frequently with 
ionic than with nonionic contrast media (Schöckel 
et al. 2020; Kopp et al. 2008).

Adverse effects of contrast media are also cat-
egorized according to the time of their 
occurrence:

• acute (up to 1 h following injection),
• delayed/late (between 1 h and 7 days follow-

ing injection),
• very late reactions (more than 1 week follow-

ing injection of an iodine-containing CM).

By far the most common reactions occur 
within 1 h and are usually mild and self-limiting 
(Dawson 2006).

2.3  LOCM, the Reference 
Standard

The properties of LOCM, in particular, its safety 
profile, set a high standard. All new contrast 
media to be developed for CT must have compa-
rable characteristics. The molecules must be 
characterized by a high hydrophilicity and solu-
bility in order to achieve a low viscosity and low 
osmolality in the final formulation, combined 
with high stability (important for manufacturing, 
basic requirement for autoclavability).

The important basics for good tolerability 
in vivo are lowest possible protein binding, and 
no metabolism in the body as a basis for rapid 
and complete renal elimination (Jost et al. 2009).

A new contrast agent must compete with all 
these important properties.

3  The Technology Is 
a Determining Factor 
for the Efficiency of Contrast 
Media

The diagnostic capabilities and performance of 
today’s contrast media is still largely dependent 
on or influenced by the radiological technology 
used and has changed drastically and effectively 
over the evolutionary stages, particularly of CT 
machine development. Compared with conven-
tional X-ray, computed tomography has signifi-
cantly improved the effectiveness of iodinated 
CM (Schockel et al. 2020).

In CT, in addition to the concentration of the 
contrasting element on site, the high sensitivity of 
the CT techniques is also the basis for the detec-
tion and spatially resolved visualization of iodin-
ated CM. In contrast, in standard projection X-ray 
procedures, such as angiography, only the amount 
of iodine present along the path of the X-ray radi-
ation penetrating the object is relevant (Fig. 1).

Contrast Media for Modern Computed Tomography
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The modern CT is much more sensitive to 
iodine than conventional X-ray imaging. 
Projection radiography requires at least 20 mg 
iodine/ml to visualize tissue with a thickness of 
1 cm (Langer et al. 1985). This is demonstrated 
by an example of angiography: despite very 
high dosages of contrast media, which are rap-
idly and locally injected, intravenous DSA has a 
relatively low sensitivity to iodine. In contrast, 
CT is able to clearly visualize iodine concentra-
tions of 1 mg/ml in a volume of less than 0.1 ml. 
The CT attenuation given in Hounsfield units 
(HU) is based on the linear attenuation coeffi-
cient μ, which describes how monochromatic 
X-rays are attenuated when they pass through 
an object along the path they cross. However, it 
is not identical to this as μ strongly depend on 
the X-ray energy and in turn to the X-ray tube 
spectrum. Therefore, on the HU scale the CT 
values are normalized to the attenuation of water 
to correct for different X-ray tube voltages and 
filtrations.

Today, modern CT uses tube voltages between 
70 and 150 kV (Lusic and Grinstaff 2013). The use 
of tube voltages in the range of 70–100 kV yields 
greater iodine attenuations up to a factor of two 
compared to 120  kV (Fig.  2). The resulting 
increase in sensitivity to contrast media can be 
used to reduced radiation dose and/or contrast 
media dose specifically to the patient or to increase 
image quality in certain indications (Fleischmann 
et al. 2018). The introduction of high-power X-ray 
tubes allows CT imaging at lower kV for multiple 
indications and for a broad patient population.

The development and widespread use of inter-
active reconstruction techniques further increased 
the sensitivity for visualization of iodine enhance-
ment by reducing the image noise level.

A further step is the wide availability of differ-
ent dual-energy technologies and the introduc-
tion of counting detectors in CT, with the potential 
for spectral imaging. This offers great opportuni-
ties and will change the use and spectrum of con-
trast media (Flohr et al. 2006).

Lesion 1

X- Ray

X- Ray

Projection imaging
14 · 10x Iodine atoms on the way

CT imaging
5 mg I/ml + native tissue = 150 HU

Lesion 2

Projection imaging
7 · 10x Iodine atoms on the way

CT imaging
2 mg I/ml + native tissue = 60 HU

Fig. 1 Comparison of the contrast in 2D radiography versus CT
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4  Pharmacokinetics 
of Iodinated Contrast Media 
and Their Relevance 
for Modern CT

With the introduction of CT, the clinical signifi-
cance and the huge diagnostic benefit of contrast 
media became evident, as the majority of neces-
sary diagnoses in CT can only be achieved with 
the use of contrast media. The first clinical appli-
cation of iodine-containing contrast media after 
intravenous injection was visualization of the uri-
nary tract. In addition to urography, contrast 
media were also used from the beginning to visu-
alize open and enclosed body cavities and blood 
vessels because they could easily mix with the 
contents of the organ or body cavities.

4.1  Volume of Distribution 
and Excretion

Contrast media cannot pass through cell mem-
branes due to their hydrophilicity. In general, 
these molecules are very small and do not inter-
act with any parts, membranes or cells of the 
body, nor should they affect its functionality. Due 
to their size, they are able to diffuse through tiny 
pores. The general distribution takes place with 
the blood flow analogously to the blood circula-

tion of the body. Finally, the contrast media mol-
ecules are filtered by the glomeruli, concentrated 
in the renal tubules, and excreted in the urine 
(Pietsch et al. 2012).

Because iodinated contrast media can neither 
penetrate cells of the body nor pass through bio-
logical barriers such as the blood–brain barrier, 
they are also termed extracellular CM (Claussen 
et al. 1984). This is important for the physician 
and the patient because these agents are neither 
absorbed enterically nor do they accumulate in 
healthy organs or tissues other than the kidney to 
an extent that can be used for diagnostic pur-
poses. Thus, the iodine-containing contrast media 
are non-specific in the broadest sense, as they can 
be circulated throughout the body, with the 
exception of the central nervous system due to 
the blood–brain barrier. On the other hand, pre-
cisely this feature is the basis for visualizing 
pathologies within the body, such as inflamma-
tion, necrosis, or tumors. All changes or pro-
cesses in the body that are associated with an 
increase in the number of blood vessels (angio-
genesis), an increase in the permeability of the 
vessel walls, size changes of the interstitial space, 
or simply an increased blood perfusion can be 
visualized with extracellular contrast media (Bae 
et al. 2000, 2004).

Figure 3 illustrates the pathway of the con-
trast media into the body following intravenous 
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attenuation of iodine at 
lower tube voltages. 
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containing solutions 
were investigated in a 
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was performed in a 
dual-source CT Siemens 
Somatom Force
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administration and also visualizes the basic 
mechanisms of the contrasting pathological 
 tissues. Based on a standard human dosage of 
approximately 1 ml/kg body weight, extracellu-
lar CM is injected intravenously at a rate of 
3–8  ml/s at concentrations of 300–370  mg 
iodine/ml. Dilution by the cardiac circulation (− 

80 ml/s) and passage through the lungs reduces 
or dilutes the concentration in the arterial sys-
tem to about 10 to <20 mg iodine/ml. However, 
this concentration is still sufficient to result in a 
contrast enhancement of several 100 Hounsfield 
units in the arterial blood on CT (Claussen et al. 
1984).

right heart
dilution by 80 ml/s
~20 mg l/ml

left heart

Broadening of
bolus in the lung due to:

result in a delay + initial dilution
until equilibrium
is searched
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Fig. 3 Dilution and 
early pharmacokinetics 
of extracellular contrast 
agents after intravenous 
injection depend on the 
perfusion, vascular 
permeability and size of 
the interstitial space of 
the respective tissue
* Tissue: The interstitial 
space includes the 
plasma volume (e.g. 5% 
of tissue volume, 
contributing to about 30 
HU) and the interstitial 
space between the cells 
of the solid tissue (e.g. 
10% of tissue volume).
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4.2  Basic Mechanisms 
of Contrasting Inside the Body

In addition to the intrinsic perfusion of the tissue, 
the ability of the contrast medium to diffuse 
through the tiny pores in the capillaries into the 
interstitial space is an important prerequisite for 
contrasting pathological processes in the body. 
This provides information about the nature of the 
tissue, as well as the pathophysiological changes 
characteristic of many diseases. For example, 
blood flow differs between different tissues in the 
body and is often increased in inflammation or 
fast-growing tumors. In contrast, it is heavily 
reduced in ischemia, in certain tumors and 
severely restricted or non-existent in necroses or 
cysts.

The permeability of the vessels can also be 
described by the contrast medium—which could 
also differ in the respective tissues of the body. 
For example, inflammation, angiogenesis, spe-
cial tumors as well as disruptions of the blood–
brain barrier are characterized by an increase in 
the permeability of the vessels, which in turn 
leads to altered contrast media concentrations in 
the interstitial space.

However, this specific distribution is transient, 
sometimes only for seconds after intravascular 
injection or during the first passage of the con-
trast medium through the tissues. It can already 
disappear in the recirculation phase. The great 
advantage of CT is the ability to scan the respec-
tive organ or the entire body quickly and repeat-
edly in order to use the specific dynamics and the 
early distribution pattern of the contrast medium 
efficiently for diagnosis.

Two fundamental attributes of contrast media 
are the basic prerequisites for their use in CT: the 
ability to efficiently absorb X-rays due to the ele-
ment iodine and, due to the physicochemical 
properties of the molecules, to depict numerous 
organs or systems and pathologically altered 
structures within the human body via the phar-
macokinetics. The next step would be to change 
fundamental properties such as the distribution 
spaces by adjusting the size of the molecules. It is 
possible to change the spectral attenuation prop-
erties. This can be achieved by replacing the 

iodine with elements with a higher atomic num-
ber, ideally tuned to the emission spectrum of a 
modern CT tube. This approach is highly inter-
esting and offers attractive opportunities in the 
field of dual-energy imaging towards photon- 
counting detector technology (Flohr et al. 2006; 
Frenzel et al. 2015; Gutjahr et al. 2016).

5  Contrast Media in  
Dual-Energy CT

Important clinical applications of dual-energy 
(DE) CT are contrast-enhanced procedures, for 
example, the quantification of the iodine uptake 
in oncology, the evaluation of lung perfusion in 
case of suspected pulmonary embolism or the 
characterization of myocardial perfusion defects. 
The physical basis of these applications is the 
spectral X-ray attenuation characteristic of 
iodine, the attenuating element in clinically avail-
able X-ray contrast media. In the energy range of 
CT, the iodine mass attenuation coefficient shows 
a large energy dependence with a relatively low 
K-edge energy at 33.2 keV (Fig. 4, upper left). 
Consequently, the CT attenuation strongly 
depends on the X-ray tube spectrum, mainly on 
tube potential and filtering but, to a lesser extent, 
also on the object composition and size (Fig. 2). 
Measurements using Ultravist in a thoracic phan-
tom revealed an attenuation of 50.6 HU per mgI/
mL at 70  kV that continuously decreased with 
tube voltage to 21.6 HU per mgI/mL at 
150 kV. This more than 2.3-fold difference can be 
further increased using dedicated filters; the addi-
tional 0.6 mm tin filtration available for the third- 
generation dual-source CT results in a further 
decrease of attenuation to 11.8 HU per mg I/ml at 
150 kV. The improved spectral separation allows 
a better material decomposition of iodine vs. soft 
tissue that showed no significant change in atten-
uation in dependent on the kV setting and filter-
ing. Notably, many innovations in dual-energy 
CT technology are tailored to the spectral attenu-
ation profile of iodine.

An alternate approach for dual-energy CT is 
the change of the contrast media attenuating 
element. Elements with higher K-edge energy 
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such as dysprosium (53.8  keV), hafnium 
(65.4  keV), or tungsten (69.5  keV) possess a 
different spectral mass attenuation coefficient 
that better match the photon energy distribution 
of the X-ray tube (Fig.  4; upper right). This 
results in more similar CT attenuations for the 
different tube voltages, particularly for tung-
sten and hafnium. Tungsten, for example, has 
almost identical attenuations for 70/150 kV or 
80/140 kV (Fig.4, lower right). The total atten-
uation per mass concentration (mg Dy/mL) is 
highest for dysprosium. However, the attenua-
tion also shows a significance dependence on 
tube voltage albeit not at the level of iodine. 
Another interesting element is xenon 
(K-edge = 34.65 keV), which possesses a simi-
lar attenuation profile with comparable signal 
ratios between high and low kV than iodine.

Dual-energy adds additional information to the 
visualization of morphology in CT images. In the 
context of contrast media, this is realized by com-
putation of a material map usually containing the 
amount and distribution of contrast media and vir-
tual non-contrast (VNC) images containing ana-
tomical information. Different material 
decomposition algorithms exist but all require dif-
ferent spectral attenuation characteristics of the 
materials to be separated. Two-material decompo-
sition algorithms can separate contrast media from 
endogenous tissues (e.g., iodine and VNC) or a 
specific endogenous material from contrast media 
and tissue (e.g., calcium and tungsten/tissue) or 
even two contrast media (e.g., xenon and tungsten/
tissue). Higher order material decomposition algo-
rithms are feasible but also require a higher order of 
input data and can lead to high image noise levels.
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Fig. 4 Spectral X-ray attenuation of Ultravist (Iodine) 
and alternative promising elements with different k-edge 
energies as Dysprosium (Dy), Hafnium (Hf), Tungsten 
(W) and Xenon (Xe). Energy dependent mass attenuation 

coefficient superimposed with a typical 120  kV X-Ray 
spectrum (upper row). Respective CT attenuations at dif-
ferent tube voltages (lower row)
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6  Clinical Applications of Dual-
Energy Material 
Decomposition

6.1  Oncology Applications

Iodine, with its large spectral attenuation differ-
ence between low and high X-ray energies, can 
be effectively separated from tissue that has a 
low or almost no energy-dependent difference 
in attenuation (Fig. 5, upper right). One of the 
early dual-source CT studies was the calculation 
of iodine maps and virtual non-contrast (VNC) 
images in an experimental liver tumor rabbit 
model using an investigational iodine-based 
liver contrast medium to visualize hepatocytes 
(Fig. 5, lower left). This investigation on a first- 
generation dual-source CT demonstrated that 

the full information about morphology and 
iodine uptake can be provided by a single dual-
energy scan (Flohr et al. 2006). This approach 
was further evaluated for treatment response 
monitoring in oncology. Targeted anti-tumor 
drug therapies as antiangiogenetic drugs or 
tyrosine kinase inhibitors primarily induce 
changes in the tumor microvasculature rather 
than a decrease in tumor size. In an experimen-
tal glioma model in rats, treatment effects were 
successfully monitored with Ultravist enhanced 
dual-energy CT followed by the quantification 
of the iodine uptake in the tumor. Notably, the 
dual-energy method was more effective than 
conventional single energy CT and showed 
comparable results at much lower radiation dose 
than dynamic-contrast enhanced CT (Knobloch 
et al. 2014).

Vascular spectral CT: calcified plaque removal Parenchymal spectral CT: Iodine and VNC images 

20

0.1

1

10

100

low kV high kV

Soft Tissue

Iodine VNC

Carotid Specimen

CT

Spin:   0
Tilt: –90

Spin:   0
Tilt: –90

VNCa Ca

Clacified Tissue Iodine

40 60 80
Energy (keV)

100 120 140

M
as

s 
A

tte
nu

at
io

n 
C

oe
ffi

ci
en

t (
cm

2 /
g)

20

0.1

1

10

100

low kV high kV

Soft Tissue Clacified Tissue Tungsten

40 60 80
Energy (keV)

100 120 140

M
as

s 
A

tte
nu

at
io

n 
C

oe
ffi

ci
en

t (
cm

2 /
g)

Fig. 5 Spectral X-ray attenuation of iodine, tungsten in 
comparison to soft and calcified tissues (upper row). The 
different spectral behavior of iodine and tungsten between 
low and high tube potentials (marked with triple lines) 
enables different applications. Material decomposition is 
used for computation of iodine and virtual non-contrast 
(VNC) images in parenchymal dual-energy CT. In the rabbit 
tumor model (lower row left) the iodine map clearly shows 

the tumor, while the VNC images shows the morphology 
(Flohr et al. 2006). In vascular spectral CT tungsten offers 
accurate calcified plaque removal. In the human carotid 
artery specimen (lower right) investigated in experimental 
tungsten- based contrast media solution (15mgW/ml) the 
lumen narrowing is visible on the virtual non calcium recon-
struction (VNCa) and calcium (Ca) burden is visible on the 
calcium reconstruction map (Sartoretti et al. 2021)
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6.2  Cardiovascular Applications

Cardiovascular diseases represent a second major 
indication for contrast-enhanced CT.  Important 
clinical questions for CT angiography (CTA) are, 
for example, the accurate assessment of vascular 
stenosis and the characterization of arterioscle-
rotic plaques. Dual-energy has a great potential 
for improving CTA image quality and diagnostic 
confidence by reducing the negative effects of 
blooming and beam hardening often induced by 
calcified plaques. The efficacy of material decom-
position between iodinated contrast media and 
calcified structures is limited, however. The spec-
tral attenuation characteristic of the two materials 
is similar, resulting in comparable ratios between 
high and low X-ray energies (Fig. 5, upper left). 
Contrast media with higher K-edge energies such 
as tungsten and hafnium can close this gap as 
they offer a significantly different dual-energy 
pattern than calcified tissues (Fig. 5., upper right). 
This in turn improves the material decomposition 
into virtual non-calcium (VNCa) images contain-
ing a contrast medium-soft tissue mixture and a 
calcium map containing the calcified tissue. The 
resulting better plaque removal in the VNCa 
reconstructions and the lower image noise in 
these images can significantly increase the diag-
nostic accuracy of vascular imaging. This was 
demonstrated with a coronary artery stenosis 
phantom mimicking different degrees of stenosis 
at different plaque density levels (Sartoretti et al. 
2020). The vessel lumen was filled with different 
investigational contrast media based on tungsten, 
hafnium, bismuth, holmium, or iodine. Dual-
energy imaging was performed with a photon-
counting detector CT prototype at energy thresh-
olds optimized for the specific element of the 
contrast medium. Qualitative and quantitative 
image evaluation performed on the VNCa images 
revealed improved image quality and diagnostic 
evaluability of stenosis for tungsten, hafnium, 
and bismuth compared to iodinated contrast 
media. Furthermore, the used tungsten- and 
hafnium- containing contrast media result in 
lower VNCa image noise levels. Further experi-
mental evidence was obtained in a similar study 
on a human carotid artery specimen with athero-

sclerotic plaques (Fig.  5, lower right). In this 
study the noise levels in the VNCa images were 
significantly improved by using an experimental 
tungsten (W3O2)-based contrast medium com-
pared to Ultravist as the iodine reference standard 
(Sartoretti et  al. 2021). This results in superior 
vessel visualization and better vessel wall delin-
eation. Thus, tungsten and hafnium-based con-
trast media would offer new promising 
opportunities for cardiovascular dual-energy CT 
(Berger et  al. 2017; Sülzle et  al. 2015; Yu and 
Watson 1999).

6.3  Pulmonary Applications

Several lung diseases such as chronic obstructive 
pulmonary disease (COPD) are associated with 
regional ventilation disorders that are difficult to 
assess with global pulmonary function tests such 
as spirometry or gas transfer tests. On the other 
hand, new therapeutic options such as implanta-
tion of endobronchial valves or improved lung 
volume reduction surgery require a precise defi-
nition of regional lung function. Xenon-enhanced 
CT can be used for spatially resolved imaging of 
lung ventilation. Xenon is a radiopaque gas that 
can be safely inhaled in concentrations of about 
30%. This results in an image enhancement of 
20–30 HU (120  kV) in normally ventilated 
regions. However, subtraction between unen-
hanced and Xe-enhanced images is challenging 
because imaging cannot be performed at exactly 
identical respiration levels. Dual-energy CT cir-
cumvents this procedure since the xenon enhance-
ment can be determined at a single time-point 
(Thieme et al. 2008, 2009). The spectral attenua-
tion of xenon is comparable to that of iodine, 
leading to a large change in attenuation between 
low and high X-ray energies (Fig.  4). Thus, a 
xenon and a lung parenchyma image can be 
reconstructed using material decomposition 
techniques.

Another important parameter that can be 
affected by disease is lung perfusion. Iodine- 
enhanced dual-energy CT significantly improved 
the diagnostic workup, as this enables the recon-
struction of morphological images and functional 

H. Pietsch and G. Jost



103

images that visualize perfusion (Dawson 2006). 
In terms of physiological aspects, pulmonary 
function depends on lung ventilation and lung 
perfusion to ensure an effective gas exchange. 
Both can be affected by disease, i.e., a ventilation 
perfusion mismatch is a typical characteristic in 
COPD patient. The degree of this mismatch and 
its regional distribution have a potential to 
improve the diagnosis and therapeutic decisions.

To date, such ventilation and perfusion mea-
surements can be made by means of nuclear med-
icine method such as SPECT, using radiolabeled 
gases and tracers in sequential mode. Dual-
energy CT might be a promising alternative that 
may even enable simultaneous lung ventilation 
and perfusion imaging. Furthermore, it would 
offer a much higher spatial resolution, an easier 
examination taking at much less time, and impor-
tantly also a high availability of scanning units. 
However, xenon for ventilation and iodine for 
perfusion imaging have a very similar attenuation 
profile and cannot be separated using dual-energy 
methods. This requires the sequential application 
of Xe and iodine resulting in repeated scanning 
and images acquired at different breathing phases 
or breath-hold levels (Thieme et al. 2008). This 
might be overcome, however, by using contrast 
media elements with high K-edge energies such 
as hafnium and tungsten to visualize pulmonary 

perfusion. These elements only show as little or 
almost no dependence of attenuation on the tube 
potential and can be effectively separated from 
xenon by dual-energy material decomposition 
(Fig.  6a). The feasibility of this approach was 
demonstrated in a study on healthy pigs. The 
anesthetized animals were ventilated with a 30% 
xenon, 70% oxygen mixture for 120  s and an 
investigational tungsten-based contrast medium 
was injected in temporal coordination. Repeated 
dual-energy imaging (80/140 kV) was performed 
to capture the lung during different contrast 
medium phases on a third-generation dual-source 
CT.  A xenon material map and a virtual non- 
xenon (VNXe) image, containing soft tissue and 
tungsten were reconstructed for each time-point 
(Fig.  6b). Xenon and tungsten could be clearly 
separated enabling simultaneous assessment of 
lung ventilation and perfusion.

7  Summary and Outlook

There had already been systematic investigations 
of alternatives to iodine as a contrasting element 
in the early days of X-ray imaging. Since then, 
numerous contrast media approaches with ele-
ments other than iodine have been explored. For 
a variety of reasons, however, none has made it to 
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Fig. 6 Separation of two contrast materials. (a) Spectral 
X-ray attenuation of xenon, tungsten and tissue. The dif-
ferent spectral behavior of xenon and tungsten between 
low and high tube potentials (marked with triple lines) 
enables dual-energy-based material decomposition of 
both contrasting materials. (b) Functional imaging (third 

generation Dual Source CT) of the lung in a porcine 
model. Inhalation of 30% xenon for 2 min followed by 
intravenous administration of an experimental tungsten- 
based contrast medium. Xenon and tungsten could be 
clearly separated enabling simultaneous assessment of 
lung ventilation and lung perfusion
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the market. As described earlier, the advantage of 
such elements is the higher attenuation of X-rays 
compared to iodine, which depends on the mass 
attenuation coefficient of the contrast element 
and the energy distribution of the X-ray spec-
trum. Elements with higher atomic numbers and 
thus higher k-edge energies better fit to the CT 
tube energy spectrum than iodine. Therefore, ele-
ments such as the lanthanides, hafnium, tanta-
lum, tungsten, or even gold are better suited as 
contrasting elements.

In the recent past, there have been very prom-
ising investigations of hafnium with the aim of 
reducing the radiation exposure in contrast- 
enhanced CT imaging (Frenzel et al. 2015, 2016; 
Berger et al. 2017). In this context, the element 
hafnium was combined with a strongly chelating 
polydentate ligand. Both the physicochemical 
properties and the tolerance in animal studies 
were encouraging. A new generation of multi-
dentate tungsten metal clusters with high chemi-
cal stability, generally, an essential requirement 
for CM, was also found (Sülzle et  al. 2015). 
These compounds also proved to be quite well 
tolerated and showed high solubility in order to 
achieve high tungsten concentrations comparable 
to the iodine concentrations of commercial CM.

Another interesting approach are nanoparti-
cles (NPs) which contain the absorbing element 
in a very high density. Depending on their size 
and coating, nanoparticles have a different phar-
macokinetic profile and biodistribution compared 
to currently available iodinated CM, thus limiting 
their distribution to the intravascular space (Dong 
et al. 2019). One concern is the slow and incom-
plete elimination of NPs from the body. Gold as a 
source material for NPs has been experimented 
with again and again. The problem of rapid and 
sufficient excretion via the kidneys and the high 
cost have limited the progress of gold-based NPs 
for use in humans (Allijn et al. 2013; Cormode 
et al. 2010).

CT imaging has great clinical utility and can 
only be partially replaced by other radiation-free 
techniques. Therefore, reducing the radiation 
exposure required for CT is an important goal 
(Schockel et al. 2020; Lusic and Grinstaff 2013; 
Dong et al. 2019; Shahid et al. 2020). Here, too, 

such contrast media could make an important 
contribution by improving the contrast enhance-
ment per molecule, which would allow, on the 
one hand, a reduction of the radiation dose with 
an acceptably higher noise level but the same 
contrast-to-noise ratio. Alternatively, a better 
image quality in respect of contrast-to-noise can 
be obtained with the same radiation dose. Both 
would allow the use of contrast-enhanced CT in 
further clinical areas.

In view of the rapid developments in CT tech-
nology, the use of CM will continue to be of cen-
tral importance as an integral part of clinical 
routine. In particular, the trend spectral CT 
through photon-counting CT technology will 
expand the application possibilities of new con-
trast media with higher atomic numbers. Their 
spectral attenuation characteristics will certainly 
allow completely new ways of improved material 
separation and tissue characterization. This holds 
great potential to increase diagnostic perfor-
mance and to enable additional clinical fields and 
indications.

The development of X-ray technology has 
always gone hand in hand with the development 
and continuous improvement of suitable contrast 
media (Barrs 2006). This will no doubt also con-
tinue in the future.
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Abstract

Dual-energy computed tomography (DECT) 
has proven itself as an important innovation in 
neuroimaging. Technical aspects and practical 
considerations to incorporate dual-energy 
scanning into routine practice including 
patient selection, recommendations for recon-
structions, and image interpretation for rou-
tine head CT examinations are discussed. 
Selected established or newly introduced 
applications have found their way into daily 
clinical routine, which include various topics 
such as emergency neuroradiology, stroke 
imaging, or applications affecting the image 
quality or radiation dose. In addition, this 
chapter provides an outlook to the future of 
spectral neuroimaging including photon- 
counting detector-based CT and applications 
for artificial intelligence.

1  Introduction

A new tool in computed tomography based neu-
roimaging? Yes! Spectral imaging, in particular 
dual-energy computed tomography (DECT), has 
proven itself as an important innovation in neuro-
imaging. DECT has come a long way from its 
first experimental studies and today is a well- 
understood and clinically applicable technology 
in neuroradiology. Current literature does not 
only demonstrate the feasibility of clinical DECT 
applications, but also the evidence-based value 
for the patient. This in itself is very exciting as 
just a few decades ago the future of CT in neuro-
imaging in particular was believed to be limited 
and that the wide availability of MRI would over-
shadow it in clinical practice.

CT has made great advances and is now 
increasingly in the focus of modern diagnostic 
and therapeutical clinical guidelines. One exam-
ple is the rapidly evolving topic of stroke imag-
ing, where highly relevant clinical decisions (i.e., 
the decision to treat the patient with a certain 
therapy such as mechanical thrombectomy or 
not) are mainly based on CT imaging. Another 

example is trauma and emergency imaging, 
where CT plays a major role in the rapid and 
accurate triage and diagnosis of patients. DECT 
might not only add benefit for image interpreta-
tion in such clinical situations, but may also 
reduce the required radiation dose or the number 
of required follow-up imaging, and therefore 
might result in a reduction of costs for the health-
care system (Wong et al. 2020).

2  Technical Background 
and Workflow 
Considerations

2.1  Background

Here we will discuss technical aspects and prac-
tical considerations to incorporate dual-energy 
scanning into routine practice including patient 
selection, approaches to image reconstruction, 
issues related to image storage and recom-
mended reconstructions for routine head CT 
examinations.

The precise technical principles of the image 
acquisition are described in detail in the first part 
of this book. In summary, several dual-energy CT 
systems are available today which are suitable for 
neuroimaging. They can be broadly classified 
into scanner systems with two x-ray sources 
(dual-source DECT) or with one x-ray source 
(single-energy DECT). The latter includes sev-
eral different technical backgrounds including 
the fast kV switching, the dual-layer detector, the 
twin-beam or the dual-spiral approach. All of 
these commercially available techniques of the 
main scanner vendors have found their way into 
clinical routine DECT in neuroimaging today.

2.2  Training Considerations 
for Technologists 
and Radiologists

To ensure the smooth introduction of a new ser-
vice, the involvement of key stakeholders and the 
engagement of technologically and clinically 
well-trained professionals is essential. Identifying 
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these dedicated colleagues and training them to 
be super-users will facilitate an improved transi-
tion to the launch of any new service. Assigning a 
handful of technologists to become super-users 
by training them on scanning techniques and 
concepts through in-service lectures, simulated 
training with the vendors, and hands-on scanning 
and reconstruction techniques by application spe-
cialists or through workshops are all essential to 
build capacity and improve confidence so that 
they may scan and troubleshoot as needed. It 
would also provide them with the judgment 
needed to adjust protocols as clinically appropri-
ate. They can then transfer knowledge to col-
leagues and ensure that the service is running 
efficiently from a technical standpoint.

Similarly, training and capacity building of 
radiologists begins with an introduction of the 
applications of DECT through lectures and scien-
tific meetings. Familiarity with the applications 
can be improved through hands-on or online 
workshops.

2.3  Patient Selection and Scan 
Acquisition

The decision to acquire dual-energy scans must 
be made prospectively on nearly all the current 
DECT platforms available on the market—the 
exception being the dual-layer (or “sandwich”) 
detector DECT platform which can display 
DECT data retrospectively as the low and high 
energy x-ray spectra are split at the detector level.

Patients could be selected based on referral 
departments (e.g., all patients from the oncology 
or the emergency department), specific clinical 
indications (e.g., post intra-arterial thrombec-
tomy for stroke, intracranial hemorrhage assess-
ment, etc.) or based on broader criteria, such as 
the anatomic area assessed (such as all adult 
brain CTs). To ensure a smooth adoption within 
the department, the selection criteria must be 
agreed upon by all stakeholders and a clear algo-
rithm must be created, including what should be 
the default protocols for certain indications and 
details on when it is acceptable to switch to 
single- energy scan mode (for example, in the 

case of a highly agitated patient that cannot lay 
still). Having these algorithms clearly outlined 
can streamline workflows and avoid confusion at 
the time of scanning.

Although selective scanning may have the 
benefit of limiting the workflow impact of intro-
ducing DECT into a department’s practice, it is 
sometimes impossible to predict which patients 
may benefit from a dual-energy scan. As the list 
of clinically validated indications of DECT of the 
head continues to grow beyond what is high-
lighted in this chapter, it might become extremely 
challenging to continue updating patient selec-
tion criteria based on an indication or prospec-
tively predicted benefit. Alternatively, routine 
implementation of DECT scans for all patients 
may be more feasible, especially after gaining 
more experience with DECT scanning and under-
standing any potential impact on both technolo-
gist and radiologist workflows.

The number and physical distribution of 
DE-capable scanners is an important consider-
ation in designing the DECT workflow. For 
example, in practices that have a mix of 
DE-capable scanners and SECT-only scanners, it 
may be more practical to scan all or the majority 
of patients on the DE-capable scanners in DE 
mode in order to streamline the workflow and 
improve technologist familiarity with DE tech-
niques and protocols.

However, if a practice or division only has 
access to a single scanner that offers DECT capa-
bilities (such as a scanner in the emergency 
department or outpatient imaging centers), the 
scanner’s technical limitations may guide the 
decision to selectively scan in the dual-energy 
mode. For example, while dual-energy scanning 
time is generally comparable to single-energy 
acquisitions, some scanners such as earlier rapid-
 kV switching scanners may have prolonged 
reconstruction times which may impact patient 
flow through the department and must be taken 
into consideration, particularly in emergency 
settings.

Due to the comparatively small field of view 
(FOV) associated with scanning of the head, the 
scanner’s FOV is of little concern when consider-
ing single- or dual-energy scan modes.
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2.4  Protocol and Dose 
Optimization

In the last few years, there has been a prolifera-
tion of various DE/Spectral CT systems on the 
market (at least seven by the authors’ count), all 
with unique approaches to image acquisition and 
data reconstruction. Hence, it would be beyond 
the scope of this chapter to provide a comprehen-
sive list of protocols suitable for each scanner 
type. Instead, engaging the vendors is essential. 
When creating new DECT protocols, we recom-
mend creating a team consisting of a radiologist, 
technologist, medical physicist, and application 
specialist from the vendor. A clear expectation of 
image quality and radiation dose must be out-
lined at the start. With this approach, protocols 
can be created with a specific benchmark in mind. 
The protocols then can be tested on various phan-
toms to ensure appropriate image quality, noise 
levels, and radiation dose as outlined by govern-
ment or institutional guidelines. We recommend 
testing the protocols on dedicated DECT phan-
toms which are commercially available. Optimal 
image parameters have to be adapted according 
to the available imaging system and to the indi-
vidual situation and needs of each radiology 
department.

Similar aspects are valid regarding the injec-
tion of contrast materials. However, the amount 
and the injection rate of iodine are quite similar 
compared to standard SECT protocols.

It is important to note that DE/Spectral CT 
scans are either dose-neutral or dose-negative for 
the majority of indications as compared to SECT 
scans (van Ommen et al. 2019; Pomerantz et al. 
2013a; Neuhaus et al. 2017).

2.5  Image Reconstruction 
and Storage

Following the acquisition of the raw data, the 
images are processed and a “single-energy equiv-
alent” image is generated to mimic a 120 kVp 
acquisition. This may be generated by linear- 
blended (weighted average or mixed images) 
techniques which mix data from low and high 

energy acquisitions to simulate a single-energy 
acquisition. Alternatively, virtual monoenergetic 
images (VMI) reconstructed at 65–70  keV are 
considered 120 kVp equivalents as well. These 
basic images should automatically be generated 
for every scan and sent to PACS for primary 
interpretation.

The more advanced dual-energy reconstruc-
tions may be generated through several 
approaches, each offering various advantages and 
drawbacks. Broadly, we can divide reconstruc-
tion approaches to automated reconstructions, 
technologist-driven reconstructions, and 
radiologist- driven reconstructions. Automated 
reconstructions may be performed on the CT 
console or on a dedicated workstation depending 
on the vendor and the reconstruction options 
available. For example, the CT console may 
allow for VMI reconstructions or gray-scale vir-
tual non-contrast images but not colored overlay 
maps or multiplanar reformats. In addition, scan-
ner console-based reconstruction may limit 
access to the CT scanner and delay imaging of 
the next patient, in which case this approach may 
be unfavorable especially in an already busy 
department operating near capacity. Hence, 
workstation-based automation is preferred by the 
authors whenever available. Another drawback of 
automated reconstructions is a significant 
increase in number of images generated per 
study. In our practice, the number of images in a 
head CT has increased from an average of 300–
400 to 1200–1500 images. This will increase the 
amount of storage needed and may have a nega-
tive impact on study interpretation if the radiolo-
gists are not familiar with the additional 
reconstructions or their clinical use. However, the 
presence of images at the time of study interpre-
tation increases the likelihood of utilization of 
DECT reconstructions, especially when radiolo-
gists are aware of the clinical applications and 
method of interpretation.

Technologist-driven image reconstructions 
could be performed manually at the CT console 
or on a dedicated workstation, especially if the 
department has a 3D/advanced imaging lab. The 
main advantage of this approach is that the recon-
structions can be generated on-demand and as 
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needed based on the findings on the images pro-
vided by the available raw data. This may also 
reduce the load on PACS storage as not all studies 
will have advanced reconstructions sent for 
archiving. However, this approach may increase 
the workload of technologists which may delay 
scanning of patients or increase turn-around time 
in the CT room. It also requires that technologists 
are well trained on DECT systems and their dedi-
cated reconstruction techniques. Another disad-
vantage of this approach is the possible low 
utilization of advanced DECT reconstructions by 
radiologists if they are not readily available at the 
time of interpretation as they may not be aware 
that the images were acquired using a DE tech-
nique. This could be the case if the image data are 
not labeled appropriately or due to the loss in 
productivity by requesting the reconstructions 
and waiting for them to be sent over to the PACS.

The radiologist-driven approach is usually ini-
tiated at the time of image interpretation. The 
images may be reconstructed at a stand-alone 
workstation; however, it is in the authors’ experi-
ence that this approach is the least likely to drive 
utilization or engagement as it takes away from 
the task of interpreting the study and negatively 
affects productivity, particularly in a high- volume 
radiology setting, such as an emergency radiol-
ogy department. A more practical approach is the 
utilization of a thin client—a server-based ver-
sion of the advanced imaging workstation that 
can be accessed through the internal hospital net-
work or over the internet—integrated into the 
PACS. This would allow the radiologist to pro-
cess the DECT data while interpreting the study. 
This approach would likely have the lowest 
impact on the number of images sent for perma-
nent archiving as the radiologist could select and 
send only the significant and pertinent images, 
ignoring the rest. It would also improve the radi-
ologist’s understanding of DECT reconstruc-
tions, improving confidence and encouraging 
experimentation. However, this approach also 
has the largest negative impact on the productiv-
ity of the radiologist, as each study that requires 
DECT data reconstruction has to be loaded into 
the thin client and each algorithm must be pro-
cessed and assessed individually.

For all cases, the single-energy equivalent 
images should always be sent to the 
PACS. Additionally, it is strongly recommended 
that the DE raw data are sent to PACS as well. 
This will allow for any additional advanced DE 
reconstructions should the need arise, enable 
research, and allow for retrospective application 
of any new techniques added to the reconstruc-
tion software. Additionally, in the case of a non- 
contrast head CT, we recommend the inclusion of 
a 65  keV VMI series to improve overall image 
quality, a 190 keV VMI series to improve detec-
tion of intracranial hemorrhage and decrease 
metal artifacts or streaking artifacts in the poste-
rior fossa and finally, a brain hemorrhage algo-
rithm to differentiate between hemorrhage or 
calcium. In the case of post intra-arterial throm-
bectomy, the addition of a colored iodine map 
and virtual non-contrast (VNC) images is recom-
mended. For post-contrast studies (CTA, CTV, or 
routine post-contrast), the addition of bone- 
subtraction images and low keV (40–50  keV) 
VMI images add value to interpretation (Table 1).

Each practice must identify the scope and 
goals of implementing a DECT service in their 
practice. A careful assessment of the pros and 
cons of each approach and an understanding of 
how each might impact or compliment the cur-
rent workflow is essential to the successful inte-
gration of DECT into practice. At one of our 
institutions, a high-volume academic practice, 
the service was launched by intensive training of 
the residents and fellows on DECT concepts, 
techniques, reconstruction methods, and the use 
of the thin client. The required images were gen-
erated by the resident at the time of primary inter-
pretation and were reassessed by the attending 
radiologist during the final readout. Any addi-
tionally required images were generated at read-
out by the attending. Currently with the increase 
in familiarity with DECT, the practice has shifted 
to automated generation of the highest impact 
reconstructions based on experience and litera-
ture, so that the reconstructions are available to 
all at the time of interpretation without delays in 
workflow. The projected storage requirements 
have also been scaled to consider the increase in 
number of images per study.
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DECT Recommended
Reconstructions for Head CT

Reconstruction Type Description Function Image Example

Standard Mixed Images Single-energy equivalent First line image assessment

Iodine Overlay Images A fused set of images that
displays the distribution of
Iodine content overlayed on a
grey-scale image

• Assessment of contrast
enhancement

• Differentiating blood vs.
iodine 

Virtual Monoenergetic
Images (VMI)

Extrapolated images that
simulate tissue behavior at a
single selected energy level
(keV)

Intermediate Energy VMI (65-
70 keV):

• Improved image quality
• Reduced posterior fossa

artifacts

High Energy VMI (140-190
keV):

• Reduced artifacts
• Improved conspicuity of

hemorrhage

Low Energy VMI (40-50 keV):
• Increase tissue contrast
• Increase iodine

attenuation

190 keV Image to improve
detection of subdural
hematomas

Bone-subtracted Images Subtraction of calvarial bone
based on dual-energy
material identification and
decomposition 

• Allows for improved image
reconstruction in post
contrast studies

• May also contribute to
improved detection of
hemorrhage along the
calvarium

Virtual Non-Contrast Images
(VNC)

Subtraction of Iodine; based
on dual-energy material
identification and
decomposition 

• Complimentary to iodine
overlay images

• Differentiates hemorrhage
or calcium from iodine

VNC image of the above post-
thrombectomy case

Raw Data Raw data file or source
images used for dual-energy
reconstruction

• Allows for prospective
DECT reconstructions

Low Energy (80 kVp)Images

High Energy (Sn140 kVp)
Images

Table 1 Commonly 
utilized DECT reconstruc-
tions in clinical practice 
and their practical 
applications
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2.6  Considerations for Image 
Interpretation

When implementing a DECT service for the first 
time, there may be some apprehension from col-
leagues due to the sudden introduction of several 
unfamiliar images into routine imaging studies. It is 
essential to communicate clearly what changes will 
be taking place, which images will be included, the 
clinical value of any additions based on current lit-
erature, and how to best utilize any additional 
images. It is also normal and expected that there will 
be a learning curve at the launch of the service which 
may increase the time spent on each study. Creating 
awareness early on will help with adoption.

A systematic approach to image interpretation 
will reduce errors. It is our recommendation that 
for any study, the single-energy equivalent 
images be utilized for primary interpretation in a 
similar way to standard practice. The dual-energy 
reconstructions can then be used as a secondary 
read and for problem-solving depending on the 
specific clinical scenario.

3  Clinical Applications

3.1  Introduction to Clinical 
Applications

A number of promising clinical DECT applica-
tions have been introduced and developed in the 
past years. Selected established and proven appli-
cations have found their way into daily clinical 
routine, which include various topics such as 
emergency neuroradiology, stroke imaging, or 
applications affecting the image quality or radia-
tion dose. These may add value to already exist-
ing imaging concepts or show new CT 
applications in neuroimaging.

3.2  Differentiation Between 
Contrast Staining 
and Intracranial Hemorrhage

One of the most widely used and accepted appli-
cations of DECT in neuroradiology is the differ-

entiation of hyperdensities in a non-enhanced CT 
(NECT), which could signify both intracranial 
hemorrhage (ICH) and contrast extravasation 
(after prior administration of intravenous contrast 
agent, such as in diagnostic angiographies 
(DSA)). Zaouak et  al. (Zaouak et  al. 2020) 
reported a specificity and accuracy of up to 100% 
for the differentiation between cerebral hemor-
rhage and iodine leakage due to a disturbed 
blood–brain barrier after neurointerventional 
procedures. A large meta-analysis by Choi et al. 
(Choi et  al. 2020) published in 2020 confirmed 
the excellent diagnostic performance of DECT in 
said regard, however showing a relatively large 
risk of publication bias. In addition, said inter-
ventional application also has a direct clinical 
impact: Chen et  al. (Chen et  al. 2020) showed 
that contrast extravasation is a predictor of poor 
clinical outcomes in patients undergoing endo-
vascular therapy for acute ischemic stroke 
(Fig. 1).

Furthermore, the generation of virtual non- 
contrast (VNC) images from contrast-enhanced 
CT images (particularly CT angiographies) 
promises to be a valuable tool in order to generate 
precontrast images without the additional radia-
tion dose of acquiring a true non-contrast image. 
However, a study from Bonatti et al. from 2017 
(Bonatti et  al. 2017) showed that intracranial 
hemorrhages were somewhat less conspicuous 
on VNC images compared to true non-contrast 
images and particularly the extent of an ICH 
might be underestimated in VNC images.

An application which yet has to be scientifi-
cally evaluated but shows great potential benefit 
in contrast-enhanced DECT is the differentiation 
between hemorrhage and neoplastic contrast 
enhancing cerebral lesions (hyperdense) within a 
tumor associated (hyperdense) surrounding hem-
orrhage, as seen in Fig. 2.

3.3  Further Material and Tissue 
Differentiation

In addition to differentiating between hemor-
rhage and iodine from contrast agents, DECT 
can also differentiate between iodine and cal-
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cium containing structures in NECT (Tran et al. 
2009). This possibility leads to several clinical 
applications, among the most frequently used 
ones being the detection of (intraosseous) cal-
cium and subsequent bone removal (bone sub-
traction) in CT angiography, providing clear 

virtual rendering technique (VRT) or maximum 
intensity projection (MIP) images for an 
improved (clinical) vessel visualization (Figs. 3 
and 4). Bone subtraction with DECT can be 
used to avoid artifacts adjacent to the vessel 
from bony or calcified structures so that vascu-

a

100 [HU]
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b cStandard mixed VNC Iodine Map

Fig. 1 Dual-energy CT after mechanical thrombectomy 
in a patient with acute left-sided ischemic stroke. 
Parenchymal hyperdensities are visible in the left lenti-
form and caudate nucleus in standard mixed images (a). 
In this case, it is unclear whether these hyperdensities are 
due to hemorrhage or iodine extravasation from the previ-

ous thrombectomy. In VNC images (b), the hyperdensities 
are not visible anymore, indicating the absence of hemor-
rhage. Iodine images (c) demonstrate color coded hyper-
densities in the area of the hyperdensities seen in the 
mixed images. These findings indicate an iodine extrava-
sation without any intracranial hemorrhage

a b cNon Contrast Mixed Contrast Enhanced Iodine Map

100 [HU]

0 [HU]

15mm15mm

R

Fig. 2 (a) Non-contrast CT of the head demonstrates a 
right-sided parenchymal hyperdensity with a perifocal 
hypodense edema. This scan was interpreted as an intra-
cranial hyperdensity with a potential underlaying tumor or 
vascular malformation. (b) Contrast-enhanced scan dem-
onstrated no obvious enhancement. (c) The iodine map 

from DECT demonstrates a color coded part within the 
hyperdensity in A and B indicating a contrast enhancing 
tumor. Parts of the hyperdense lesion in A and B do not 
show iodine uptake in C, indicating hemorrhagic compo-
nents (arrows). The patient received surgery and histopa-
thology revealed an atypical teratoid rhabdoid tumor
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lar pathologies such as aneurysms or vessel ste-
noses can be nicely visualized (Zhang et  al. 
2010; Korn et  al. 2015) in particular by using 
VRT or other 3-dimensional rendering tech-
niques. The problem of a potential blooming-
associated overestimation of the grade of a 
vessel stenosis could be overcome by applying 
an improved and modified 3-material decompo-
sition algorithm for calcium removal as shown 
by Mannil et  al. (Mannil et  al. 2017). This 
approach increases the accuracy of calcified 
plaques removal and shows similar stenoses 
degrees as compared to the gold standard of 
digital subtraction angiography (DSA) images 
as reference.

Another often encountered problem in neuro-
radiology, particularly in the emergency setting, 
is the uncertainty of differentiation of hyperdense 
foci into (benign) calcifications and intracranial 
hemorrhage (Fig.  5). Wiggins et  al. showed in 
their 2019 paper that with the application of 
DECT and subsequent reconstruction of virtual 
non-calcium and calcium overlay images, the 
diagnostic accuracies can be improved substan-
tially (Wiggins et al. 2020).

By using a 3-material decomposition in DECT 
postprocessing with parameters adjusted to sup-
press the gray/white matter contrast, these recon-
structions are able to more accurately detect 
edema and the end-infarct volume as compared 

a b c

d e f

Fig. 3 Arterial phase dual-energy CT angiography with 
bone subtraction of the intracranial arteries. (a) 80 kVp 
acquisition, (b) 150 kVp acquisition, (c) mixed (weighted) 

image, (d) bone subtraction, (e) volume rendering tech-
nique (VRT) for advanced 3-dimensional visualization, 
(f) cinematic rendering reconstruction
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with the initial true non-contrast images. This 
approach might allow for a better assessment of 
the degree and extent of infarction and may fur-
ther serve to better guide stroke therapy 
(Mohammed et  al. 2018; Grams et  al. 2018; 
Taguchi et  al. 2018; Hopf-Jensen et  al. 2020) 
(Fig. 6). Other studies showed similar potential 
benefits for the detection of ischemic brain paren-
chyma also based on other DECT systems 
(Lennartz et al. 2018) or DECT reconstructions 
such as virtual monoenergetic reconstructions 
(van Ommen et al. 2021).

Furthermore, DECT has been shown to be 
beneficial for the diagnosis of ischemia in the 
posterior fossa. The latter is a region which is fre-
quently affected by artifacts due to beam harden-
ing and photon starvation. With DECT, not only 

the image quality for the edema assessment can 
be improved, but DECT also allows to reduce the 
mentioned artifacts which can be helpful to delin-
eate posterior fossa ischemia. However, sensitiv-
ity from DECT is still lower compared to MRI, 
so that MRI remains to be the preferred modality 
for lesions in this region (Hixson et al. 2016).

3.4  Image Quality, Radiation 
Dose, and Artifact Reduction

A prerequisite for the implementation of DECT 
in everyday clinical practice is an image quality 
that meets the clinical requirements while at the 
same time keeping the radiation dose as low as 
possible. Even if additional information is gained 

a b c

d e f

Fig. 4 A patient with a large acute parenchymal hemor-
rhage seen in a single-energy CT scan of the head (a). 
Virtual non-contrast (VNC) images (b) reconstructed 
from the dual-energy CT angiography confirm the pres-
ence of hemorrhagic hyperdensities. Iodine images (c) 
demonstrate a clear iodine containing anterior part of the 
lesion with a tubular structure. These findings are better 

visible in the bone removal images (d) where one can also 
see enlarged veins indicating an arterio-venous malforma-
tion (AVM). 3-D maximum intensity projection (MIP) (e) 
and volume rendering technique (VRT) (f) reconstruc-
tions from DECT allow for a better understanding of the 
complex malformation with the arterial inflow (arrow) 
and the venous outflow (arrowhead)
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from spectral imaging, it must be ensured that the 
two main aspects, image quality and radiation 
dose, correspond mostly to a standard SECT 
image acquisition. The SECT equivalent stan-
dard weighted (mixed) image reconstruction of 
the head is used for first-line image evaluation; 
hence, its quality should be prioritized so that it is 
indistinguishable from a true SECT acquisition 
and must be able to show subtle changes of the 
brain parenchyma for example, as in the case of 
an acute ischemic stroke.

Weighted average DECT images of the brain 
have been shown to yield less artifacts at lower radi-
ation doses compared to standard SECT acquisi-
tions. At a comparable dose level, the signal to noise 
ratio (SNR) has also been shown to be higher and 
the image noise has been shown to be lower in 
DECT. However, when comparing the gray matter/
white matter (GM/WM) contrast- to- noise ratio 
(CNR), SECT was superior to DECT (Dodig et al. 
2020). Nevertheless, in several studies it has been 
shown that the latter disadvantage could be com-
pensated by monoenergetic DECT reconstructions 
and CNR could even be improved compared to 
polychromatic SECT CT with the same or even 
lower radiation doses (Neuhaus et  al. 2017; 
Pomerantz et al. 2013b; Zhao et al. 2018; Kamiya 

et al. 2013). Furthermore, DECT also has potential 
image quality applications in pediatric patients. 
Weinmann et  al. showed that DECT can at least 
maintain or even improve the image quality in pedi-
atric head CT while at the same time significantly 
reduce the radiation dose (Weinman et al. 2019).

Another often encountered challenge is the 
differentiation between naturally occurring beam 
hardening artifacts close to the neurocranium and 
actual intracranial hemorrhage. Beam hardening 
occurs when a polychromatic x-ray beam passes 
through a very dense object (such as the bone in 
the calvaria), leading to preferably attenuation of 
low-energy photons and consequent artifacts, 
such as streaking artifacts. The reconstruction of 
virtual monochromatic images (at different keV 
values) allows to virtually reconstruct images 
which minimize artifacts (particularly in the pos-
terior fossa), while at the same time maintaining 
a high CNR and signal to noise ratio. Pomerantz 
et  al. showed in their work that the maximum 
CNR and SNR values were observed at 65 keV 
while posterior fossa artifacts were best reduced 
at 75 keV (Pomerantz et al. 2013a).

In addition, another clinical challenge in neu-
roradiology is beam hardening artifacts associ-
ated with surgical clips or endovascular coils 

a b c

Fig. 5 Differentiation intracranial hemorrhage versus 
calcifications by using DECT. A faint parenchymal hyper-
density in the right frontal brain which is not easy to be 
classified as hemorrhage or calcification in standard brain 
CT (a). Dual-energy can help to answer this challenging 
question by using virtual non-calcium images (b). The 

former hyperdensity is no longer visible, indicating that 
this is in fact a calcified lesion. This was confirmed by a 
previous MRI scan in the susceptibility weighted image 
(SWI) (c) from two years prior to the CT, which was not 
available at the time of the initial CT (a) evaluation by the 
radiologist
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used for the treatment of intracranial aneurysms. 
Using DECT and monoenergetic reconstructions 
(e.g., 95 keV), artifacts from surgical clips can be 
reduced relatively well, whereas artifacts from 
endovascular coils can hardly be reduced 
(Mocanu et al. 2018) (Fig. 7). In another study, it 
was shown that the usage of virtual monoener-

getic extrapolation from DECT leads to a signifi-
cant reduction of clip artifacts, especially when 
used in combination with iterative reconstruction 
methods (Winklhofer et al. 2018).

The generation of virtual monoenergetic 
images has numerous other implications for clin-
ical practice, for instance in improving the detec-

a b

c d

Fig. 6 Improved visibility of ischemic brain parenchyma 
in a patient with right-sided acute ischemic stroke after 
mechanical thrombectomy. Standard DECT mixed image 
(a) demonstrates faint hypodensities (arrows) which are 
better visible in the VNC images (b) (arrows). Quantitative 
region of interest (ROI) measurements confirm the 

improved visibility of the ischemic stroke with a higher 
difference between the HU in the ROI in the ischemic 
parenchyma versus in the healthy parenchyma in the con-
tralateral side in VNC (c) images (difference = 10 HU) 
compared to standard mixed images (d) (difference = 5 
HU)
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tion of early ischemic changes in stroke patients. 
Ståhl et  al. showed in their 2020 work (Ståhl 
et  al. 2020) that with the generation of VMI, a 
very high diagnostic accuracy regarding early 
ischemic changes in the cerebral parenchyma 
could be achieved, with the best result at 
70 keV. Karino et al. demonstrated the value of 
VMI images for the investigation of brain metas-
tasis by DECT.  They described an improved 
tumor visibility with optimal VMI (63  keV) 
which can supplement an accurate delineation of 
brain metastases (Karino et  al. 2020). Lastly, 
VMI (particularly at low keV levels) can also 
lead to superior quantitative image quality in 
carotid and intracerebral angiography (Leithner 
et al. 2018).

3.5  Other Applications of DECT 
in Emergency Neuroradiology

As of recently, DECT has also found its way into 
the acute setting of emergency radiology. It has 
been shown that there are several applications 
regarding the evaluation of intracranial hemor-
rhages. By using monoenergetic reconstructions 
from DECT, the reliability to detect traumatic 
intracranial hemorrhages can be increased com-
pared to standard 120 kV Images. Subdural and 
epidural hematomas in particular as well as con-
tusions can be better visualized in high keV 
images (190 keV) as shown by Bodanapally et al. 
(Bodanapally et al. 2019a). This can be attributed 

to the reduced beam hardening artifacts, increased 
contrast index (CI, a measure of relative promi-
nence compared to background HU) of the hema-
toma at blood–brain interface, improved spatial 
resolution, and decreased partial volume averag-
ing rendered by thin-section images.

Bodanapally et  al. showed in another paper 
from 2019 (Bodanapally et al. 2019b) that a pseu-
dohematoma after traumatic hemorrhagic contu-
sion (by means of quantifying iodine leakage in 
DECT head scans) is a reliable marker of post-
traumatic blood–brain barrier permeability, which 
in turn is predictive of subsequent neurosurgical 
management. Pseudohematoma was defined as an 
enhancing penumbra caused by iodine leakage on 
follow-up 120 kV images. In another paper by the 
same authors, it could be shown that by analyzing 
conventional 120 kV images, the size of hemor-
rhagic cerebral contusions is routinely overesti-
mated, which in turn can be corrected by using a 
190  keV image set (Bodanapally et  al. 2018). 
Furthermore, Can et  al. showed that in DECT 
scans by means of properly identifying quantifi-
cation of iodine extravasation, hematoma expan-
sion in acute cerebral hemorrhage could be 
reliably predicted (Tan et al. 2019).

If DECT is appropriately included in the clini-
cal workflow, it might not only add benefit by 
increasing the radiologist image interpretation 
confidence but also might reduce the need for 
follow-up imaging as shown in a larger study 
with 3159 emergency CT scans from all body 
regions (Wong et al. 2020).

a b c d

Fig. 7 Dual-energy CT for metal artifact reduction. 
Severe hypodense streak artifacts are seen in a patient 
after surgical aneurysm clipping in the standard 70 keV 
image (a). DECT allows to reconstruct various virtual 

monoenergetic images (VMI) with higher or lower keV 
levels. b–d demonstrate higher keV levels (90–130 keV) 
with markedly decreasing artifacts (arrows)
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4  Photon Counting

Photon-Counting Detector-Based CT (PCD-CT) 
is currently the subject of intense investigations 
and is a promising and emerging new develop-
ment in CT which is based on a high resolution, 
multi-energy imaging technique. In contrast to 
DECT where the conventional detector converts 
x-rays to light and consequently to an electrical 
signal, photon-counting detectors do not convert 
the x-ray photons to light, but directly to electri-
cal pulses. The energy of the x-ray of each pho-
ton is determined by the magnitude of the 
electrical pulse. This results in the ability to also 
register spectral information with multiple 
(more than two) energies (Rajendran and 
McCollough 2020; Willemink et  al. 2018). 
Details about the technical background of 
PCD-CT can be found in the chapters “Basic 
Principles and Clinical Applications of Photon-
Counting CT” and “Photon-Counting CT: Initial 
Clinical Experience” of this book. Several pro-
totypes of PCD-CT are currently under investi-
gation and the first commercial systems for 
clinical applications available. The major 
advantages are the increased spatial resolution 
and the potentially lower radiation dose com-
pared to conventional single-energy or current 
DECT systems (McCollough et al. 2015; Rajiah 
et  al. 2020; Zhou et  al. 2019). This ultra-high 
resolution capability enables a substantially bet-
ter delineation of fine anatomy, e.g., for the tem-
poral bones or the sinuses compared to standard 
clinical CT imaging with even a potentially 
lower radiation dose (Rajendran et  al. 2020; 
Zhou et al. 2018). A higher soft-tissue contrast 
and lower image noise for photon-counting CT 
allows for an improved gray-white matter con-
trast compared with conventional CT as shown 
by Pourmorteza et al. (Pourmorteza et al. 2017). 
Other potential applications of PCD-CT include 
advanced metal artifact reduction (Do et  al. 
2020; Sigovan et al. 2019), the differentiation of 
blood and iodine (Riederer et  al. 2019), and 
improved vascular imaging (Harvey et al. 2019) 
(Mannil et al. 2018).

5  Outlook and Conclusion

With the increasing availability and implementa-
tion of DECT systems, its future impact in clini-
cal neuroimaging will further increase. New 
DECT techniques might be available and already 
established systems will be improved.

One example is the recent revival of the dual- 
spiral technique by one of the major vendors 
which is actually the earliest and simplest way to 
obtain DECT data, in which the patient is exam-
ined using two CT spirals in quick succession. 
What initially started as the beginning of DECT 
imaging could now be optimized so that the spec-
tral examination can be performed in a dose- 
neutral fashion with high quality on single source 
DECT scanners.

New DECT or multi-energy contrast agents 
are currently under investigation as specific dis-
ease biomarkers or for local disease determina-
tion (Gutjahr et  al. 2021). Biocompatible 
high-atomic number contrast materials with a 
different biodistribution and a different x-ray 
attenuation than iodine might expand the diag-
nostic power of DECT or multi-energy CT with-
out an increase of the scan time or the radiation 
dose (Yeh et al. 2017).

Also, AI might play a role for DECT by means 
of data acquisition, data postprocessing, and data 
reconstruction. One example is the application of 
Deep Learning to improve the image quality 
while reducing the required radiation dose at the 
same time in pediatric patients (Lee et al. 2020). 
Another truly interesting aspect has been recently 
investigated: DECT information could be gener-
ated from SECT images by using Deep Learning 
approaches. This could allow to gain the benefits 
of DECT such as monoenergetic reconstructions 
or material differentiation from a non-DECT 
single- energy acquisition (Liu et  al. 2021; 
Kawahara et  al. 2021; Cong et  al. 2020). The 
results of the preliminary research indicate great 
potential; however, the approach has to be clini-
cally validated in the future, but might heavily 
influence future CT imaging with several poten-
tial applications.

S. Winklhofer et al.
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With the upcoming implementation of clinical 
photon-counting scanners, multi-energy CT 
imaging will reach a new era and as a result, these 
technical advantages may be translated into 
advantages for the patients.

Spectral imaging has developed into a power-
ful tool in neuroimaging and potential applica-
tions have been increasing over the past decade 
with many other highly interesting and promising 
projects currently under development. A growing 
number of studies are available which demon-
strate that physicians and subsequently patients 
substantially benefit from selected technical 
innovations implemented in clinical routine. A 
key driver of this adoption will be an optimiza-
tion and standardization of workflows in the 
future. To increase the utilization of spectral neu-
roimaging, vendor-neutral approaches must be 
adopted, and the ability to seamlessly view and 
process DECT images within PACS is of utmost 
importance.

Nevertheless, the implementation of these 
advantages into the daily operation of a radiology 
institute requires some effort which emphasizes 
the need for further technical improvements and 
an optimized workflow in each individual radiol-
ogy department.
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Abstract

CT is an important imaging method in the head 
and neck region and accumulating evidence 
indicates an added value of dual-energy CT 
(DECT) reconstructions in this area, especially 
for head and neck cancer. In general, DECT 
derived low keV virtual monoenergetic images 
(VMI) facilitate an increased contrast and sub-
sequently an improved delineation of tumor 
tissue and its boundaries, vessels, and lymph 

nodes. High keV VMI are an established tool 
in the metal artifact reduction arsenal and are 
beneficial in the assessment of tumorous carti-
lage invasion. Material-specific DECT recon-
structions, such as quantitative iodine maps 
might allow for a better tissue characterization 
or distinction of benign and metastatic lymph 
nodes. While VMI and iodine maps are both 
relatively well researched and already in fre-
quent clinical use, data on radiomics is com-
paratively sparse and principal application 
across different platforms is not yet given.

Overall, a multiparametric approach of 
various DECT reconstructions seems most 
promising to develop a clinically relevant 
advantage over conventional CT, allowing for 
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a more accurate imaging of head and neck 
pathologies to achieve the best possible patient 
treatment. The following chapter will provide 
an overview of the most significant applica-
tions of multiparametric DECT in head and 
neck imaging and outline challenges and 
obstacles to further deployment, as well as 
future developments.

1  Head and Neck Oncology

Head and neck cancer causes up to 300.000 can-
cer deaths each year, representing the 7th most 
common cancer in men worldwide. Squamous 
cell carcinomas account for the largest propor-
tion of head and neck cancer (Bray et al. 2018; 
Forghani 2019). Precise imaging of the head and 
neck region is essential for initial, pretreatment 
workup as well as follow-up examinations to 
allow for adequate treatment decisions. In the ini-
tial assessment of newly diagnosed head and 
neck cancer, one of the crucial points of radio-
logical imaging is to determine the extent of 
tumor growth and to assess metastatic spread, 
which both may not be detected in clinical and 
endoscopic evaluation, thus resulting in a poten-
tial upstaging (Forghani 2019). Compared to 
MRI, CT is more widely available; however, due 
to its limited soft tissue contrast, precise tumor 
delineation in CT of the head and neck reason 
may be challenging. Moreover, the head and neck 
region has a rather difficult anatomy and the 
tumors are often close to many important ana-
tomical structures - there is no other region where 
the human body is as narrow in its cross-section. 
Different DECT derived reconstructions seem a 
promising tool to mitigate this issue and facilitate 
a more accurate staging.

1.1  Delineation and Visibility 
of Tumors

Contrast enhancement and tissue asymmetry are 
among the underlying mechanisms integral to 
head and neck cancer identification in cervical 

CT examinations. Numerous studies demon-
strated the ability of DECT derived low keV vir-
tual monoenergetic images (VMI) to boost 
contrast in vascularized tumors, resulting in an 
increased signal-to-noise (SNR) and contrast-to- 
noise ratio (CNR) of tumorous tissue compared 
to conventional image reconstructions (Albrecht 
et al. 2015; Forghani 2019; Forghani et al. 2017; 
Lohöfer et al. 2018; Roele et al. 2017; Wichmann 
et al. 2014). While in general 40 keV VMI tend to 
yield highest SNR and CNR in head and neck 
cancer, image noise might simultaneously 
increase at 40  keV, depending on the applied 
denoising algorithms and technical approach to 
DECT (Forghani 2019; Große Hokamp et  al. 
2020). Beyond improved quantitative improve-
ment, low keV VMI similarly enhance subjective 
image analysis. For example, May et al. reported 
superior image quality in 40 keV VMI in com-
parison to conventional images and other VMI 
levels for a dual-source DECT system (May et al. 
2019). Albrecht et al. recommended 55 keV for 
clinical practice in patients with head and neck 
cancer (Albrecht et al. 2015). The improvement 
in detection and delineation of head and neck 
cancer by low-energy VMI in staging CT exami-
nations has been widely described in many stud-
ies. Toepker et  al. highlighted the capability of 
low keV VMI to improve the depiction of tumor 
margins, which might be especially beneficial in 
initial assessment of T-stage or for surgical resec-
tion planning (Toepker et  al. 2014). In general, 
VMI at 40–60 keV are to be favored when assess-
ing head and neck cancer with individual adjust-
ment depending on the case. While many 
retrospective studies have demonstrated the ben-
efits of various DECT reconstructions, larger- 
scale prospective, preferably cross vendor studies 
exploring the impact on patient treatment and 
disease outcome are still lacking. Figure 1 illus-
trates the increase in contrast of hyper vascular-
ized tumor areas in low keV VMI and an enhanced 
delineation in iodine overlay maps.

1.1.1  Invasion of Cartilage
Adequate assessment of potential cartilage inva-
sion is a cornerstone in the workup of patients 
with hypopharyngeal or laryngeal cancers, in 
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a b

Fig. 1 Initial imaging study of a 73-year-old male patient 
with histopathological proven squamous cell carcinoma in 
conventional image reconstruction (a) the contrast 
between the lesions and liver parenchyma is gradually 
increased with decreasing keV levels from 70 keV (b) to 

60 keV (c), 50 keV (d), down to 40 keV (e). Improved 
delineation of tumor boundaries (white arrows) can be 
appreciated in low keV VMI and iodine overlay maps 
compared to CI.  Iodine overlay maps depict areas of 
necrosis and hypervascularization (white asterisk)
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particular detection of thyroid cartilage invasion 
(Kuno et  al. 2014; Pérez-Lara and Forghani 
2018). The reason for that being that the pres-
ence/absence of cartilage invasion has a direct 
impact on treatment strategies: If cartilage inva-
sion is present, more aggressive surgical treat-
ment is needed while larynx-preserving strategies 
may be advantageous in patients without carti-
lage invasion (Kuno et  al. 2012, 2014; Roele 
et al. 2017; Sheahan 2014). Detection of cartilage 
invasion with CT is challenging, as non- ossified 
cartilage and tumor show a considerable overlap 
in HU values (Kuno et  al. 2012; Roele et  al. 
2017), rendering accurate delineation rather dif-
ficult. Furthermore, hyaline cartilage ossifies 
with age, which causes healthy laryngeal carti-
lage to differ in appearance from patient to 
patient, further complicating accurate differentia-
tion between healthy cartilage and adjacent 
tumor. In this respect, Kuno et al. reported that 
the combination of DECT derived iodine overlay 
maps and weighted-average images (which are 
similar to conventional CT images) significantly 
improved specificity of detection of cartilage 
invasion compared to weighted-average images 
only, while sensitivity did not decrease (Kuno 
et  al. 2012). Additionally, inter-observer agree-
ment increased when using the combination of 

DECT derived iodine overlay maps and weighted- 
average images (Kuno et al. 2012). Iodine over-
lay maps facilitate the depiction of iodine 
distribution in contrast enhances scans and 
thereby are likely to diminish the rate of false 
positive diagnoses for tumor infiltration in hya-
line cartilage (Kuno et  al. 2012; Zopfs et  al. 
2021). Kuno et  al. demonstrated in a follow-up 
study a higher specificity of iodine overlay maps 
and weighted-average images compared to MRI 
with similar sensitivity (Kuno et  al. 2018). 
Another promising approach to differentiate hya-
line cartilage and tumor tissue was demonstrated 
by Forghani et al.: High keV of ≥95 keV enabled 
a reliable, attenuation-based method for differen-
tiation (see Fig. 2). This is due to the relatively 
high intrinsic attenuation of hyaline cartilage, 
which is not decreased in high keV contrary to 
the attenuation of vascularized tumor tissue, in 
which enhancement largely depends on iodinated 
contrast media (Forghani et al. 2015; Roele et al. 
2017).

Given the results of these studies, implemen-
tation of low keV and high keV VMI as well as 
iodine maps in clinical routine represents a clear 
benefit over conventional single energy CT 
images in the staging of laryngeal and hypopha-
ryngeal cancer.

a b

Fig. 2 Virtual monoenergetic image (VMI) reconstruc-
tion at 50 keV (a) display a hyperattenuating tumor (black 
arrows) adjacent to the posterior part of the left thyroid 
cartilage with considerable overlap of attenuation to the 

bordering cartilage (white arrow). At 150 keV VMI (b), 
the attenuation of the tumor is reduced, while the attenua-
tion of the cartilage remains high and the delineation of 
the cartilage boundary is improved
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1.2  Lymph Node Imaging

Presence/Absence of lymph node metastases is 
an important prognostic factor in head and neck 
cancer (Axelsson et  al. 2017; Magnano et  al. 
1997). Thus, accurate imaging of metastatic cer-
vical lymph nodes is crucial to detect clinically 
not palpable lymph nodes, to evaluate the extent 
of lymph node metastases or to confirm a N0 sta-
tus in follow-up examinations. However, in daily 
radiological routine reliable delineation and 
detection of cervical lymph nodes may be diffi-
cult due to the proximity of anatomical structures 
in the neck region. Unfortunately, enlargement of 
lymph nodes is neither sensitive nor specific 
enough to facilitate an accurate classification of 
lymph nodes as malignant, as up to 20% of lymph 
nodes are reactively increased in size or are 
hyperplastic (Tawfik et  al. 2014). Therefore, 
imaging biomarkers allowing for a more precise 
assessment of ambiguous lymph nodes are highly 
desirable. In this regard, Tawfik et  al. demon-
strated that DECT derived iodine concentration 
significantly varies between healthy, inflamma-
tory, and metastatic lymph nodes (Tawfik et  al. 
2014). Similarly, Liu et al. reported differences in 
normalized iodine concentration and the slope of 
the spectral Hounsfield unit curve between 

healthy and metastatic lymph nodes in patients 
with papillary thyroid cancer (Liu et  al. 2015). 
However, while Tawfik et al. reported significant 
lower iodine concentrations in metastatic lymph 
nodes, Liu et al. contrary found an increased nor-
malized iodine concentration associated with 
malignant lymph nodes (Liu et al. 2015; Tawfik 
et al. 2014). In this context it is important to con-
sider factors influencing iodine concentration, 
such as intra- and inter-individual as well as 
inter-scanner differences (Lennartz et  al. 2021; 
Zopfs et al. 2020a, b). The current body of evi-
dence is not yet sufficient to distinguish benign 
from metastatic lymph nodes based on absolute 
iodine concentrations with high confidence 
(Fig. 3).

2  Salivary Glands

Sialolithiasis is the most frequent disease of the 
major salivary glands and CT can be helpful in 
visualizing complications or facilitate treatment 
planning, especially if conventional intraoral 
radiographs are not well assessable. While unen-
hanced CT images are preferred to depict sialoli-
thiasis, contrast-enhanced CT enables a better 
assessment of glandular parenchyma and possible 

a b

Fig. 3 Improved delineation of metastatic lymph node 
(right white arrow) and healthy appearing lymph nodes 
(left white arrow) in low keV virtual monoenergetic 

images at 40  keV (a) compared to conventional image 
reconstructions (b)
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inflammatory complications. However, focal 
spots of hyperenhancement or cross-sections of 
vessels may mimic lithiasis, thus leading to false 
positive findings (Pulickal et al. 2019; Rzymska- 
Grala et al. 2010). Regarding this matter, virtual 
non-contrast (VNC) images reconstructed from 
contrast-enhanced DECT have been reported to 
be instrumental for delineation of sialolithiasis 
(Beland et al. 2019; Pulickal et al. 2019). Beland 
et al. reported comparable accuracy in the detec-
tion of sialolithiasis between true non-contrast 
images and VNC images derived from rapid kVp 
switching DECT (Beland et al. 2019). Therefore, 
a single phase, contrast-enhanced DECT exami-
nation protocol with reconstruction of VNC 
images may allow omitting true non-contrast 
images which could lead to significant radiation 
dose reduction (Beland et al. 2019; Pulickal et al. 
2019). However, validation in studies with larger 
patient collectives and different technical 
approaches to DECT is needed prior to routine 
clinical application.

3  Inflammation

Peritonsillar abscesses represent the most fre-
quent deep infection in the head and neck region 
in adolescent patients. While clinical examination 
is most important for diagnosis, CT is the main 
imaging modality chosen to visualize the extent 
and localization of the abscess (Roele et al. 2017; 
Steyer 2002). Scholtz et  al. demonstrated an 
increased soft tissue enhancement and improved 
delineation of inflammatory changes in patients 
with peritonsillar abscesses using low- tube- 
voltage 80 kVp dual-source DECT (Scholtz et al. 
2015). Furthermore, DECT derived iodine over-
lay maps might be helpful in depicting inhomoge-
neous iodine distribution of salivary gland tissue 
in sialadenitis (Chawla et  al. 2017). Due to the 
very limited available studies regarding this topic 
and the lacking literature evidence, the clinical 
application of DECT in this field remains explor-
atory. However, an increased contrast of the hyper 
vascularized abscess rim and an improved delin-
eation of boundaries in low keV VMI and iodine 
overlay maps seem suggestive (see Fig. 4).

4  Metal Artifact Reduction

In daily routine, image quality of head and neck 
CT examinations is often severely hampered by 
artifacts arising from different forms of metallic 
hardware, especially dentures and dental 
implants. This limitation is aggravated with 
demographic change, as more and more older 
patients are undergoing CT examinations and the 
frequent presence of metallic dental hardware in 
these patients. Thus, the oral cavity and the max-
illofacial region are particularly affected by arti-
facts. Metal artifacts mainly arise for three 
reasons: (1) beam hardening artifacts, result from 
the absorption of low-energy photons of the poly-
energetic X-ray beam, (2) photon starvation, 
which are caused by the complete absorption of 
photons, and (3) scatter artifacts, which occur 
from major differences in attenuation between 
highly attenuating metallic implants and the adja-
cent soft tissue. These phenomena result in dif-
ferent kind of artifacts, i.e. hypo- and hyperdense 
areas adjacent to the metallic structure, streaking 
artifacts that can spread over the whole CT image 
and an increase in image noise (Große Hokamp 
et al. 2018; Mori et al. 2013; Roele et al. 2017; 
Zopfs et al. 2020c). Especially the combination 
of these effects can result in strong interferences, 
which may severely impair diagnostic assess-
ment. In this regard, DECT has been found an 
efficient resource to reduce metal artifacts and 
improve subjective image assessment. Especially 
virtual monoenergetic images at high energy lev-
els have proven to be an powerful tool for artifact 
reduction in various studies, irrespective of the 
technical approach to dual-energy CT (Bamberg 
et al. 2011; Cha et al. 2017; Große Hokamp et al. 
2018; Lee et  al. 2012; Morsbach et  al. 2013; 
Stolzmann et  al. 2013; Tanaka et  al. 2013) 
(Fig. 5). For example, Stolzmann et al. and Große 
Hokamp et  al. found a significant reduction of 
metal artifacts from dental implants in VMI with 
higher keV while simultaneous improving diag-
nostic assessment of the oral cavity (Große 
Hokamp et al. 2018; Stolzmann et al. 2013). The 
optimal keV level for artifact reduction was 
stated at 108 ± 17 keV and 145 ± 15 keV, respec-
tively (Große Hokamp et  al. 2018; Stolzmann 
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et al. 2013). Zhou et al. and Guggenberger et al. 
investigated the usefulness of high keV VMI to 
reduce metal artifacts arising from spinal 
implants (Guggenberger et al. 2012; Roele et al. 
2017; Zhou et al. 2011). Similar to artifacts from 
dental artifacts, both studies found VMI at around 
130 keV best suited for improving image quality 
(Guggenberger et al. 2012; Zhou et al. 2011).

Altogether, the optimal VMI level for artifact 
reduction in the head and neck region seems to 
range between 100 and 150 keV, yet individual 

adjustment is necessary depending on the spe-
cific patient, type of implant, and artifact local-
ization (Bamberg et  al. 2011; Große Hokamp 
et al. 2018; Guggenberger et al. 2012; Laukamp 
et  al. 2019; Roele et  al. 2017; Stolzmann et  al. 
2013; Tanaka et  al. 2013; Zhou et  al. 2011). 
Recent studies suggested that a combination of 
dedicated metal artifact reduction algorithms 
(MAR) and virtual monoenergetic images may 
yield an additional benefit compared to the sole 
use of one of the techniques (Große Hokamp 

a

c

b

Fig. 4 Nuchal abscess (white arrow) in conventional 
image reconstructions (a), virtual monoenergetic images 
(VMI) at 40  keV (b) and iodine overlay maps (c). The 

strong contrast enhancement of the hyper vascularized 
abscess rim is highlighted in 40 keV VMI and iodine over-
lay maps
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et  al. 2020; Guggenberger et  al. 2012; Tanaka 
et  al. 2013). Laukamp et  al. demonstrated that 
especially hyperdense artifacts can be effectively 
reduced using a combination of VMI between 

140 and 200  keV and MAR (Laukamp et  al. 
2019). However, this combined approach holds 
the risk of overcorrection and new artifacts 
(Laukamp et al. 2019; Zopfs et al. 2020c).

Fig. 5 Contrast-enhanced scan of the oral cavity in 
venous phase with significant artifacts arising from metal-
lic dental hardware. Hyper- and hypodense artifact streaks 

are reduced with higher keV virtual monoenergetic 
images (70 keV [b], 100 keV [c], 130 keV [d], 170 keV 
[e], and 200 keV [f]) compared to conventional images (a)

a b

c d
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5  Thyroid and Parathyroid 
Lesions

Thyroid nodules are a common finding in CT 
examinations of the head and neck, whereas inci-
dental thyroid cancer is rare. Their high prevalence 
and the associated cost of patient workup renders a 
reliable differentiation in CT highly desirable 
(Youserm et al. 1997). VMI and iodine maps have 
been investigated for distinguishing malignant 
from benign focal thyroid lesions in different stud-
ies (Gao et al. 2016; Lee et al. 2019; Li et al. 2012). 
Yet, the body of evidence is relatively small.

Parathyroid adenomas are the leading cause of 
primary hyperparathyroidism (Duan et  al. 2015). 
As treatment is surgical, accurate pretherapeutic 
assessment of size and location is important. 
Whereas ultrasonography of the neck and 
Technetium-99m-Sestamibi scintigraphy of the 
parathyroid comprise the most established imaging 
methods for characterization of parathyroid adeno-
mas, various comparative studies described a supe-
rior performance of multiphasic CT to evaluate 
parathyroid adenomas. Currently, CT is especially 
used if results of previous examinations are incon-
sistent, however, utilization of CT is limited due to 
the considerable radiation exposure resulting from 

a multiphasic protocol (Forghani et  al. 2016; 
Woisetschläger et al. 2020). In this regard, DECT 
derived VNC reconstructions may reduce radiation 
exposure. Leiva- Salinas et al. reported a compara-
ble diagnostic accuracy of a monophasic DECT 
protocol with reconstruction of VNC images com-
pared to a conventional biphasic protocol, resulting 
in a considerable dose reduction (Leiva-Salinas 
et  al. 2016). Forghani et  al. found an additional 
value of different DECT reconstructions in the 
detection of parathyroid adenomas, such as iodine 
concentration, SHUAC curves, and effective Z, 
which might increase diagnostic accuracy, espe-
cially in equivocal cases (Forghani et al. 2016).

6  Angiography of the Head 
and Neck

CT-Angiography of the head and neck is fre-
quently used to detect stenosed or occluded cer-
vical arteries, evaluate atherosclerotic plaques or 
vascular malformations (Anzidei et  al. 2012). 
Numerous studies demonstrated a boost of vessel 
contrast in CT-Angiographies of the head and 
neck in low keV VMI compared to conventional 
images (see Fig. 6) (Leithner et al. 2018; Martin 

e f

Fig. 5 (continued)
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a b

d e

c

Fig. 6 Sagittal reconstructions of a CT-Angiography of 
the head and neck with depiction of the common carotid 
artery and the proximal external and internal carotid artery 
in conventional images (a) and virtual monoenergetic 

images (VMI) at 70 keV (b), 60 keV (c), 50 keV (d), and 
40  keV (e). Improved subjective image quality can be 
appreciated in low keV VMI
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et al. 2017; Zopfs et al. 2018). This increase in 
iodine attenuation facilitates an improvement of 
objective image quality, such as SNR and CNR 
accompanied with a subjective superior vessel 
delineation and assessment (Riffel et  al. 2016; 
Zopfs et al. 2018). Most studies report ideal keV 
levels of 40–60 keV, varying with the technical 
approach to DECT and examination protocols 
(Albrecht et al. 2019; Leithner et al. 2018; Zopfs 
et al. 2018). Neuhaus et al. found low keV VMI 
especially useful to assess arteries nearby the 
skull base and smaller arterial branches (Neuhaus 
et al. 2018). Furthermore, VMI at 40 keV were 
found to be useful for increasing vessel contrast 
in venous phase examinations of the neck (see 
Fig. 7), reaching an image quality comparable to 
that of conventional angiographic CT scans 
(Zopfs et al. 2018). This allows for an equivalent 
assessment of incidental carotid stenosis in 
venous phase staging examinations compared to 
dedicated CT-Angiographies, thus possibly 
decreasing the number of subsequent follow-up 
examinations to evaluate the extent of carotid 
artery stenosis. While few studies reported differ-
ences in the quantification of the degree of carotid 
artery stenosis in low keV, most studies found no 
significant differences compared to conventional 
studies (Leithner et  al. 2018; Paul et  al. 2013; 
Saba et  al. 2019; Zopfs et  al. 2018). However, 
calcified plaques of the carotid arteries and bone 
frequently hamper the assessment of cervical 
arteries and the determination of stenosis grades 
as blooming artifacts may lead to an overestima-
tion of stenosis in conventional CT-Angiography. 
In this regard, different studies demonstrated a 
benefit of DECT based virtual calcium or bone 
removal (Deng et  al. 2009; Kaemmerer et  al. 
2016; Kamalian et al. 2017; Mannil et al. 2017).

7  Future Directions: 
Assessment of Therapy 
Response and Prediction 
of Recurrence

Whereas the vast majority of research has been 
focused on the assessment of newly diagnosed 
head and neck cancer so far, only a few studies 

addressed on the capability of DECT to differen-
tiate between recurrent disease and benign post-
treatment changes in patients with history of 
treated head and neck cancer undergoing follow-
 up examinations. In a study from Takumi et al., 
VMI at 40  keV and iodine concentration were 
both significantly higher in recurrent tumor com-
pared to post-therapeutic tissue (Takumi et  al. 
2020). Similarly, several other studies found the 
spectral HU curve and iodine quantification help-
ful to distinguish and benign reactive changes 
after treatment (Roele et  al. 2017; Srinivasan 
et  al. 2013; Yamauchi et  al. 2016). Thus, these 
DECT derived reconstructions might assist in the 
diagnosis of recurrent head and neck cancer and 
decrease the number of biopsies needed.

Recently, an increasing number of studies 
demonstrated that radiomics can be employed to 
generate an additional value from the wide range 
of quantitative DECT data (Agarwal et al. 2020; 
Forghani et al. 2019; Guo et al. 2020; Tomita et al. 
2020). A study from Agarwal et al. indicated that 
the radiomics parameter medium texture entropy 
is predictive of local control and laryngectomy 
free survival (Agarwal et al. 2020). Forghani et al. 
demonstrated that multi-energy texture analysis, 
i.e. on different VMI levels, allows for prediction 
of cervical lymph node metastases (Forghani 
et al. 2019). A retrospective study of Tomita et al. 
suggested that texture analysis of DECT derived 
VMI might facilitate an differentiation of benign 
and malignant thyroid nodules (Tomita et  al. 
2020). Additionally, different radiomics features 
based on absolute iodine concentration correlated 
significantly with tumor recurrence in a prelimi-
nary study from Bahig et  al. (2019). However, 
inter-individual physiological and longitudinal 
intra-individual changes of iodine concentrations 
should be taken into account before providing 
absolute cut-off values to distinguish malignant 
and benign tissue or predict outcome, especially 
in studies with rather small patient collectives 
(Lennartz et al. 2021; Zopfs et al. 2020a, b).

In general, however, most of the studies deal-
ing with the significance of radiomics analysis 
are retrospective and limited in their sample size. 
Therefore, a basic practical clinical applicability 
is not given yet.
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a b

d e

c

Fig. 7 Sagittal reconstructions of the common carotid 
artery and the proximal internal carotid artery in a venous 
phase oncologic staging examination of the head and 

neck. Low keV virtual monoenergetic images at 40 keV 
(b), 50 keV (c), 60 keV (d), and 70 keV (e) increase vessel 
contrast compared to conventional images (a)
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Abstract

Cardiac computed tomography (CT) is an 
indispensable tool for evaluating cardiovascu-
lar structures. Its widespread use has increas-
ingly gained momentum in the past decade as 
results from large-scale trials became available, 
and it steadily found its way to become the 
guidelines’ recommended first-line imaging 
test for various cardiac conditions. Spectral 
imaging capabilities in cardiac CT first became 
possible with the introduction of dual- energy 
computed tomography (DECT) scanners. 
Cardiac CT examinations obtained using dual-
energy techniques benefit from improved 
image quality, which enhances the diagnostic 
value of these scans. Additionally, DECT 
enables the generation of advanced postpro-
cessed image reconstructions that may be uti-
lized to reduce the radiation and contrast media 
doses required in patients, thus making cardiac 
CT scans safer overall. The latest emerging 
advancement in CT imaging is photon- counting 
CT (PCCT) scanning that employs state-of-the-
art photon detectors. This technology promises 
higher spatial resolution and lower image noise, 
which are critical in visualizing the small struc-
tures of the heart such as coronary arteries and 
stents. That said, the use of PCCT for cardiac 
imaging is still under investigation with very 
few research scans performed in human sub-
jects. As more validation studies are performed, 
time will tell whether PCCT is set to become 
the next frontier of cardiac CT imaging.

1  History of Cardiac Imaging

The value and potential of computed tomography 
(CT) in cardiac imaging was realized soon after 
the first cardiovascular CT scans were performed 
in the early 1980s. At that time, imaging options 
for the heart included angiography, radiography, 
early forms of magnetic resonance imaging 
(MRI), and echocardiography, the last of which 
was considered to be the reference standard. 
These cutting-edge cardiovascular CT scans were 
initially limited to diagnosing aortic dissections 
and evaluating patency of coronary artery bypass 
grafts as it was evident that they had better diag-
nostic performances for those purposes than 
echocardiography. Within the following few 
years, the use of cardiovascular CT expanded and 
found its way into clinical practice as an imaging 
modality for various cardiovascular abnormali-
ties, including the evaluation of coronary arteries, 
myocardial perfusion, ischemic cardiomyopathy, 
and intra-cardiac thrombi (Brundage and Lipton 
1982).

More so than other organ systems, cardiovas-
cular structures are particularly challenging to 
image, and therefore they are rarely, if ever, the 
first organ system to be the center of investiga-
tions by new imaging modalities and techniques. 
There are several reasons for this distinguished 
status, and the severity of the resulting limitations 
vary by modality. The most prominent challenge 
to overcome is the heart’s perpetual movement 
originating from myocardial contraction, motion 
of cardiac valves, and respiration. There are three 
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possibilities to mitigate the impact of motion on 
the quality of the resulting images. One would be 
to stop the movement of the heart, which is not 
performed in humans for obvious reasons. A sec-
ond option is to acquire images instantaneously, 
as in echocardiography. The third method is to 
synchronize acquisition of the images to the 
rhythm of the heart, as in ECG- gated CT or 
MRI.  Another challenging attribute that makes 
imaging of the heart more problematic is its posi-
tion. Being located deep within the thorax and 
protected by the rib cage, it is one of the two most 
shielded organs in the human body, along with 
the brain. This attribute limits acoustic windows 
on ultrasonography, increases image noise on CT, 
and reduces radiofrequency signal for MRI. All 
these encountered difficulties are not prominent 
when imaging other structures of the body.

An ever-increasing demand for medical diag-
nostic tools has fueled technological advances in 
the field of radiology, which in turn has greatly 
expanded utilization of non-invasive cardiac 
imaging. Today’s physicians have several 
 prominent options of imaging modalities for the 
cardiovascular system, such as CT, MRI, nuclear 
stress testing, and echocardiography; each having 
its own specific indications for appropriate use. 
This chapter will explore the use of dual-energy 
computed tomography (DECT), discuss benefits 
of multi-energy imaging, and provide an outlook 
on the future role and applications of photon- 
counting computed tomography (PCCT) in car-
diac imaging.

2  Benefits and Applications 
of Cardiac CT Imaging

Cardiac CT has come a long way since its early 
days and has grown significantly in complexity 
and clinical utility. Technical innovations have 
significantly reduced radiation doses associ-
ated with CT imaging, and safety concerns pre-
viously raised over exposure to ionizing 
radiation have dwindled. Over the past decade, 
advanced DECT scanners have gained wide-

spread popularity at many medical centers as 
the utilization of CT imaging continued to 
climb. These scanners offer high temporal res-
olution, necessary to image moving structures 
such as the myocardium and heart valves, and 
high spatial resolution, needed to differentiate 
small structures such as the coronary arteries. 
The practicality and attractiveness for the use 
of CT lies in the relative ease and speed in per-
forming examinations, making them particu-
larly useful for patients presenting to 
emergency departments.

While no single modality offers a “one-stop- 
shop” for all cardiac imaging purposes, CT has 
become the guidelines’ recommended first-line 
imaging test for various heart conditions. 
Coronary CT angiography (CCTA) is deemed a 
first-line test for stable chest pain as recom-
mended by the American College of Cardiology/
American Heart Association guideline of 2012 
and European Society of Cardiology guideline of 
2019 (Knuuti et al. 2020; Fihn et al. 2012). CCTA 
is also a first-line investigation recommended in 
patients presenting with acute chest pain, who are 
at low to intermediate risk of acute coronary syn-
drome (ACS), by a joint guideline published in 
2010 by multiple medical societies spearheaded 
by the American College of Cardiology (Taylor 
et al. 2010). This guideline also deems the use of 
cardiac CT appropriate for evaluation of systolic 
function, ventricular morphology, intra- and 
extra-cardiac structures, adult congenital heart 
diseases, as well as for preoperative assessment 
prior to various cardiac procedures. The United 
Kingdom’s National Institute for Health and Care 
Excellence guideline published in 2017 also rec-
ommends CCTA as a first-line investigation for 
all patients presenting with chest pain due to sus-
pected coronary artery disease (CAD) (Moss 
et al. 2017). Apart from being a tool to provide a 
diagnosis, cardiac CT is also used to calculate 
coronary artery calcium score and has also been 
incorporated into guidelines for risk assessment 
of cardiovascular adverse events (Grundy et  al. 
2019).
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3  Functional Applications 
for Cardiac CT

Cardiac CT imaging was predominantly used 
solely for anatomical assessment, particularly in 
evaluating the severity of CAD. Recent innova-
tions in CT technology have increased cardiac 
CT’s potential applications. One of these ven-
tures has been a cardiac functional application of 
CCTA to predict fractional flow reserve (FFR) 
by applying computational fluid dynamics. This 
can be processed and evaluated from a standard 
CCTA without the need for additional image 
acquisitions (Baumann et  al. 2021; Schwartz 
et al. 2019). Another use for cardiac CT in func-
tional assessment of the heart has been for the 
measurement of blood perfusion before and after 
myocardial stress. This technique can provide 
valuable information on the hemodynamic sig-
nificance of coronary artery stenoses (Cannaò 
et  al. 2015). In addition to detecting coronary 
plaque and indicating its burden, CCTA can also 
provide detailed characterization of plaque mor-
phology which can aid in cardiac risk assess-
ment (Nerlekar et  al. 2018; Motoyama et  al. 
2015).

4  Advantages of Spectral 
Imaging

4.1  Optimizing Image Quality

The capacity to acquire CT images at more than 
one energy level and combining data obtained 
from all energy levels enables benefits that would 
not be possible on single-energy acquisitions. 
Information from each energy level image set is 
then postprocessed to create blended CT images. 
Basic postprocessing algorithms use linear blend-
ing and are based on blending image sets with a 
specific ratio assigned to each energy level 
(Cavedon and Rudin 2015). The resulting images 
will have characteristics similar to those that 
would have been obtained at an energy level 
intermediate to those of the image sets used, 
depending on ratios assigned (Johnson et  al. 

2007). More advanced non-linear algorithms are 
better able to optimize the blending process in 
order to improve enhancement and reduce image 
noise. This is done by selectively combining low- 
and high-energy image sets with varying ratios 
for different regions of the CT dataset based on 
attenuation.

4.2  Artifact Reduction

Dual- and multi-energy imaging can assess mate-
rial differential attenuation at each energy level, 
which enables the measurement of the fractions 
of materials in each voxel. With this material- 
specific information on hand, the attenuation of 
each voxel can be extrapolated to any desired 
energy level using complex algorithms to gener-
ate virtual monoenergetic images (VMI). These 
images reduce beam hardening at higher energy 
levels, which consequently reduces high attenua-
tion artifacts such as metal artifacts from stents 
and blooming artifacts from coronary artery cal-
cification (Mangold et al. 2016a).

4.3  Reducing Contrast Media

In turn, low-energy VMI are able to substantially 
increase contrast enhancement, which is espe-
cially useful in CT scans where the contrast 
media bolus is suboptimally timed. This can 
enable a reduction in the volume and concentra-
tion of the contrast media administered while still 
achieving adequate enhancement in the lumen of 
vessels and myocardium. However, these low- 
energy VMI may suffer from an increase in image 
noise as a tradeoff for higher contrast attenuation 
(Albrecht et  al. 2019). Newer processing algo-
rithms known as VMI plus offer a solution for 
this limitation as they provide the ability to 
decompose data from each energy level. This 
serves to combine the benefits of high contrast 
enhancement on low-energy image sets with the 
low noise information on high-energy image sets, 
in contrast enhanced acquisitions (Lenga et  al. 
2017).
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4.4  Virtual Reconstructions 
to Lower Radiation Dose

With material decomposition information avail-
able through the analysis of element dependent 
attenuation on multi-energy imaging, it is possi-
ble to create material-specific color overlay maps 
of the CT dataset. These can be used to generate 
iodine maps for measuring its concentration in 
tissue, for example. It is also possible to remove 
the iodine overlay maps to generate virtual non-
contrast (VNC) images which can potentially 
eliminate the need for a true non- contrast (TNC) 
acquisition, thus reducing both scan times and 
the patients’ exposure to radiation. These VNC 
images have been shown to have excellent corre-
lation with TNC images (Yamada et  al. 2014). 
Given its higher energy discriminating capabili-
ties, the use of PCCT can provide even more dis-
crete information on spectral attenuation than 
DECT.  Theoretically, this can be utilized to 
achieve more accurate material decomposition 
(McCollough et al. 2015).

The major restricting factor in reducing radia-
tion dose in scans acquired on single- or 
 dual- energy CT is the resulting increase in image 
noise. This limitation may be ameliorated by the 
physical capabilities of PCCT which enable it to 
discriminate the low-amplitude signals causing 
electronic image noise and to exclude them by 
adjusting the low-energy threshold. Thus, the use 
of PCCT results in improved image quality and 
higher contrast-to-noise ratios (Wang et al. 2012; 
Rajagopal et  al. 2020). This capacity serves to 
increase the diagnostic quality on low-dose CT 
scans, particularly in morbidly obese patients who 
require higher radiation doses to obtain diagnostic 
quality images (den Harder et al. 2016).

5  Coronary Arteries

5.1  Improvement of Imaging 
Quality and Artifact 
Reduction

With CCTA being established as the first-line test 
in the workup of patients presenting with sus-

pected CAD, a lot of effort has been placed into 
improving and optimizing the diagnostic quality 
of its images. Using spectral imaging, the lynch-
pin of further improvements is the generation of 
VMI reconstructions. In short, information from 
multi-energy CT datasets is used to reconstruct 
approximated VMI that represent CT images as 
they would be obtained using a true monoener-
getic X-ray beam at specific tube voltages (Yu 
et al. 2011). Different studies have demonstrated 
that when using VMI, overall image quality is 
improved as compared to conventional 120 kVp 
images or polychromatic CT (Matsumoto et  al. 
2011; Pomerantz et al. 2013). Specific approaches 
in which spectral imaging, especially using VMI, 
can enhance the diagnostic value of CCTA are 
described here.

5.2  General Improvements 
of Image Quality

Inadequate CCTA image quality may be caused 
by various factors such as insufficient contrast 
density within the coronary arteries due to 
patient’s obesity, inaccurate scan timing, insuffi-
cient contrast volume or contrast extravasation. 
The resulting diagnostic limitations due to poor 
image signal-to-noise ratio (SNR) and contrast- 
to- noise ratio (CNR) may potentially necessitate 
a repeat scan with additional contrast administra-
tion and radiation exposure (Yan et  al. 2013). 
Low-energy VMI at 40 keV have been shown to 
boost iodine attenuation in suboptimal vascular 
studies, improve both objective and subjective 
image quality and obviate the need to repeat 
scans (Yu et al. 2011; Arendt et al. 2020; Grant 
et  al. 2014; Kalisz et  al. 2017). Furthermore, 
using VMI generated at 40–50  keV showed 
improved image quality, evaluability, and diag-
nostic accuracy compared to single-energy CCTA 
(Albrecht et  al. 2016; Yi et  al. 2019; Andreini 
et al. 2015). The amplification of iodine contrast 
may also be utilized in administration of smaller 
volumes of contrast media. Two studies reported 
equivalent coronary image quality in CCTA 
using only half of contrast media and amplifying 
iodine contrast using VMI at 50–60  keV 
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(Carrascosa et  al. 2015; Huang et  al. 2020). 
Mangold et al. investigated the use of DECT in 
obese patients and reported a routinely obtain-
able diagnostic image quality of CCTA (Mangold 
et al. 2016b). Ohta et al. described that coronary 
lumen in general is best assessed on 70 keV VMI, 
which showed the overall best SNC and CNR 
(Ohta et al. 2017).

5.3  Reducing Calcium Blooming 
Artifacts

Another advantage of multi-energy imaging is 
the ability to reduce calcium blooming artifacts. 
Such artifacts may potentially cause an overesti-
mation of stenosis on CCTA and possibly lead to 
unnecessary invasive coronary angiography in 
patients with suspected CAD (Yan et  al. 2013; 
Brodoefel et  al. 2008; Cademartiri et  al. 2005; 
Kruk et al. 2014; Zhang et al. 2008). Using high- 
energy VMI, earlier studies by Boll et  al. and 
Scheffel et  al. reported a reduction in calcium 
blooming artifacts and improvement in lumen 
visualization when extensive calcifications were 
present (Boll et al. 2008a; Scheffel et al. 2006). 
Several following studies showed that calcium 
blooming artifacts are significantly diminished 
on VMI generated at 80–90 keV, decreasing the 
stenotic grading and increasing luminal dimen-
sions which led to more accurate assessments of 
coronary artery stenosis (Foley et al. 2016; Kang 
et al. 2010; Scheske et al. 2013; Van Hedent et al. 
2018; Wang et al. 2011). A different approach in 
reducing calcium blooming artifacts involves 
using calcium subtraction images generated 
using spectral CT data. These have also been 
shown to improve coronary lumen visualization 
and diagnostic performance in patients with 
heavily calcified lesions (De Santis et  al. 2018; 
Yunaga et al. 2017).

5.4  Improved Visualization 
of Coronary Artery Stents

Similar to calcium blooming artifacts, high atten-
uation artifacts from metallic stents in coronary 

arteries limit diagnostic quality, particularly 
when needing to evaluate the stent lumen. This 
may restrict performing a full assessment which 
is important given that in-stent restenosis is 
reported in about 5–10% of coronary artery stents 
(Gogas et al. 2013). Again, the use of high-energy 
VMI have been shown to improve image quality 
by reducing noise and beam hardening artifacts 
(Fig. 1) (Fuchs et al. 2013; Kuchenbecker et al. 
2015; Pessis et al. 2013; Secchi et al. 2015; Yu 
et al. 2012; Zou and Silver 2009). Several groups 
have reported reliable stent imaging with 
improved in-lumen visibility using VMI gener-
ated at 80–130  keV acquired using DECT as 
compared to reconstructions from single-energy 
CT (Mangold et  al. 2016a; Boll et  al. 2008b; 
Hickethier et al. 2017; Stehli et al. 2015).

5.5  Improved Plaque Imaging

It is an established fact that different histomor-
phologic characteristics of coronary artery 
plaques have distinct prognostic implications 
(Narula et al. 2013). Using CCTA, it may be pos-
sible to identify several plaque features such as 
plaque burden, positive remodeling, napkin ring 
sign, and small spotty calcifications which have 
been associated with instability and high risk for 
ACS (Andreini et  al. 2020; Danad et  al. 2015; 
Ferencik et  al. 2018; Hoffmann et  al. 2006; 
Williams et al. 2019). Promising earlier ex vivo 
studies showed very good potential for DECT in 
further differentiation of certain plaque features. 
Barreto et al. compared 80 and 140 kVp images 
to show changes in attenuation of densely calci-
fied and fibrocalcific plaques (Barreto et  al. 
2008). The ability to discriminate between lipid- 
rich and fibrous plaques using both 80 and 140 
kVp images has been reported by Tanami et al. 
(Tanami et al. 2010). Zachrisson et al. described 
better discrimination of soft tissues occurring in 
plaques with DECT (Zachrisson et  al. 2010). 
Furthermore, Obaid et al. showed improved dif-
ferentiation of necrotic core and fibrous plaque in 
ex vivo arteries using DECT that was not, how-
ever, translated to in vivo imaging due to reduced 
image quality (Obaid et  al. 2014). A different 
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approach by Haghighi et al. showed the potential 
of DECT to investigate the composition of non- 
calcified plaques using electron density and 
effective atomic numbers (Haghighi et al. 2015). 
VMI reconstructions at varying energy levels 
may also provide increased accuracy in diagnos-
ing stenoses in regard to plaque composition. For 
example, Stehli et al. reported that 90 keV VMI 
provided the best luminal evaluation when calci-
fied and mixed plaques are present (Stehli et al. 
2016). More recent literature also reported that 
spectral CT imaging can further improve CNR 
and the differentiation of plaque components on 
CCTA, which aids in more accurate assessment 
of plaque vulnerability (Boussel et  al. 2014; 
Mandal et  al. 2018; Symons et  al. 2018a). 

However, such findings are yet to be applied in 
practice for clinical assessments.

5.6  Calcium Scoring

Using multi-energy CT data, VNC images can be 
generated from contrast enhanced CT scans by 
subtracting the component of the iodine attenua-
tion from the CT attenuation number (Fig.  2) 
(McCollough et  al. 2015). These images had 
gained a special interest since they have potential 
to reduce both radiation dose and scan time and 
to eliminate the need for pre-contrast scans of the 
heart when assessing coronary artery calcium 
(CAC) burden (Yamada et  al. 2014; Kay 2020; 

a b
Fig. 1 Curved 
multiplanar 
reconstruction (MPR) 
from (a) 120 keV 
reconstruction generated 
from DECT and (b) 
SECT. VMI 
reconstructions on 
DECT reduce image 
noise and beam 
hardening artifacts in 
imaging of coronary 
stents and improve the 
overall visibility of the 
lumen which is 
important to assess for 
in-stent restenosis
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Kim et al. 2009). Different studies showed high 
correlation between TNC and VNC images, how-
ever, all of them reported lower CAC values 
when reading VNC images, which led to a more 
limited clinical applicability (Yamada et al. 2014; 
Fuchs et  al. 2014; Schwarz et  al. 2012; Song 
et  al. 2016). A recent study by Nadjiri et  al. 
reported that VNC underestimated CAC volume 
and plaque density and that CAC scores obtained 
from VNC are approximately half of those from 
TNC images (Nadjiri et al. 2018). The results of 
these studies demonstrate that there is potential 
to reliably calculate CAC scores using VNC 
images, but further validation is required before 
they can be implemented in clinical practice.

6  Myocardial Characterization

6.1  Myocardial Fibrosis

Myocardial extracellular volume (ECV) fraction 
is increased as a result of myocardial remodeling 
and subsequent fibrosis, which are hallmarks of 
several cardiomyopathies. Conventionally, MRI 
has been used to evaluate ECV with a both true 
non-contrast and delayed contrast phase acquisi-
tions (Schoepf 2019). Given the wider availabil-
ity of CT, its shorter examination times, and the 
shortfalls of MRI in patients with metal implants, 
several groups have examined and found good 
correlation between CT and MRI derived ECV 

values (Nacif et  al. 2012, 2013; Kurita et  al. 
2016). Through material decomposition capabili-
ties of multi-energy imaging, which allow the 
differentiation of iodine attenuation at more than 
one energy level, it is possible to quantify iodine 
content and distribution and to use it as a surro-
gate marker for blood volume (Fig. 3). This has 
led to more investigations assessing ECV values 
derived from a single delayed phase DECT 
acquisition with processing of VNC images. Van 
Assen et  al. demonstrated the feasibility of this 
approach and its ability to differentiate diseased 
from healthy myocardium (van Assen et  al. 
2019a). Furthermore, Abadia et  al. quantified 
myocardial ECV using iodine maps without VNC 
or TNC images and established the cutoff values 
that may be used to identify diseased tissue. 
(Abadia et al. 2020).

6.2  Iron Overload

Myocardial iron deposition is caused by iron 
overload states such as hemochromatosis, certain 
hematologic diseases or frequent blood transfu-
sions. These form another spectrum of conditions 
for which DECT may be a fast and reliable diag-
nostic tool. Although the gold standard for diag-
nosing iron overload in organs is tissue biopsy, 
imaging with MRI has been widely utilized in 
clinical practice due to its non-invasive nature 
(Chu et  al. 2012). An early feasibility study by 

a b c

Fig. 2 (a) Contrast enhanced, (b) virtual non-contrast 
(VNC), and (c) true non-contrast (TNC) acquisitions from 
a patient with coronary artery calcifications in the 
LAD. The quality of the VNC image is comparable to that 

of TNC and the calcifications can be easily visualized 
without necessitating an additional non-enhanced CT 
acquisition
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Hazirolan et al. on cardiac DECT performed in 
thalassemia patients showed good correlation for 
HU values from the septal muscles with corre-
sponding T2* values in MRI.  Later phantom 
studies evaluating iron content in porcine cardiac 
tissue and tube phantoms also found very high 
correlations for measurements performed on 
DECT and MRI scans (Tsai et al. 2014; Ibrahim 
and Bowman 2014). Conversely, a more recent 
study by Ma et al. assessing iron overload with 
DECT and MRI in patients with histories of 
myelodysplastic syndrome or aplastic anemia 
failed to show a good correlation in myocardial 
iron content measurements. This is despite find-
ing a strong correlation in liver iron content mea-
surements obtained from both modalities (Ma 
et al. 2020).

6.3  Perfusion Imaging

Adding functional assessment of the heart in 
addition to the anatomical evaluation that is tradi-
tionally reported on every cardiac CT scan pro-
vides a more comprehensive representation of 
cardiac physiology. It can provide valuable infor-
mation on the hemodynamic relevance of coro-
nary stenosis and allow physicians to timely 

select appropriate treatments and interventions 
(Pijls et  al. 2010). There are two technical 
approaches for analyzing myocardial perfusion 
on cardiac CT using rest and stress images. The 
first and more basic approach is the static “single- 
shot” scan with image acquisition performed in a 
narrow temporal window within the early first- 
pass arterial phase. The second approach is a 
dynamic one that uses several consecutive acqui-
sitions throughout the cardiac cycle and captures 
the first pass of contrast during wash-in and 
wash-out phases which makes quantitative analy-
sis of myocardial blood flow possible.

Dynamic CT for myocardial perfusion has 
been shown to have a clear advantage over static 
CT and shows high diagnostic accuracy in detect-
ing ischemia when compared to MRI and SPECT 
(Bamberg et  al. 2014; Sørgaard et  al. 2016; 
Caruso et al. 2016). The added benefit for DECT 
over SECT in perfusion imaging is its ability to 
evaluate the distribution of blood using iodine 
maps, which more accurately reflect its content, 
rather than through the measurement of contrast 
attenuation on CT images which is utilized in 
SECT (Schoepf 2019). This is supported by the 
results of Arnoldi et. el. that examined the accu-
racy for detection of myocardial perfusion defi-
cits on SECT and DECT scans and concluded 

a b

Fig. 3 (a) An illustration of an iodine map obtained from 
a delayed contrast-enhanced DECT scan showing manu-
ally performed segmentations of the left ventricular and 
blood pool (b) Myocardial extracellular volume (ECV) 

polar map, generated by a fully automated method, show-
ing a regional elevation in ECV readings (arrows) that 
indicate myocardial scarring from cardiomyopathy
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that iodine maps from DECT showed better cor-
relation with SPECT findings in diagnosing myo-
cardial hypoperfusion (Arnoldi et  al. 2011). As 
such, iodine concentration has the potential to 
differentiate between ischemic and normal myo-
cardium (van Assen et al. 2019b).

6.4  Scar Imaging

Delayed gadolinium enhancement on CMR has 
been the go-to imaging test for evaluating myo-
cardial scaring given its higher sensitivity and 
CNR compared to delayed enhanced SECT 
(Nieman et  al. 2008). Yet, spectral imaging CT 
using VMI reconstructions can slightly improve 
the performance of CT for that use (Fig.  4). 
Sandort et al. conducted a DECT study on human 
and canine subjects to evaluate CNR values in 
infarcted myocardial tissue. They concluded that 
VMI plus reconstructions at 40  keV improved 
infarct delineation in canine subjects, with histol-
ogy as a reference standard, by up to 25% com-
pared to conventional VMI. These reconstructions 
also provided higher CNR compared to conven-
tional VMI and linearly blended images, yet their 
values did not exceed 4.2. In contrast, CNR val-
ues from delayed gadolinium enhancement on 
MRI are generally greater than 10 (Sandfort et al. 
2017). Undeterred by underwhelming results for 
a role for VMI plus in scar imaging, Ohta et al. 
evaluated the use of iodine density images against 
MRI in detecting and classifying myocardial 
scarring patients with heart failure. They reported 

that these images had a mean CNR of 9.14 with a 
sensitivity and specificity of 92% and 98%, 
respectively, in detecting the myocardial delayed 
enhancement that represents scar tissue (Ohta 
et al. 2018).

7  Cardiac Valves

Cardiac CT provides a comprehensive modality 
for non-invasive anatomical examination of the 
cardiac valves. This makes it an optimal tool for 
pre-procedural planning in patients scheduled to 
undergo transcatheter aortic valve replacement 
(TAVR). CT examinations for this purpose 
involve measurements of geometrical dimensions 
of the aortic valve, its degree of calcification and 
its distance from the coronary ostia. These values 
are necessary to appropriately select prosthesis 
model and size, which is of paramount impor-
tance in improving post-operative outcomes 
(Binder et  al. 2013; Tops et  al. 2008). Multi- 
energy imaging has been thoroughly evaluated in 
this particular patient group and its potential and 
added value in improving the CT protocols has 
been examined.

The value of noise-optimized VMI reconstruc-
tions was assessed in the prospective Spectral CT 
Assessment Prior to TAVR (SPECTACULAR) 
study which showed the feasibility of using VMI 
with administering lower contrast media doses 
while ensuring a comprehensive evaluation of 
vessel access and aortic root dimensions (Cavallo 
et  al. 2020). Reducing the risk of acute kidney 

a b c

Fig. 4 (a) Phase sensitive inversion recovery (PSIR) 
sequence on delayed enhancement MRI, (b) iodine map 
from DECT, and (c) single-photon emission computed 
tomography (SPECT). Perfusion abnormality (arrows) in 

the inferior ventricular wall is observed on all three 
modalities. The defect is illustrated as hyperenhancement 
in (a), reduction of iodine content in (b), and reduction in 
radiotracer uptake in (c)

B. Yacoub et al.



153

injury is particularly desired in TAVR candidates 
as renal dysfunction is present in about half of 
this patient group (Faggiano et  al. 2012). The 
image quality of noise-optimized VMI plus 
reconstructions was evaluated in a study by 
Martin et al. where it was compared to traditional 
VMI reconstructions as well as standard linearly 
blended images. It concluded that these advanced 
reconstructions significantly increased CNR and 
SNR over the others (Martin et al. 2017).

Given that metallic aortic valves demonstrate 
moderate to severe high attenuation artifact, 
assessment for post-procedural complications 
such as valve thrombosis or paravalvular leaks 
may become complicated on CT (Suchá et  al. 
2015). For this purpose, Schwartz et  al. con-
ducted a study on 80 patients with aortic valve 
replacement to quantify metal artifact and 
reported that high keV VMI offered up to 17.2% 
artifact reduction when compared with standard 
SECT (Schwartz et al. 2020). Finally, dual source 
CT scanners may also be operated in single- 
energy mode at low-tube-voltage acquisitions to 
safely and effectively evaluate TAVR candidates 
using a lower radiation dose (Felmly et al. 2017).

8  Cardiac Masses

Intra-cardiac masses such as lipomas, fibromas, 
myxomas, and thrombi are very rare entities 
found in less than 0.1% of autopsy studies and 
are often assessed by echocardiography as a first- 
line diagnostic modality. Not infrequently, 
another confirmatory imaging modality would be 
requested when echocardiography is inconclu-
sive due to poor acoustic windows or artifacts 
(Mankad and Herrmann 2016). CT offers a high- 
resolution volumetric evaluation of the heart and 
can explore a cardiac tumor’s relationship with 
adjacent structures such as chambers, arteries, 
valves, myocardium or epicardium. It can also 
offer a comprehensive four-dimensional anatom-
ical assessment in planning for surgical resection 
of cardiac tumors if indicated (Young et al. 2019). 
Hur et al. evaluated the diagnostic performance 
of cardiac DECT in detecting left atrial append-
age thrombi, using the findings from the gold- 

standard transesophageal echocardiography 
(TEE) as a reference, and reported each of the 
sensitivity, specificity, negative predictive value, 
and positive predicted value to exceed 95% (Hur 
et  al. 2012). As such, DECT can provide an 
excellent alternative for diagnosis given that TEE 
is often uncomfortable to patients and requires 
specialized skills to perform it and interpret its 
results. Additionally, material composition capa-
bilities of DECT are useful in differentiating 
between cardiac masses. Results from Hong et al. 
illustrate that iodine concentrations on DECT 
were significantly higher in cardiac myxomas 
compared to thrombi, while attenuation values in 
Hounsfield units showed no difference between 
the two (Hong et al. 2014).

9  Outlook Cardiac CT

9.1  Artificial Intelligence 
and Radiomics

Being in a medical specialty that is heavily reli-
ant on technology, radiologists are often among 
the pioneering physicians who openly embrace 
and incorporate new innovations into their prac-
tice. As with other sectors of industry, the rise of 
artificial intelligence (AI) promises to revolution-
ize many workplaces, including departments of 
radiology. AI has found its way into cardiac CT 
workflows and has been used for applications 
such as the automated detection of coronary 
artery calcium, measurement of myocardial per-
fusion, and measurement of CT derived FFR 
(Monti et  al. 2020; Fischer et  al. 2020; Tesche 
and Gray 2020). Besides its use in detection or 
measurement of findings, AI has also been uti-
lized for optimizing scanning protocols for indi-
vidual patient requirements and for improving 
CT image quality and reducing image noise 
(Wang et al. 2019; Sharma et al. 2020). Radiomics 
is another discipline whose potential in cardiac 
CT is also being explored. This developing field 
aims to utilize spatial and texture information 
from every voxel on a CT image for use in quan-
titative analysis in order to identify biomarkers 
that can expand diagnostic and predictive abili-
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ties based on imaging (Kolossváry et al. 2018). A 
recent study by Kolossváry et  al. demonstrated 
that cluster analysis of radiomic features of coro-
nary plaque on CCTA differentiated between 
patients with traditional cardiovascular risk fac-
tors and those with nontraditional risk factors 
such as cocaine use and HIV. This enables mor-
phologic phenotyping of CAD and provides more 
insight into the pathogenesis of CAD (Kolossváry 
et al. 2021). Such new developments hold great 
promise for use in cardiac CT and will continue 
to modernize the practice of radiology in the 
coming years and may even be the driving force 
for a new era of personalized precision medicine 
in management of cardiac disease (Schoepf and 
Emrich 2021).

9.2  Photon-Counting CT

A principal development of PCCT over DECT 
lies in its photon detector systems used. The 
advanced physical properties of detectors in 
PCCT scanners enable them to have higher dose 
efficiency and be smaller in size. This in turn 
vastly improves spatial resolution and quality of 
the resulting images when compared side-by-side 
with those obtained from DECT scans that use 
identical tube voltage, tube current, and recon-
struction parameters (Mannil et al. 2018). Thus, 
PCCT leads to overall increased diagnostic abili-
ties and confidence when assessing miniscule 
structures such as small coronary plaques or the 
distal coronary arteries.

At the time of writing of this chapter, the field 
of cardiac PCCT is still in its infancy. The num-
ber of published articles evaluating the heart 
using this novel technology remains in the single 
digits with only one article describing the use of 
PCCT for imaging of the heart human volunteers. 
Hence the information on its use in cardiac imag-
ing derives from pre-clinical phantom studies, as 
well as from extrapolating experiences with dual- 
energy spectral imaging. The major technical 
advantages for use of PCCT lie in its increased 
spatial resolution and lower noise levels leading 
to better quality images. Image noise is a restrict-

ing factor when trying to reduce radiation dose in 
CT imaging and the optimized noise properties 
of PCCT images may be the key to overcome that 
limitation. Given the physical abilities of detec-
tors in PCCT, they have to ability to significantly 
decrease spectral overlap. This in turn leads to 
improved CNR compared to DECT which further 
enhances its spectral imaging capabilities such as 
material decomposition (Sandfort et al. 2020).

First pre-clinical PCCT studies reported 
improved SNR in iodine enhanced scans that 
may translate to further reductions in the contrast 
doses necessary in CT imaging (Leng et  al. 
2017). Increased spatial resolution and multi- 
material composition bear the possibility to fur-
ther improve imaging of the coronary arteries and 
to aid in reducing calcium blooming artifacts 
(Holmes et al. 2020; Leng et al. 2018). Increased 
spatial resolution has also been shown to improve 
visualization of coronary artery stents and stent- 
lumen evaluation, which allows for non-invasive 
assessment of in-stent restenosis (Mannil et  al. 
2018; Bratke et  al. 2020; Sigovan et  al. 2019; 
Symons et al. 2018b). Another promising field of 
PCCT is the assessment of CAC score. Having a 
CAC score of zero has been described as a 
15-year warranty period against mortality in 
asymptomatic patients (Valenti et  al. 2015). 
Because of this, it is important to identify patients 
with ultra-low calcium scores and further dis-
criminate between patients with zero and near 
zero CAC scores that may still be at risk (Hsieh 
et  al. 2020; Senoner et  al. 2020). First in  vivo 
experiences by Symons et al. showed that PCCT 
can significantly improve CAC scoring and might 
even reduce radiation dose while maintaining 
diagnostic quality (Symons et  al. 2019). It was 
shown that PCCT has the potential to accurately 
quantify the mass and density of CAC lesions 
which might quickly translate into its use in clini-
cal practice, and to obsolescence of the currently 
necessary TNC cardiac CT scans (Juntunen et al. 
2020). Also, further discrimination of calcified 
lesions by their density, shape and distribution 
could enhance risk assessment models and lead 
to more personalized management plans of 
patients (Sandfort et al. 2020).
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9.3  Conclusion

Cardiac CT is a fundamental tool for imaging of the 
heart. It is the guideline-recommended first- line test 
in a variety of cardiac conditions, plays an essential 
role in planning of cardiac procedures, and is uti-
lized in cardiovascular risk stratification of patients. 
It has gradually developed from a static and purely 
anatomical image modality and is now able to pro-
vide us with functional information on the heart. 
Additionally, the rise of spectral imaging capabili-
ties in CT with dual- energy scanners has enabled 
the differentiation of materials based on atomic 
numbers, as well as the development of complex 
post-processing image reconstructions algorithms. 
These may be used to make CT a safer option for 
patients by reducing the contrast and radiation doses 
 necessary. More recent advancements in photon 
detector technologies of CT systems have led to the 
introduction of PCCT scanners that have a promis-
ing potential for cardiac imaging due to their higher 
spatial resolution and the advantages that they carry 
for improved visualization of the coronary arteries. 
The refinement of these CT systems as well as 
research on their use in human subjects is still ongo-
ing. Based on findings over the next few years, we 
may be witnessing the steady surge of PCCT to 
become the mainstream of cardiac CT imaging.
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1  Dual-Energy CT Angiography

Successful CT imaging of the vascular system 
requires contrast media injection. High vessel 
contrast is vital to obtain high diagnostic image 
quality. Besides optimized injection protocols, 
the energy level of the X-ray source has a high 
impact on the imaging results. A significant limi-
tation of CT angiography is the limited evaluabil-
ity in highly calcified plaque burden. 
Unfortunately, low photon energy levels further 
decrease the evaluability of the vessel lumen in 
precisely these patients because of increased 
blooming artifacts. Dual-energy (DE) is a prom-
ising tool to overcome this dilemma by simulta-
neously addressing image contrast and material 
decomposition. This chapter will first review the 

general technical considerations of Dual-Energy 
CT Angiography and then evaluate the respective 
clinical applications.

1.1  Image Contrast

The image quality from DE examinations is 
superior to conventional acquisitions at 120 kV 
tube voltage potential if the low and the high 
energy dataset are blended to obtain polychro-
matic images (PI). Non-linear blending tech-
niques provide the best results with the highest 
contrast to noise ratios. Modified sigmoid func-
tions provide the optimum contrast from this 
raw data (Li et  al. 2014). Ahead of blending 
techniques, extrapolating the simulated energy 
levels with virtual monoenergetic image recon-
structions (VMI) can further increase image 
contrast. The high vessel contrast from low-
energy reconstructions can achieve two primary 
goals: to improve the diagnostic performance 
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or to reduce the contrast agent dose. Also, a 
combination of both effects can be helpful, 
depending on the clinical situation and the 
intention for imaging. The lowest available 
VMI levels provide the highest vessel contrast 
(Fig.  1). Forty kiloelectron Volt (keV) is the 
value that approaches the K-edge of iodine the 
closest (Yoshida et al. 2020). Vessel reproduc-
tion in these images and contrast to noise ratio 
(CNR) is substantially superior to the PI and 
conventional Single Energy (SE) acquisitions at 
120 kVp (Murphy et  al. 2019). The objective 
vessel image quality is also superior to low tube 
voltage acquisitions, but subjective and overall 
image quality is favorable in the low kV images 
(Yoshida et al. 2020). Therefore, low tube volt-
ages could always be a good selection if DE is 
unavailable.

However, the additional flexibility to apply 
various other reconstruction types to DE data 
favors DE acquisitions over SE techniques. In 
some studies, moderately low monoenergetic 
reconstructions between 50 and 70 keV had bet-
ter subjective image quality than 40 keV despite 
lower objective image quality in CNR (Martin 
et al. 2017a). So, the implementation of very low 
(40 keV) or moderately low reconstructions (50–
70 keV) in the clinical routine setting seems more 
a matter of individual taste than evidence-based 
medicine. Early reconstruction algorithms suf-
fered from a substantial increase in image noise, 
especially in the very low VMI. The next genera-
tion, the so-called advanced monoenergetic 
reconstructions (VMI+), solved these drawbacks 
using frequency selective techniques. These 
advanced algorithms do not affect the image con-

Fig. 1 Visualization of dual-energy CT angiographies: 
maximum intensity projections (MIP) suffer from bone 
and calcified plaque superposition. Dual-energy can 
reduce the error rates of automated bone removal (aBR) 
compared to conventional techniques. Therefore, the 
required time for manual post-processing to obtain over-
view images with bone removal (BR) is also reduced. 

Very low virtual monoenergetic reconstructions (40 keV) 
provide the best vessel contrast. Improved quality of 
plaque removal techniques (PR) helps to achieve high 
diagnostic accuracies (right superficial femoral artery ste-
nosis in this case) but often require manual adaptations 
before a comprehensive demonstration in MIP or volume 
rendering techniques (VRT) is possible

M. S. May and A. Muttke



165

trast but significantly reduce the image noise. 
This effect substantially improves the CNR in the 
40 keV images (Riffel et al. 2016).

Conventional window settings from standard 
SE acquisitions are inappropriate for the ves-
sels’ very high attenuation values in these con-
trast optimized VMI, with up to far more than 
1000 HU. Some studies evaluated the subjective 
and calculated optimum window setting 
(D’Angelo et  al. 2018, 2020; Caruso et  al. 
2017). The suggested values differed between 
different vessel regions and injection protocols. 
With mean attenuation values around 1000 HU 
in the carotids, width values (W) around 1600 
HU, and level values (L) around 550 HU seemed 
most appropriate. This combination was higher 
than recommended evaluating the pulmonary 
arteries (mean attenuation around 650 HU, sug-
gested W/L = 1100/400 HU). However, two 
independent studies about the abdominal arter-
ies suggested different window levels, such as 
W/L = 1400/450 HU for a mean attenuation 
around 700 HU and W/L = 1600/700 for a mean 
attenuation of 1100 HU. This roughly copies the 
recommendations in the literature for attenua-
tion-adapted adjustments of the window settings 
for conventional acquisition techniques (Saba 
and Mallarin 2009). Thus, presets could support 
the implementation into the routine workflow 
and adapt to the local technique of contrast 
injection and timing.

The image quality of VMI reconstructions 
seems to be relatively stable to different acqui-
sition techniques. All methods to generate DE 
datasets follow a common trend, independent 
from the vendor and the scanner generation. 
Different acquisition speeds and tube power 
mainly account for potential limitations and 
differences. Time gaps between the high- and 
the low-energy exposure may induce artifacts 
based on the movement of structures, like the 
heart or the digestive tract, in the meantime. 
These artifacts are most pronounced in the very 
low VMI and can be neglected in the PI (Eichler 
et  al. 2020; May et  al. 2019a). Luckily, the 
impact on vessel evaluation is shallow in most 
regions beyond the ascending Aorta. Increased 
image noise may hamper especially the assess-

ment of smaller vessel branches in obese 
patients. Therefore, a high power capacity of 
the X-ray tube is required to obtain DE datasets 
in a large collective. This need is also essential 
to increase the radiation dose efficiency by 
reduction of the tube voltage. Savings up to 
46% at constant CNR are possible by voltage 
reduction of the main tube from 100 kV to 80 
kV in Dual Source scanners (Li et  al. 2017). 
Automated attenuation- based kV pair selection 
may be an attractive technique for future scan-
ner generations to improve the individualiza-
tion of vascular DE protocols (Renapurkar 
et  al. 2017). Another way to overcome image 
noise problems in DE angiography is the com-
bination with iterative reconstructions. The 
effects are comparable to the impact on SE data 
(Lee et al. 2016).

1.2  Contrast Agent

Generally, the lowest dose of contrast medium 
consistent with a diagnostic result for all patients 
should be favored (van der Molen et  al. 2018). 
The limit to not exceed the volume injection in 
mL above the threefold glomerular filtration rate 
may be challenging in patients with impaired 
kidney function. DE can help to provide diagnos-
tic vascular image quality, also in very low con-
trast agent dose protocols. The range of reported 
reduction rates is vast (28–75%) (Xin et al. 2015; 
Meier et al. 2016, 2017). Different study designs 
can explain this discrepancy. Rather conservative 
trials reported a simultaneously increased objec-
tive image quality. Some of the more aggressive 
studies used unequal intensities of iterative 
reconstructions to obtain similar objective image 
quality at matched radiation dose (Shuman et al. 
2017). Lowest reported total volume is 15 mL 
and the lowest total iodine dose is 6 g for imaging 
of the pulmonary arteries, and 28 mL or 9.8 g for 
the Aorta (Meier et  al. 2016, 2017; Hou et  al. 
2017; Carrascosa et  al. 2014). The authors rec-
ommend adapting the bolus dynamics in these 
protocols by diluting the contrast agent using 
dual head injectors or choosing contrast agents 
with lower iodine concentrations. The combina-
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tion of 60% contrast dose reduction and VMI at 
50–60 keV was reported to best match a 120 kV 
SE acquisition in a systematic dilution series over 
different collectives (Carrascosa et  al. 2014). 
Overall, most clinical trials outweighed the 
expectations from phantom trials (40% reduc-
tion), probably due to an additional effect of the 
systemic circulation, dilution processes, and 
bolus dynamics in  vivo. On the other side, DE 
acquisitions can help overcome these uncertain-
ties of unpredictable image contrast levels in a 
clinical collective. Individual retrospective selec-
tion of the VMI level, based on the mean attenu-
ation values, could help to standardize the image 
quality in the respective collective (Hou et  al. 
2017).

Gadolinium-containing contrast agents may 
serve as an alternative in case of contraindica-
tions for iodine-containing contrast agents. Few 
authors described this feasibility in one animal 
trial and one single translational clinical trial. PI 
with 150% and 250% gadopentetate dimeglu-
mine injection in rabbits provided a sound 
reproduction of healthy and obstructed pulmo-
nary vessels. The clinical examinations used 
single- dose injections (Zhang et  al. 2011). 
Standard reconstructions could not provide 
diagnostic image quality in the aortic system in 
this setting in humans, but VMI allowed for 
diagnostic data. Like with iodine, 40 keV has 
the highest impact on vessel contrast and is best 
suitable for patients undergoing iodine-free 
contrast-enhanced CT angiography. This result 
is astonishing regarding the K-edge of 
Gadolinium at 50.2 keV. Here, the extrapolation 
algorithm in VMI detaches the image contrast 
from the physical principles of X-ray absorption 
(Nadjiri et al. 2018).

1.3  Virtual Unenhanced

DE data also allows for material decomposition. 
This technique can separate the iodine- containing 
contrast agents from the tissues. The resulting 
images display iodine concentration quantita-
tively on one side, which is not so much in the 

scope of CT angiograms, and virtual unenhanced 
vessels and tissues on the other side. The use of 
these virtual unenhanced images to replace 
actual unenhanced images may help to reduce 
the radiation dose for the patient but is discussed 
controversially in the literature. Some authors 
reported significant differences in objective and 
subjective image quality compared to the refer-
ence (Lehti et al. 2018). Especially the very high 
iodine concentrations in the large vessels pose 
problems. The virtual unenhanced datasets con-
tain significantly increased attenuation values 
and significantly increased image noise in these 
locations (Pinho et  al. 2013). Therefore, late 
arterial or portal-venous phase images are more 
appropriate for these reconstructions in multi-
phase studies than the arteriograms (Lehti et al. 
2019). The problem is also more pronounced in 
the thoracic aorta, and pulsation artifacts may 
further hamper the evaluation. On the contrary, 
the image quality of virtual unenhanced data in 
the abdominal aorta seems suitable for a clinical 
diagnosis. So, patients prone to radiation dose 
can benefit from reduced phase acquisitions 
(Shaida et al. 2012).

1.3.1  Bones
One of MR angiography’s primary advantages 
over CT angiography is the easily obtained maxi-
mum intensity projection overview of the exam-
ined vessels. These are very useful for 
demonstrations and quick identification of the 
regions requiring intensified thin-slice workup. 
Threshold-based bone removal of SE CT data 
requires intensive manual corrections and, there-
fore, high post-processing times. Error rates of 
automated bone removal algorithms without 
manual corrections are high. Literature reports 
that up to more than 90% of the captured bones 
may be missed (Morhard et al. 2009). DE prom-
ises to overcome this problem because the mate-
rial decomposition technique can specifically 
detect calcium. Automated bone removal recon-
structions are available and tested for a variety of 
regions. All of the studies found substantially 
reduced missing rates of bone detection ranging 
from 0 to 46% (Fig.  1) (Sommer et  al. 2009; 
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Meyer et al. 2008). Most problems occur with the 
ribcage (error rate 46%) and the patella (error 
rate 25%). Also, the head and neck region remains 
challenging, with reported error rates of 12% 
(Morhard et al. 2009). Supportive metal artifact 
reconstructions before automated DE bone 
removal are beneficial in around 60% of all cases 
and should be used routinely for this region 
(Kaemmerer et al. 2016). Primary error rates for 
all other regions are below 5%. The resulting 
time effort for manual corrections is also signifi-
cantly lower than with the threshold method and 
can be consistently around 2–4 min, compared to 
4–6 min. The resulting vessel contrast from DE 
studies was simultaneously better than in the SE 
acquisitions (Schulz et  al. 2012). However, in 
severe vessel calcifications, new vessel irregular-
ities may occur from the DE bone removal algo-
rithms (Yamamoto et  al. 2009). This artifact 
should be known and respected during post- 
processing and interpretation. Higher tube volt-
ages during acquisition may reduce these artificial 
vessel erosions in Dual Source DE examinations 
of the supra-aortic arteries (Korn et  al. 2015). 
This principle especially accounts for the lower 
segments, the internal carotid artery, and the V3/4 
segments of the vertebral artery, which remains 
problematic.

1.4  Plaques

Calcified plaques pose another main difficulty of 
overview images derived from CT angiography 
compared to MR.  Automated calcified plaque 
removal by material decomposition is required to 
derive a true luminogram and avoid unevaluable 
segments. Systematic phantom trials found that 
in vessels with a diameter equal to or above 5 
mm, DE with automated plaque removal recon-
struction can provide reliable results. Vessels 
below 2  mm may be deleted entirely from the 
images in case of severe calcifications. Other 
negatively influencing factors for plaque removal 
are low iodine concentration in the lumen and 
high density of the plaques.

Interestingly, the calcium plaque thickness 
does not influence the vessel lumen visualiza-

tion (Jin et al. 2017). The overall underestima-
tion of the proper lumen area can still be up to 
50% in stenotic segments. However, these 
results are much better than those from SE eval-
uation of stenosis by calcified plaques, severely 
suffering from blooming artifacts (Li et  al. 
2020). A toxic combination of conditions with 
small vessels, poor lumen contrast, and severe 
calcifications is often present below the knee. 
Poor diagnostic results for this body region have 
been described (Meyer et  al. 2008). Notably, 
algorithms for calcified plaque removal 
improved over time, with the most recently pub-
lished diagnostic accuracy up to 96.5%. The 
increased specificity and negative predictive 
value contribute to the superiority over conven-
tional evaluation without plaque removal 
(Fig. 1) (de Santis et al. 2019). Non- significant 
differences to invasive digital subtraction angi-
ography are possible. The immediate success of 
automated plaque removal can be around 
40–75%. Still, about one-fourth of all datasets 
can suffer from insufficiently high residual cal-
cifications, limiting the overview visualization 
as maximum intensity projection. There are no 
reported negative influences of the plaque 
removal algorithms on the overall image quality 
(Mannil et al. 2017).

Another critical issue in plaque imaging is the 
influence of different VMI reconstructions. It is 
well known that lower tube voltages in SE acqui-
sitions come along with increased vessel con-
trast, but with the drawback of higher blooming 
artifacts (Grimes et  al. 2015). Low keV VMI 
from DE examinations of the carotids copied 
this effect in an evaluation with fixed window 
levels (width 850 HU, level 300 HU). The mean 
effect was as high as a 30% increase of the grade 
of diameter stenosis in 66 keV VMI compared to 
86 keV (Fig. 2) (Saba et al. 2019). Conversely, in 
an evaluation with adjustments of the window 
level according to the reader’s discretion for 
each case, no influence on the total plaque bur-
den, the vessel diameter, or the reported grade of 
stenosis was found (Bai et al. 2020). This finding 
further emphasizes the need for adjustments of 
the window level for the interpretation of VMI. A 
considerable additional effect is an improved 
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contrast in low VMI that can support the differ-
entiation of the plaque composition, such as a 
fibrous cap, large lipid core, and intraplaque 
hemorrhage. Also, it is easier to delineate non-
calcified plaque margins from the surrounding 
adipose tissue and delineate calcified plaque 
margins from the contrast agent-filled lumen at 
the same time (Reynoso et  al. 2017). 
Quantification of the plaque  composition is fea-

sible by calculation of the mean atomic number 
(Z). Low Z-values inversely correlate with the 
areas of fibro-fatty components in vulnerable 
plaques derived from virtual histology intravas-
cular ultrasound (Shinohara et  al. 2015). 
Therefore, DE provides a high convenience for 
subjective plaque evaluation in general and an 
objective quantification tool to identify patients 
at risk simultaneously (Fig. 3).

Fig. 2 Flexibility of dual-energy reconstructions: bone 
removal (BR) and plaque removal (PR) support a compre-
hensive demonstration of carotid stenosis using volume 
rendering techniques (VRT). Different energy levels of 

virtual monoenergetic reconstructions allow for reduced 
blooming artifacts (86 keV) or increased vessel contrast 
(40 keV)
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1.5  Clinical Applications

1.5.1  Pulmonary Angiography
Pulmonary angiography is performed frequently 
in the emergency setting and remains one of the 
radiology enigmas. No matter how well one pre-
pares the examination, how intense one calcu-
lates circulation times, or how much contrast one 
injects, sometimes the vessel contrast is inferior. 
Venous capacity, collateral flow, cardiac func-
tion, intravascular volume, and last but not 
least—alternating intra-thoracic pressures by 
forced respiration may influence the bolus 
dynamics in pulmonary angiograms. Abrupt 
breathing commands and well-behaved patients 
taking deep breaths can have devastating effects, 
even if the bolus is detected automatically in the 
target vessel. This failure becomes incredibly dis-
ruptive for the evaluation of the smaller vessels. 

Therefore, contrast improvements are often 
required, and retrospective options are frequently 
welcome. More than 90% of retrospectively 
selected, non-diagnostic pulmonary angiograms 
with attenuation values below 200 HU could be 
salvaged by VMI reconstructions compared to 
the PI (Ghandour et al. 2018). In particular, the 
sensitivity increases substantially from 80% to 
92% and adds to the increased diagnostic perfor-
mance. The specificity is as high as 94–97% in 
that situation (Bae et  al. 2018). Other studies 
reported the sensitivity and specificity for detect-
ing pulmonary embolism in portal-venous phase 
images as high as 90/100%. The subjectively 
selected monoenergetic level was 48.5 keV (Foti 
et  al. 2021). This approach appears to be an 
attractive bail-out strategy in oncologic staging 
patients, where incidental pulmonary embolism 
is as frequent as 4% and overlooked in about one- 

Fig. 3 Plaque imaging with dual-energy: different calci-
fied and non-calcified plaque composition areas can be 
better differentiated by increased contrast from low virtual 
monoenergetic reconstructions (40 keV) compared to the 
reference polychromatic images (PI). Simultaneously the 

contrast of the lumen stenosis and the delineation of the 
plaque from the surrounding adipose tissue are increased. 
Z-value and electron density (Rho/Z) maps allow for 
plaque quantification
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fourth of cases (Fig. 4) (Gladish et al. 2006). The 
impact of DE, mainly due to the detection of 
smaller subsegmental embolism, was indicated to 
double the detection rate (Uhrig et al. 2018). The 
best visualization of the relatively small bron-
chial arteries was found at 63 keV in pulmonary 
angiograms with bolus detection in the descend-
ing Aorta (Ma et  al. 2016a). However, also in 
regular pulmonary embolism examinations, low 
VMI seem to support the reader. The best diag-
nostic performance (>96%) was reported for 60 
keV images, while 40 keV had the highest sub-
jective diagnostic confidence (Sauter et al. 2020). 
More is probably not always better in DE, even if 
the differences were only subtle. Advanced VMI+ 
are potentially able to overcome this non-linear 
pattern by further lowering the image noise. 
Some authors found that this technique could 
lower artifacts in the pulmonary arteries, but 
structured performance evaluation compared to 
the preceding generation is missing in the litera-
ture (Meier et  al. 2015). The increased contrast 
allows for substantial contrast agent dose reduc-
tions and comes along with only a moderate 
increase of image noise. Therefore, substantial 
radiation dose reductions are also feasible with 
this advanced reconstruction technique (Petritsch 
et al. 2017). A hundred percent diagnostic accu-
racy was found for a protocol with 83% iodine 
dose reduction (5.4 g instead of 32 g) in a collec-
tive with acute or chronic renal insufficiency 

(Meyer et  al. 2018). In contrast, radiation dose 
reduction by more than 50% is possible for preg-
nant and postpartum women. The rate of images 
with limited or non-diagnostic quality was simul-
taneously reduced from 37% to 10% using DE 
(McDermott et  al. 2018). Notably, the positive 
effect on the diagnostic image quality is not lim-
ited to radiologists. The higher contrast levels of 
VMI improve the accuracy of computer-aided 
detection (CAD) algorithms, especially in insuf-
ficient contrast levels with the standard recon-
structions (Kröger et  al. 2017). In a systematic 
evaluation, between 40 and 80 keV, intermediate 
low energies of 65 keV appear to be the best 
trade-off between high sensitivity (84%) and a 
low rate of false positives (12%) (Ma et al. 2019). 
This compromise may underline the potential of 
DE images to adapt the image quality to the indi-
vidual. Future concepts certainly need to com-
bine all available technologies, from physics over 
medical history to artificial intelligence, to 
achieve the best results to support clinicians and 
improve the patients’ outcomes (Huang et  al. 
2020).

1.5.2  Carotid Angiography
Angiography of the carotid arteries is critical to 
read due to two disturbing factors: calcified 
plaques and bones. The calcifications in the 
carotid sinus and the proximal internal carotid 
artery can be vast and dense. Lumen evaluation 

Fig. 4 Enhanced iodine contrast: The bilateral pulmonary embolism in portal-venous phase staging CT could easily be 
overlooked. Low kiloelectron voltage reconstructions, 40 keV in this case, help to delineate the thrombi
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can be challenging in these cases on one side. 
However, there is strong evidence in the literature 
about the carotid plaque composition as a risk 
factor on the other side. Radiologists should 
therefore love and hate carotid plaques at the 
same time. Hypodense plaques are associated 
with embolic cerebrovascular stroke and are 
therefore considered vulnerable (Mikail et  al. 
2021). Microcalcifications are known to be asso-
ciated with plaque instability. Paradoxically, 
macrocalcifications seem to stabilize the plaque 
(Montanaro et al. 2021). CT angiography is the 
only method to assess the plaque composition 
reliably. DE has proven a good sensitivity of 
100% for detecting calcification, 89% for mixed 
plaques, and 85% for low-density fatty plaques 
correlated with histopathology (Das et al. 2009). 
Radiologists should be aware that the historically 
established threshold levels (130 HU) for assess-
ing the calcified plaque volume may be inappro-
priate in DE reconstructions (Agatston et  al. 
1990). A comparative study with unenhanced SE 
acquisitions reported that the conventional calcu-
lation methods may yield underestimations and 
that 180 HU could provide higher consistency 
(Watanabe et  al. 2011). Moreover, VMI can 
increase the intraplaque contrast and allow a bet-
ter differentiation (Fig. 3) (Reynoso et al. 2017). 
Studies, for example, found an increasing nega-
tive correlation of plaque density with the extent 
of leukoaraiosis using DE (Saba et  al. 2017). 
Some also speculated that contrast enhancement 
of these critical plaques could be assessed by DE 
as well. In general, lower energies can improve 
the objective and subjective image quality of the 
cervical, petrous and intracranial vessels com-
pared to PI. The vascular contrast increases and 
significantly improves the assessment of arteries 
close to the skull base and small arterial branches. 
The lowest energy levels provide the best results 
(Neuhaus et  al. 2018). However, the diagnostic 
performance seems to remain unaffected by VMI 
alone (Leithner et  al. 2018). Objective image 
quality comparable to the standard PI from arteri-
ally triggered examinations is even feasible in 
venous phase acquisitions. The slightly increas-
ing blooming artifacts at lower energy levels do 
not affect the grade of stenosis in the internal 

carotid artery (Zopfs et al. 2018). The advanced 
methods for bone and plaque removal addition-
ally promise to ease up the cumbersome report-
ing process in the vicinity of dense bones or 
severe vessel wall calcifications. Sensitivity and 
specificity of 100% and 92% to detect hemody-
namically relevant (>70%) stenosis can be 
achieved with combined bone and hard plaque 
removal (Fig.  2) (Uotani et  al. 2009) 
Overestimation of the grade of stenosis in maxi-
mum intensity projections of the carotid bifurca-
tion after plaque and bone removal was only 6% 
compared to digital subtraction angiography, but 
a considerable amount of pseudo-occlusions 
should be expected (Korn et al. 2011). In general, 
vessel reproduction below the skull base seems 
superior in DE bone removal techniques com-
pared to conventional image registration bone 
subtraction. However, disadvantages for the 
intra-osseous and intracranial sections were 
found (Lell et al. 2009). Stenosis grade overesti-
mation especially happens in the course of the 
internal carotid artery through the skull base and 
in the V3/4 segments of the vertebral artery. 
Hence, it remains always recommended to review 
these areas in MPR mode using the images with-
out calcium removal techniques (Buerke et  al. 
2009). Especially the ophthalmic artery was 
mentioned in the literature to be usually elimi-
nated (Lell et al. 2010).

1.5.3  Aortic Angiography
A wide variety of indications exists for CT angi-
ography of the aorta. Acute aortic syndromes and 
traumatic injuries of the aorta have a different 
scope than aneurysm evaluation, treatment plan-
ning, and surveillance. The aortic root often suf-
fers from motion artifacts in non-gated 
examinations, posing a diagnostic problem in the 
emergency setting (Qanadli et  al. 1999). ECG- 
gated DE examinations can provide motion-free 
images of the coronary arteries. The diagnostic 
image quality in a frequency-controlled collec-
tive was comparable to SE acquisitions (98.4% 
vs. 99.1% diagnostic segments), simultaneously 
increasing CNR (Kerl et al. 2011). Unfortunately, 
no study has evaluated the DE image quality of 
the aortic root in the emergency setting so far, 
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where higher and probably irregular heart rates 
are frequent. Recently, the visualization of intra-
mural hematomas of the thoracic aorta by a 
custom- made two-material decomposition algo-
rithm to obtain dark blood images provided 
appealing results. Subjective image scores were 
substantially outranging the actual non-contrast 
images for delineation of the healthy vessel wall 
as well as for hematomas (Rotzinger et al. 2020).

Trials that aimed to use DE three-material 
decomposition techniques for radiation dose 
reduction by replacing an unenhanced acquisi-
tion in patients with an acute aortic syndrome 
reported only limited success for the image qual-
ity of virtual non-contrast reconstructions (Lehti 
et al. 2018). Disturbing aspects are an increased 
image noise, incomplete iodine removal from the 
vessel lumen with higher attenuation values, 
elimination of calcifications or stent material, 
reduced overall subjective image quality, and 
motion artifacts in the aortic root.

Other authors reported the feasibility of vir-
tual unenhanced images to differentiate calcifica-
tions from endoleaks in patients after endovascular 
aortic replacement (EVAR) (Godoy et al. 2010). 
However, the indicated error rate of calcification 
subtraction in virtual unenhanced reconstructions 
in this scenario was 70% (Sommer et al. 2010). 
Luckily, the detection rate will be unaffected by 
this technique and will range from 96 to 100% if 
applied on venous or late phase acquisitions 
(Buffa et  al. 2014). Some authors recommend 
using a split bolus approach with 40% injection 
of the total volume 35 s earlier to allow contrast 
agent accumulation in the endoleak sac (Javor 
et al. 2017). The respective radiation dose reduc-
tion is around 40% compared to a biphasic proto-
col and 60% compared to a triphasic protocol. 
VMI+ reconstructions can obtain the best results 
for the sometimes subtle contrast of endoleaks at 
40 keV. This advanced reconstruction algorithm 
also has a measurable positive effect on the detec-
tion rate compared to conventional VMI and PI 
(Martin et al. 2017b). The further increase of the 
CNR can be 50–100% compared to classic VMI, 
mainly delivered by image noise reduction. The 
lowest energy levels (40/50 keV) and the rela-
tively high energy levels (100 keV) achieve the 

maximum extent of this effect. The very high 
vessel contrast in minimum energy VMI is objec-
tively also superior to SE examinations with the 
lowest tube voltages of 70 kV. However, the sub-
jective overall image quality and also the detec-
tion rate of endoleaks were slightly inferior 
(Beeres et al. 2016). A similar discrepancy was 
also reported between the highest objective 
image quality with 40 keV VMI and the highest 
subjective image quality with 60 keV VMI in the 
pre-interventional workup for transarterial valve 
replacements (TAVR). The main reason for this 
difference was the altered image noise texture 
(Martin et al. 2017a). Therefore, maximum ves-
sel contrast seems to be not the only limiting fac-
tor for evaluating the large vessels, and relatively 
moderate energy levels may be appropriate in the 
clinical setting, depending on the individual taste 
of image impression.

1.5.4  Abdominal Angiography
The caliber of the abdominal arteries is quickly 
decreasing after their point of origin in the 
abdominal aorta. The lowest energy VMI have 
the most pronounced advantages for the subjec-
tive delineation of the small abdominal branches 
(Fig. 5) (Albrecht et al. 2016a). Also, a system-
atic review of the liver arteries found the best 
results at 40 keV (Marin et  al. 2015). These 
results were only limited in obese patients, where 
image noise exceeded the diagnostically accept-
able level. The PI reconstructions did not suffer 
from this limitation. In general, DE can also help 
to reduce radiation dose and maintain high image 
quality in obese collectives compared to conven-
tional SE examinations (Liu et al. 2016). Studies 
without VMI proved a relevant impact of DE on 
the hepatic vessel representation compared to 
conventional 120 kV acquisitions. The delinea-
tion of the right gastric artery, the vessels of the 
liver segment IV, and potential extrahepatic non- 
target vessels for the workup before radioemboli-
zation is easier with PI (Altenbernd et al. 2015). 
Like for the aorta, the best objective image qual-
ity can be expected in the minimum energy VMI 
datasets, too. The CNR can be increased by fac-
tor 3 compared to PI (Albrecht et  al. 2016b). 
However, moderately decreased energy levels, 
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like 60–70 keV, provide the abdomen's best over-
all subjective vessel image quality (Gao et  al. 
2016). Especially motion artifacts from the small 
intestine can further reduce the image quality at 
40 keV (Eichler et  al. 2020). Several studies 
examined the potential of VMI to reduce contrast 
agent dose in the abdomen. Values between 15 
and 25% were reported without affecting the ves-
sel reproduction of the renal arteries and the 
splanchnic arteries (Liu et  al. 2014; He et  al. 
2015). A study about simultaneous arteriovenous 
CT angiography of the kidneys was even able to 
demonstrate a positive impact on kidney function 
in a large collective (Zhou et al. 2017). Patients 
with abnormal renal function, defined as esti-
mated glomerular filtration rate between 30 and 
90 mL/min 1.73  m2, had a significantly lower 
incidence of contrast-induced nephropathy in the 
group with the lower contrast agent concentra-
tion. No measurable difference was found for 
patients without reduced renal function before 
CT.  The image quality was comparable if the 

optimum kiloelectron voltage reconstructions are 
used (mean 53 keV). The optimum energy level 
for evaluating the tiny branches of the inferior 
epigastric artery before deep-inferior-epigastric- 
perforator (DIEP) flap transplantation was 63 
keV in another study (Gao et al. 2016). Notably, 
DE was the modality with the highest diagnostic 
detection rate of the tiny anterior spinal artery in 
abdominal angiography (82%) when compared 
to SE CT angiography (81%), MR angiography 
(75%), and invasive catheter angiography (60%) 
(Abdelbaky et al. 2019).

Abdominal vessel evaluation is also often 
required in the emergency setting. I assume it 
happens to every radiologist at least once in his 
career that he thinks about intestinal ischemia 
after the scan of a patient with an acute abdomen 
was finalized in the portal-venous phase only. In 
precisely this situation, you would give your 
kingdom for a DE exam. VMI can provide con-
trast values in the superior mesenteric artery from 
portal-venous acquisitions that can exceed the 

Fig. 5 Increased precision: virtual non-contrast (VN) 
reconstructions from dual-energy acquisitions of the 
abdomen are comparable to true non-contrast (TN) 
images. Additionally, the slight Iodine extravasation from 
a lumbar artery, in this case, is explicitly detected in the 

iodine map. The lowest virtual monoenergetic reconstruc-
tions (40 keV) and curved maximum intensity projections 
(cMIP) helped to detect and locate the bleeding and the 
feeding vessel for immediate embolization therapy 
(Angio)
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contrast values from arterial series (Hickethier 
et al. 2018). Embolic occlusions should therefore 
be fully evaluable. Care must be taken during the 
evaluation of stenosis grade by atherosclerotic 
lesions because overestimations can occur at 40 
keV.  Another emergency to trade kingdoms is 
acute bleedings, especially if an unenhanced 
examination was forgotten in the examination 
protocol. Luckily, the diagnostic performance of 
virtual non-contrast reconstructions was non- 
inferior to actual non-contrast examinations 
before contrast-enhanced acquisitions in an 
 evaluation in the acute emergency setting (Fig. 5) 
(Sun et al. 2015). Moreover, bleeding detection 
has a higher precision with VMI reconstructions 
from portal-venous examinations than with the 
respective PI (area under the curve 0.96 vs. 0.82) 
(Martin et al. 2017c).

1.5.5  Peripheral Angiography
Imaging of the peripheral arteries has to deal with 
two different challenges. First, the vessel diame-
ter in the proximal sections is often larger than 
3  mm and relatively easy to visualize. Some 
authors found 100% sensitivity and specificity 
for high-grade stenosis (>75%) in the iliac arter-
ies (Schabel et al. 2015). However, solid calcifi-
cations or stent material can lead to an 
overestimated degree of stenosis and limit diag-
nostic accuracy. A trade-off between high iodine 
contrast and blooming artifacts seems appropri-
ate for these vessels. It seems that 90 keV VMI 
are appropriate for stent lumen visualization, 
while 40 keV VMI provide the best contrast and 
100 keV VMI the most extensive in-stent lumen 
reproduction (Zhang et  al. 2020). VMI+ come 
along with slightly lower optimum energy results. 
Here, moderate energies of 70–80 keV provide 
the best in-stent lumen reproduction directly 
compared with the gold standard from invasive 
catheter digital subtraction angiography 
(Mangold et al. 2016). These VMI+ significantly 
improved the diagnostic accuracy compared to PI 
(96% vs. 89%).

Second, the small vessels in the periphery of 
the forearm and the lower leg can be challenging 
to capture on one side and difficult to evaluate on 
the other side. Image contrast plays an important 

role here. The drop in diagnostic accuracy below 
the knee was determined to be around 10% com-
pared to lesions above in PI images from DE 
acquisitions (Schabel et al. 2015). Other authors 
reported even lower accuracies for MIP-only 
evaluations with abysmal results for the pedal 
arteries. The respective accuracy drop can be as 
high as 20–30% for that region, but the results for 
bypass segments were comparable to above the 
knee (Kau et  al. 2011). Especially the rate of 
false positives increases in the lower leg 
(Brockmann et al. 2009). Therefore it was recom-
mended to use the lowest available VMI+ recon-
struction for this area, which provides increased 
diagnostic accuracy over VMI and PI (Wichmann 
et al. 2016). Some authors also claimed diagnos-
tic accuracies above 90% by this technique for 
stenosis and occlusion of the lower leg. The direct 
comparison with conventional CT was also sig-
nificantly superior (Jia et  al. 2020). The lowest 
VMI also substantially improved the evaluation 
of the very small peroneal artery perforators 
before autologous transplantation in head and 
neck surgery. Manual vessel segmentation and 
multiplanar unfolding have the potential to sup-
port this benefit further (May et  al. 2019b). A 
transfer of this fundamental principle of maxi-
mum contrast optimization for evaluating small 
peripheral arteries to other regions is possible. 
The subclavian artery branches and the arterial 
supply to the nipple-areola-complex before 
nipple- sparing mastectomy in case of breast can-
cer are just one example in the literature (Zeng 
et al. 2020).

Workflow is another crucial issue in CT angi-
ography of the peripheral arteries. The long scan 
range and the transversal physics of CT scanners 
ensure high diagnostic image quality for evaluat-
ing the vessel diameter in general. However, it is 
time-consuming to evaluate a large stack of thin- 
slice axial images. Unfortunately, the appropriate-
ness for coronal overview images is very limited, 
especially if compared with MR angiography, 
because of the superposition of bones and calci-
fied plaques. Thus, especially workflow issues 
need to be addressed in CT of the peripheral ves-
sels. Evidence exists in the literature that imple-
menting bone and plaque removal algorithms 
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based on DE acquisitions can provide coronal 
overview images with high sensitivities (94–98%, 
Fig. 1) (Klink et al. 2017). The required time for 
post-processing DE datasets seems affordable 
(1–2 min) and roughly 50% below the duration of 
conventional techniques (Brockmann et al. 2009). 
There was no relevant difference in the literature 
than for conventional MPR, MIP, curved MPR, 
and automated assessment, making it a reasonable 
method for rapid assessment and demonstration. 
However, specificity remains the Achilles' heel of 
this technique (67–75%) and can be below 50% in 
case of severe calcifications. Therefore, additional 
detailed evaluation of questionable sections in 
MPR mode is recommended in a two-part work-
flow to achieve acceptable specificities (92%) 
(Kosmala et al. 2020). Also, a direct comparison 
of two commercially available products claimed a 
strong dependence of the diagnostic accuracy 
from the vessel segmentation and bone removal 
algorithm (Kostrzewa et  al. 2016). Future soft-
ware may hopefully further improve the workflow 
and diagnostic performance.

1.5.6  Venous System
Venography often suffers from poor contrast due 
to the free diffusion of contrast agents across the 
blood–tissue barrier and low Iodine concentra-
tion in the venous backflow, especially compared 
to arteriography. So it is hardly surprising that 
some studies in the literature targeted the contrast 
improvements by low kiloelectron voltage VMI 
from DE acquisitions (Kulkarni et al. 2012). For 
example, 40–50 keV VMI provide the best CNR 
in the pelvic veins, and the diagnostic perfor-
mance and confidence for detection of deep 
venous thrombosis is best in these images 
(Tanoue et al. 2020). This advantage is of particu-
lar interest because the documented prevalence 
of isolated pelvic thrombosis, thus thrombosis 
that CT exclusively sees, is as low as 0.1–0.7% 
(Reichert et  al. 2011). The respective radiation 
dose is considerably high (5–10 mSv). Therefore, 
if performed at all, the radiation dose efficiency 
should be as high as possible. Other authors 
reported enhanced visualization for the superfi-
cial veins of the legs before coronary artery 
bypass graft surgery by VMI+ (Schmoee et  al. 

2020). Also, adrenal vein delineation, before 
catheter-based adrenal vein sampling in patients 
with primary aldosteronism, benefits from high 
CNR and subjective image quality (Nakayama 
et  al. 2020). The detection rate was 100% and 
improved compared to the 92% reported in the 
literature (Onozawa et  al. 2016). The sampling 
success rate with DE was 95% and comparable to 
the results from other studies. Contrast agent 
concentration in a portal-venous system is even 
more insufficient. Early studies found that non- 
linear blending in PI increases the rate of patients 
with visible 5th to 6th generation branches of the 
portal vein from 36% to 76% (Wang et al. 2013). 
These images were also better than VMI for a 
combined evaluation of the portal and hepatic 
veins (Wang et  al. 2014). However, low-energy 
VMI+ were recommended in deplorable contrast 
conditions, such as late phase imaging or cir-
rhotic patients, to visualize the venous systems in 
the liver (Schabel et  al. 2014). Also, it was 
reported that low VMI (50–60 keV) could help to 
reduce the contrast agent dose by 25–52% (Han 
et al. 2019; Ma et al. 2016b). In general, enhanced 
iodine contrast in the venous system can help 
obtain diagnostic image quality in conventionally 
unevaluable cases. Especially the retrospective, 
spontaneous application of contrast-enhancing 
algorithms, like VMI+, to portal venous or late 
phase datasets can direct the radiologists’ deci-
sion and increase their confidence level.
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Abstract

Various lung diseases cause structural or reflex 
changes in the lungs, resulting in changes in 
ventilation or perfusion status, which lead to 
ventilation–perfusion imbalances. Various 
imaging methods, including magnetic reso-
nance imaging (MRI), gamma camera-based 
planar scintigraphy, single-photon emission 
computed tomography (SPECT), or positron 
emission tomography (PET) have been used 

to evaluate and visualize the pulmonary perfu-
sion or ventilation status. The above methods 
have limitations of spatial resolution and pres-
ent challenges in the generation of the radio-
active tag. Multidetector computed 
tomography is the modality of choice in lung 
imaging for anatomic evaluation by providing 
excellent spatial resolution: however, it 
requires repeated CT scans for evaluating pul-
monary ventilation or perfusion, which may 
result in increased radiation exposure and 
potential misregistration of images. With the 
advance of dual-energy computed tomogra-
phy (DECT), it has become possible to pro-
vide pulmonary functional information such 
as pulmonary perfusion or ventilation map 
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and high-resolution morphologic information 
within a single CT scan. This advantage of 
DECT may facilitate the acquisition of coreg-
istered structural and functional information 
within a clinical setting’s constraints. This 
chapter will present the clinical applications 
for the assessment of pulmonary perfusion, 
ventilation, and ventilation–perfusion imbal-
ance using DECT in various lung diseases.

1  Perfusion Dual-Energy CT

1.1  Imaging Protocol

Lung perfusion or pulmonary blood volume 
(PBV) image is based on quantification of the 
enhancement in tissue and blood at certain time 
points after IV administration of contrast media 
(Gorgos et al. 2009). This image is not true perfu-
sion but reflects the regional volume of blood to 
which fresh blood is being delivered. If this fresh 
blood is equilibrated with iodine, then the 
regional iodine concentration measured by DECT 
reflects the regional PBV.  As increased blood 
flow to a region of lung may serve to dilate the 
capillary beds and recruit new capillaries, a mea-
sure of regional PBV may serve as a surrogate for 
pulmonary parenchymal perfusion.

For accurate assessment of PBV, there are sev-
eral important considerations (Hwang et  al. 
2017). First, PBV can be affected by the amount 
of breathing volume at the time of breath-hold. 
And important assumption of PBV is that an 
amount of iodine is equilibrated in the blood at 
the time of imaging and that equilibrated iodine 
concentration remains constant during the scan-
ning of the lung. In calculating PBV, it is impor-
tant to standardize the regional measurements by 
the iodine signal within the feeding pulmonary 
artery.

Lung perfusion image from DECT provides 
an iodine map of the lung microcirculation which 
represents a measurement at one time point only. 
Though this image shows only blood volume at 
certain time points, this modality provides high- 
quality morphologic and functional information 

on the pulmonary circulation from the same data 
set. Many factors influence the enhancement 
within lung microvessels: the volume and flow 
rate of the contrast media, the contrast media 
administration site, and the anatomic structures 
through which the iodinated contrast media 
courses (Thieme et  al. 2009). Another factor is 
the systemic circulation, because of its role in 
collateral supply and the numerous anastomoses 
within the pulmonary circulation.

1.2  Clinical Applications

1.2.1  Pulmonary Vascular Diseases 
(Pulmonary Embolism 
and Pulmonary Hypertension)

Pulmonary embolism (PE) is a common disease 
cardiovascular disease. The emboli, migrated 
from deep vein thrombosis of the lower limb, 
cause either total or partial blockage of the pul-
monary arteries. Because outcomes without 
proper treatment are poor, accurate and fast diag-
nosis of PE is essential. CT pulmonary angiogra-
phy (CTPA) can visualize emboli and the ancillary 
findings associated with PE.  CTPA has been 
accepted as the method of choice for imaging sus-
pected PE.  However, CTPA does not provide 
functional assessment of lung, which can be eval-
uated with ventilation/perfusion scintigraphy.

With a single scan of DECT, both the high 
spatial/temporal resolution axial image and the 
PBV map can be acquired simultaneously with 
similar radiation dose of CTPA (Fig.  1). PBV 
map can provide perfusion defects in the lung 
parenchyma for the diagnosis of acute 
PE. Perfusion defects distal to the occlusion usu-
ally have the typical wedge shape.

In acute PE, the PBV map of DECT shows 
strong correlation with pulmonary perfusion 
scintigraphy and SPECT images (Thieme et  al. 
2008, 2012a). The additional information of 
parenchymal perfusion impairment from DECT 
can improve the diagnosis of acute PE (Okada 
et al. 2015). In clinical practice, it is difficult to 
detect small thrombi in the segmental or subseg-
mental pulmonary arteries on conventional CT 
angiography. With the postprocessing of DECT 
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image, the direct color-coded differentiation of 
thrombosed vessels and contrast-filled non- 
thrombosed vessels can be assessed. The perfu-
sion impairment of PBV and the differentiation 
of thrombosed/non-thrombosed vessels map help 
detection of small endovascular thrombi (Lee 
et al. 2011) (Fig. 2).

Using the perfusion defects on PBV map, the 
severity of acute PE can be investigated. The 
visually assessed perfusion defects score from 
the PBV map showed correlation with estab-
lished CT parameters of PE severity such as RV/
LV ratio and CT angiography obstruction score 
(Chae et al. 2010a). And visual scoring system of 

DECT-based perfusion defects in patients with 
PE correlated with clinical parameters of acute 
PE severity (Thieme et al. 2012b). The quantifi-
cation assessment of perfusion defect volume of 
the PBV map was correlated with established CT 
parameters (Meinel et al. 2013a; Sakamoto et al. 
2014).

Chronic PE may show a mosaic pattern of 
lung attenuation due to redistribution of blood 
flow (Remy-Jardin et al. 2010). DECT can dif-
ferentiate ground glass attenuation of vascular 
origin with high iodine contents from ground 
glass attenuation of other origin. DECT pro-
vides virtual non-contrast (VNC) image which 

a b

c d

Fig. 1 Example of CTPA using DECT in a 71-year-old 
man with acute pulmonary embolism. (a, b) Axial and 
coronal CTPA images show large clots in both lobar and 
segmental pulmonary arteries. (c, d) Axial and coronal 

fusion images of PBV maps show wedge shape perfusion 
defects in the right middle lobe and left lingular segment 
of the left upper lobe. A large perfusion defect is also 
noted in the left lower lobe
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can detect calcification in chronic clots. In 
chronic PE, the bronchial circulation and sys-
temic circulation may be increased due to 
decreased pulmonary flow and ischemia. Two-
phase DECT can differentiate acute and chronic 
PE (Hong et al. 2013). In delayed second phase 
PBV map, lung area with systemic collateral 
circulation showed increased enhancement 
compared with arterial phase PBV map. Using 
DECT, enhancement values of pulmonary 
artery and whole lung parenchyma can be quan-
tified, and the derived central-to-peripheral 
ratio can help to detect chronic thromboem-
bolic pulmonary hypertension (Ameli-Renani 
et al. 2014).

1.2.2  Diffuse Parenchymal/Airway 
Disease

With the assessment of PBV map, pulmonary 
vascular dysfunction can be evaluated as a possi-
ble role in the etiology of smoking associated 
emphysema. In smokers with normal pulmonary 
function tests (PFTs), the smokers with centriaci-
nar emphysema on CT showed nearly double het-
erogeneity of parenchymal perfusion than 
smokers without early emphysema (Alford et al. 
2010). This increased heterogeneity of PBV can 
be reversible with a sing oral dose of 20 mg of 

sildenafil in emphysema susceptible normal 
smokers (Iyer et al. 2016). These data show that 
vascular heterogeneity of smokers is not due to a 
fixed remodeling but is the result of an active 
vasoconstriction.

In COPD, regional perfusion can be impaired 
due to loss of capillary beds from emphysema-
tous destruction or chronic inflammation and 
hypoxic vasoconstriction (Barbera et  al. 2003). 
DECT can be helpful to assess patients with 
COPD, because the severity of anatomic destruc-
tion and the change of parenchymal perfusion 
make the functional effect of the disease. The 
regional lung perfusion change on PBV map is 
matched to the parenchymal destruction and 
quantitative information of parenchymal destruc-
tion and perfusion can be provided simultane-
ously using DECT (Lee et al. 2012; Pansini et al. 
2009). Enhanced CT cannot be used for quantifi-
cation of emphysema; however, VNC image 
showed moderate correlation with PFTs (Lee 
et al. 2012). Using the automated quantified PBV 
value, pulmonary perfusion in emphysema can 
be assessed (Meinel et al. 2013b). The quantified 
PBV showed correlation with PFTs and carbon 
monoxide diffusing capacity (DLCO). The global 
PBV showed stronger correlation with DLCO than 
emphysema severity.

a b c

Fig. 2 Example of detection of small peripheral embo-
lism in a 56-year-old man with elevated d-dimer using 
DECT. (a) Axial CT pulmonary angiography shows low 
attenuated small vessels compared with other normally 
enhanced small vessels in the left upper lobe, suspicious 
of peripheral embolic clots. (b) PBV map shows a wedge- 

shaped perfusion defect distal to the small indecisive ves-
sel. (c) The color-coded CT image with the dedicated 
dual-energy software, “Lung Vessels,” shows these small 
vessels in red, representing thrombosed vessels without 
iodine
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In severe COPD patients, assessment of 
emphysema distribution and regional perfusion 
using DECT can help target lobe selection of sur-
gical or bronchoscopic lung volume reduction 
(Park et al. 2014) (Fig. 3). Most hyperinflated and 
least perfused lobe of the emphysematous lung 
on DECT was selected as the target lobe. 
Additionally, CT image can provide fissure integ-
rity of the target lobe.

In interstitial lung disease (ILD), DECT can 
be used for assessing ILD and predicting progno-
sis with assessment of texture pattern-based 
quantification and the PBV map (Moon et  al. 
2016). Perfusion and morphologic assessments 
on DECT were correlated with clinical parame-
ters such as PFTs, DLco, or 6-min walk test and 
can predict survival of ILD patients.

1.2.3  Lung Cancer
The lobar perfusion ratio on perfusion scintigra-
phy is widely used to predict postoperative forced 
expiratory volume during 1 s (FEV1) for preop-
erative risk stratification (Brunelli and Fianchini 
1997; Pierce et al. 1994). DECT with PBV map 

can be used for prediction of postoperative lung 
function in patients undergoing lung resection 
and can predict more accurately than perfusion 
scintigraphy, because DECT can do the precise 
segmentation and measurement of lobar perfu-
sion on high-resolution CT imaging and perfectly 
matched PBV maps (Chae et al. 2013) (Fig. 4).

The maximum iodine-related attenuation of 
lung cancer on DECT showed a moderate corre-
lation with the maximum standardized uptake 
value (SUVmax) on FDG-PET/CT.  Especially 
non-small cell lung cancer showed a strong cor-
relation between SUVmax and maximum iodine- 
related attenuation (Schmid-Bindert et al. 2012). 
The maximum iodine-related attenuation on 
DECT may be a useful surrogate parameter for 
assessment of therapy response in non-small cell 
lung cancer patient.

Dual-phase DECT can assess therapeutic 
effect after conservative therapy including anti- 
angiogenesis therapy for not only primary 
lesions, but also mediastinal lymph node metas-
tases in non-small cell lung cancer (Baxa et  al. 
2014, 2016). Quantification of arterial iodine 

Fig. 3 Perfusion DECT in a 66-year-old man with severe 
emphysema shows hyperinflation and decreased paren-
chymal perfusion in the left lower lobe. After lobe seg-
mentation, perfusion ratio of LLL (12%) is more 
decreased than volume ratio of LLL (22%). Considering 
the conventional CT findings and perfusion map of perfu-

sion DECT, the left lower lobe was selected for the target 
lobe of bronchoscopic lung volume reduction. 
Bronchoscopic lung volume reduction was performed 
successfully in this patient, and the percent predicted 
FEV1 was improved from 18% to 32%
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uptake can predict and assess therapeutic effect. 
In addition, ratio of early and late iodine uptake 
quantification can evaluate function of mediasti-
nal lymph node.

2  Ventilation Dual-Energy CT

2.1  Technical Aspects

2.1.1  Noble Gas Contrast Agents
For ventilation imaging with DECT, two stable 
gases, xenon and krypton are eligible as inhala-

tion contrast agents (Gur et  al. 1979; Herbert 
et al. 1982; Chae et al. 2010b; Chon et al. 1985; 
Hong et al. 2016). These are radio-opaque gases 
with high atomic numbers (54 for xenon and 36 
for krypton) that resemble the X-ray absorption 
characteristics of iodine. Their concentration in 
the airspaces of the lung including alveolar space 
can be measured based on the CT attenuation, 
and it has been shown that local xenon concentra-
tion is linearly related to CT attenuation (Gur 
et al. 1979; Murphy et al. 1989). Xenon has anes-
thetic properties and respiratory depression effect 
at a concentration of over 30–40% (Bedi et  al. 

Fig. 4 Perfusion DECT in a 56-year-old man with a cen-
tral lung mass in the left lower lobe abutting to left main 
pulmonary artery. After lobe segmentation, perfusion ratio 
of Lt. lung is 44%. Preoperative FEV1 was 2.79L (76%) 

and predicted postoperative FEV1 using perfusion DECT 
was 1.56L (43%). After 3 months from left pneumonec-
tomy, postoperative FEV1 was 1.65L (45%)

H. J. Hwang et al.



189

2002; Latchaw et  al. 1987; Tonner 2006); thus, 
the 30% concentration of xenon gas is clinically 
used in ventilation imaging. Other side effects 
included headache, somnolence nausea and vom-
iting, and physiologic effects, such as lighthead-
edness and labile emotion (Latchaw et al. 1987; 
Yonas et  al. 1981). These adverse effects are 
mostly mild and uncommon and not resulted in 
any persistent neurologic change or other 
sequelae. Stable krypton gas can be an alternative 
to xenon gas for ventilation imaging, and its 
potential usefulness as an inhalation contrast 
agent for ventilation imaging has been investi-
gated in several studies (Hong et al. 2016; Chung 
et al. 2014; Winkler et al. 1977). Krypton gas is 
less radio-opaque than xenon gas (Chon et  al. 
1985); however, it has no anesthetic properties 
like xenon gas. With improvements in spectral 
separation and detector sensitivity of scanners, 
krypton is expected to become a viable alterna-
tive to xenon gas (Chung et al. 2014).

2.1.2  Imaging Protocol
Xenon ventilation DECT can be successfully 
performed using the dual-source CT scanners 
(Somatom Definition scanner and Somatom 
Definition FLASH, Siemens Healthcare, 
Forchheim, Germany) (Chae et al. 2010b, 2008; 
Goo et al. 2008; Park et al. 2010).

Patients inhale xenon gas using the close- 
fitting face mask designed to deliver positive 
pressure ventilation treatment (Chae et al. 2010b, 
2008; Hong et al. 2016; Park et al. 2010; Hwang 
et al. 2020). As Chae et al. (2008) demonstrated, 
a xenon concentration of 30% is sufficient for an 
adequate CT attenuation, and many studies used 
the mixture of 30% xenon and 70% oxygen with 
the use of an inhalation system (Chae et  al. 
2010b, 2008; Goo et al. 2008; Park et al. 2010; 
Hwang et  al. 2020). The patient may inhale a 
high concentration (>60%) of oxygen for 2–3 min 
before inhaling xenon gas to reduce the probabil-
ity of respiratory difficulties. The inhalation 
times vary depending on imaging protocols, and 
it is recommended not to exceed 2 min, because 
most adverse effects have occurred after inhala-
tion lasting longer than 4  min (Latchaw et  al. 
1987; Winkler et al. 1977). The inhalation times 

may vary depending on study protocols; and the 
multiple breath-in method for less than 2 min has 
been used in most of the studies for patients’ 
safety and sufficient CT attenuation for visual 
and quantitative analyses (Chae et  al. 2010b; 
Park et al. 2010; Hwang et al. 2020). However, 
the multiple breath-in method might obscure the 
mild degree of ventilation abnormalities that can 
be identified on 3He MRI with the single breath-
 in method. In recent years, xenon ventilation 
DECT using a single vital capacity inhalation of 
35% xenon gas also has been tried (Honda et al. 
2012; Kyoyama et al. 2017). Monitoring of respi-
ratory rate, oxygen saturation, and blood pressure 
of patients, and xenon concentrations within 
inhaled and exhaled gas and carbon dioxide con-
centrations within exhaled gas are recommended 
throughout the study.

Ventilation DECT scanning with either single 
static or dynamic acquisition protocols is avail-
able depending on the purpose of the ventilation 
imaging. The single static scan is usually per-
formed with multiple breath-in method, and CT 
image acquisition is usually performed with full 
lung coverage at the end of the wash-in period, 
and an additional CT scan with full lung coverage 
may be performed at the end of the wash-out 
period. This method can fully answer whether a 
region of the lung is or is not being ventilated, 
although the minor regional ventilation heteroge-
neity may be obscured. The dynamic scan of ven-
tilation DECT during wash-in and wash-out of 
xenon gas may provide more detailed information 
of regional ventilation, reflecting real ventilation, 
as pathologies of various airway diseases affect 
the outflow of the air, as well as the inflow of the 
air. However, additional radiation exposure is 
required in this protocol. In a dynamic acquisition 
protocol, CT images are usually obtained every 
18–30 s during both the wash-in and wash- out 
period with limited or targeted coverage, and sin-
gle CT scans that covered the whole thorax are 
performed at the end of the wash-in and washout 
periods. Chae et al. (Chae et al. 2008) performed 
a dynamic examination using xenon ventilation 
DECT in the limited area of the lung and analyzed 
the DECT data with a single-compartment model 
based on the Kety model, which assumes that the 
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xenon wash-in rate is equal to the xenon wash-out 
rate. This study showed the diseased lung areas 
showed the different dynamics of wash-out as 
well as wash-in xenon curves compared with the 
normal lung areas, showing an irregular delayed 
and redistributed pattern. As the different ventila-
tion dynamics can be assessed depending upon 
the scanning protocols, it is crucial to determine 
the physiologic question to be evaluated in imple-
menting a DECT imaging protocol using xenon or 
krypton gases. The appropriate protocols to assess 
regional ventilation change remain an important 
topic for further investigation.

2.1.3  Postprocessing
The image reconstruction system provides low- 
and high-kVp images and weighted average 
images from the acquired data from both detec-
tors. The weighted average images integrate both 
low- and high-kVp data in a certain proportion 
for diagnostic and morphologic assessment, and 
the proportion of data from both acquisitions can 
be adjusted using dedicated postprocessing soft-
ware. Usually, 30% image information from 
80-kVp series and 70% from 140-kVp series are 
used to get an average weighted series corre-
sponding to a 120-kVp image, and 50% for each 
140- and 100-kVp images.

For the generation of ventilation maps, the 
dedicated dual-energy postprocessing software 
(Syngo Dual-Energy software; Siemens 
Healthcare) analyzes the density values in the 
corresponding low- and high-kVp separate series 
using a three-material decomposition algorithm 
for air, soft tissue, and xenon. By which, xenon 
can be differentiated from other materials in the 
lung such as air and soft tissue, and the distribu-
tion of xenon within lung parenchyma is dis-
played with color-coded map. The preset material 
parameters for xenon extraction are set to −1000 
HU for air at both photon energies, 60/56 HU at 
80/100 kVp and 54/52 HU at 140/Sn140 kVp for 
soft tissue, minimum value, −960 HU; and maxi-
mum value, −600 HU, a slope of 2.00 for 140/80 
kVp or 2.18 for 100/Sn140 kVp. These parame-
ters are based on the empirical observation of 
dual-energy scans.

2.2  Clinical Applications

2.2.1  Chronic Obstructive Pulmonary 
Disease

Chronic Obstructive Pulmonary Disease (COPD) 
is characterized by airflow limitation that is 
caused by airway obstruction due to persistent 
inflammation and emphysematous alveolar 
destruction (Hogg et al. 2004; Mead et al. 1967). 
The diagnosis of COPD is based on clinical symp-
toms and the results of pulmonary function test 
(PFT), and the severity of COPD is also graded on 
the basis of the results of PFT.  Although obvi-
ously useful, PFT provides a global measure of 
lung function inferred from primary structural 
and functional alterations in the lung and does not 
demonstrate the regional distribution of structural 
and functional abnormalities. Conventional CT 
scan is also widely used in COPD patients to 
assess the regional distribution of low attenuation 
areas, but when assessed as a single full inspira-
tory scan, it is limited because it provides only 
structural information of the lung parenchyma 
and airways. With the introduction of a dual- 
energy CT technique, which can provide high- 
resolution anatomic information and functional 
information such as parenchymal ventilation, 
concurrently, many investigators have tried to 
evaluate pulmonary ventilation in COPD patients 
as well as structural changes using DECT (Fig. 5).

Chae et al. reported the first clinical study with 
xenon ventilation imaging using DECT in four 
patients with lung disease including COPD and 
eight healthy volunteers (Chae et al. 2008). The 
study has reported the heterogeneous xenon 
enhancement of the lung parenchyma in a patient 
with COPD.  Park et  al. performed two-phase 
(wash-in and wash-out phase) xenon ventilation 
imaging with DECT in 32 COPD patients. This 
study has shown that regionally quantified value 
of xenon enhancement in low attenuating lung 
areas on wash-in and wash-out phases showed 
inverse correlation with PFT results, and the 
xenon value of low attenuating lung areas on 
wash-out phase (suggesting abnormal xenon 
retention in a diseased lung) showed a better cor-
relation with FEV1 than CT density based quanti-
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fication of emphysema severity (Park et al. 2010). 
The authors categorized the lung ventilation 
abnormalities on two-phase xenon imaging into 
four patterns. Visual analysis showed the areas 
with emphysema exhibited iso-attenuation or 
high attenuation in both wash-in and the wash- 
out phase, while the areas with predominant air-
way disease showed low attenuation during the 
wash-in period and various attenuation during the 
wash-out period. Thus, this categorization corre-
lated well with conventional CT imaging findings 
for the components of COPD. Lee et al. also per-
formed two-phase (wash-in inspiration CT and 
wash-out expiration CT) xenon ventilation DECT 
in 52 COPD patients (Lee et  al. 2017a). The 
authors compared between the xenon dynamic of 
wash-in and wash-out phase xenon ventilation 

CTs and the parenchymal attenuation changes 
between inspiration/expiration CTs.

Hachulla et  al. have performed ventilation 
DECT imaging using krypton gas in COPD 
patients. The maximum level of krypton enhance-
ment in the lung parenchyma was 18.5 HU. This 
value is lower than that reported with xenon gas, 
with an average maximum degree of xenon 
enhancement of 23.78 HU; however, it is suffi-
cient to visualize ventilation abnormalities, with 
significant differences of krypton attenuation 
between the normal and emphysematous lungs 
(Hachulla et al. 2012).

2.2.2  Asthma
Asthma is characterized by a reversible airway 
obstructive disease with increased airway hyper-

a b

c d

Fig. 5 Xenon ventilation DECTs in a patient with COPD 
in 66-year-old male with mild emphysema (a, b) and 
58-year-old male with moderate to severe emphysema (c, 
d). (a) Xenon ventilation DECT shows mild centrilobular 
emphysema on axial VNC image and (b) homogeneous 
xenon enhancement throughout both upper lobes but 

slightly decreased xenon enhancement at the periphery on 
xenon ventilation map. (c) Axial VNC image shows severe 
emphysema with diffuse bronchial wall thickening in both 
lungs. (d) On the xenon ventilation map, multifocal areas 
with decreased xenon enhancement are identified in both 
lungs
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responsiveness and chronic airway inflammation 
(ATS Board of Directors 1987). The clinical 
diagnosis of bronchial asthma is mainly based on 
clinical symptoms and pulmonary function test 
results. Conventional CT imaging can show the 
parenchymal changes including bronchial wall 
thickening, varying degrees of air trapping, and 
airway mucus (Lee et al. 2004; Svenningsen et al. 
2019), however, clinically, CT has been mainly 
used to evaluate the complications and associated 
conditions in patients with asthma.

In the study by Chae et al., xenon ventilation 
imaging with DECT has shown the ventilation 
defects in the mid to lower lung peripheary, usu-
ally pleural based, frequently wedge-shaped, and 
varied in size from tiny to segment in asthma 
patients (Chae et  al. 2010b). The configuration 
and location of the ventilation defects on xenon 
ventilation DECT were similar to the description 
of ventilation defects on 3He-MR studies (Altes 
et al. 2001; de Lange et al. 2006). In this study, 
ventilation defect scores are also correlated with 
PFT results, including FEV1/forced vital capac-
ity (FVC), total lung capacity, functional residual 
volume, and residual volume. Xenon ventilation 
DECT can also provide the changes in airflow 
dynamic in response to inhalation drugs such as 
methacholine or salbutamol in asthma patients. 
In several studies, xenon ventilation DECT has 
demonstrated the changes in xenon ventilation 
map, including compensatory hyperventilation 
which occurred adjacent to the ventilation defects 
after methacholine inhalation and improved 
regional ventilation defects after inhalation of 
bronchodilator in asthma patients (Goo and Yu 
2011; Kim et al. 2012). Also, in the study by Jung 
et al., the authors evaluated the change in airflow 
dynamics after inhalation of methacholine and 
salbutamol in 43 non-smoking asthmatics (Jung 
et al. 2013). This study showed that xenon trap-
pings in the wash-out phase after salbutamol 
inhalation were correlated with various clinical 
symptoms including the asthma control test 
scores, wheezing, or night symptoms; whereas 
FEV1 showed no significant correlation with 
asthma symptoms. The degrees of ventilation 
defects were also positively correlated with FEV1 
improvement after 3 months of treatment. These 

findings suggested that ventilation abnormalities 
assessed using xenon-enhanced DECT may be 
used as novel parameters that reflect the asthma 
status and predict therapeutic responses.

2.2.3  Other Ventilation Related 
Diseases: Asthma-COPD 
Overlap Syndrome, 
Bronchiolitis Obliterans

Xenon ventilation DECT may be applicable to 
other obstructive airway diseases such as asthma- 
COPD overlap syndrome (ACOS) and bronchiol-
itis obliterans (BO). Although asthma and COPD 
have characteristic features, they share similar 
physiologic and clinical features (Gibson and 
Simpson 2009; Hardin et  al. 2014; Zeki et  al. 
2011). Thus, the phenotype that shows persistent 
airflow limitation with several features of both 
asthma and COPD is referred to as ACOS (Hwang 
et  al. 2020). In 2017, the American Thoracic 
Society and the National Heart, Lung, and Blood 
Institute published a joint workshop report on 
asthma-COPD overlap (Woodruff et  al. 2017). 
Hwang et al. have evaluated the regional ventila-
tion status in twenty-one ACOS patients using 
xenon ventilation DECT, and to compare it to 
that in COPD patients (Hwang et  al. 2020). In 
this study, most patients with ACOS showed the 
peripheral wedge/diffuse defect on xenon maps, 
which is frequently seen on various ventilation 
images performed in asthmatics, whereas patients 
with COPD commonly showed the diffuse het-
erogeneous defect or lobar/segmental/subseg-
mental defect (Fig. 6). The airway wall thickening 
(Pi10) and severity of emphysema (emphysema 
index) were also quantified on virtual non- 
contrast (VNC) images of xenon ventilation 
DECT, and the measured Pi10 was significantly 
higher in ACOS patients than in COPD patients, 
while emphysema index was not significantly 
different between two group. Xenon ventilation 
DECT may demonstrate the difference in the 
physiologic change of ventilation in ACOS 
patients compared to COPD patients.

Bronchiolitis obliterans (BO) is a chronic 
obstructive lung disease following an injury to 
the small airways due to various etiologies 
including lower respiratory infection, organ 
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transplantation, and others. BO is usually diag-
nosed based on the typical clinical presentation, 
the finding of fixed airway obstruction in pulmo-
nary function tests, and characteristic CT find-
ings. Conventional CT image is quite sensitive 
and specific in the evaluation of BO, showing 
characteristic CT findings including bronchial 
wall thickening, central bronchiectasis, centri-
lobular opacities, and mosaic parenchymal atten-
uation due to air trapping. However, for the 
comprehensive and accurate evaluation of BO, 
paired inspiratory and expiratory chest CT scans 
may be required, and such paired CT examina-

tions would increase the radiation exposure. Goo 
et  al. performed xenon ventilation DECT in 17 
children with BO (Goo et al. 2010). They demon-
strated heterogeneously impaired ventilation in 
lung regions with BO on xenon ventilation map. 
Additionally, measured xenon and CT density 
values showed a positive correlation for the 
whole lung and the hyperlucent regions. The 
indexed volumes and volume percentages of 
hyperlucent areas and xenon ventilation defects 
have shown correlation with PFTs, including 
FEV1, FEV1/FVC, and forced mid expiratory 
flow rate. Thus, xenon-enhanced DECT can help 

a b

c d

Fig. 6 Xenon ventilation DECT in a 54-year-old man 
with ACOS. (a, b) Axial and coronal VNC images of 
DECT show diffuse bronchial wall thickening with mini-
mal centrilobular emphysema. (c, d) Axial and coronal 

xenon ventilation maps show multifocal wedge-shaped or 
patchy areas showing blue-to-purple color in peripheral 
lung areas, indicating ventilation defects
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identify regional ventilation defects as well as 
morphologic abnormalities of BO without addi-
tional radiation exposure.

3  Comprehensive Assessment 
of Morphology, Pulmonary 
Ventilation, Perfusion, 
and Relationship 
of Ventilation and Perfusion 
Using Dual-Energy CT

3.1  Concept

With the introduction of DECT, pulmonary 
parenchymal perfusion and ventilation impair-
ment have been evaluated independently with 
DECT in various lung diseases. However, pulmo-
nary ventilation and perfusion often change con-
currently, and both ventilation and perfusion are 
crucial for efficient gas exchange. Combined 
ventilation–perfusion DECT can provide com-
prehensive information of regional ventilation, 
perfusion, and ventilation–perfusion relationship 
as well as high-resolution anatomic information 
in various pulmonary diseases.

Based on our own experience and the results 
previously reported by Thieme et al., combined 
xenon ventilation and perfusion DECT can be 
successfully performed using the dual-source CT 
scanners (Somatom Definition scanner and 
Somatom Definition FLASH, Siemens 
Healthcare, Forchheim, Germany) (Hwang et al. 
2016, 2019; Lee et al. 2017b; Thieme et al. 2010). 
For evaluating both ventilation and perfusion 
using DECT, the xenon ventilation DECT is per-
formed, followed by iodine-contrast perfusion 
DECT. After xenon ventilation DECT and before 
perfusion DECT, patients should inhale room air 
for more than 10  min to wash out xenon gas. 
Because xenon is moderately soluble, the ques-
tion may arise about whether vascular uptake and 
redistribution back to the lung of inhaled xenon 
may affect the background level lung density of 
pulmonary PBV map. However, Hoag et al. have 
been demonstrated with the unilateral ventilation 
of xenon in intubated canines that the redistribu-
tion of inhaled xenon via the circulation is negli-

gible and does not warrant correction (Hoag et al. 
2007). Then, for evaluating the ventilation–per-
fusion relationship, registration of VNC image of 
perfusion CT to VNC image of ventilation CT is 
performed, and with this information ventilation, 
map, registered perfusion map, and then ventila-
tion/perfusion ratio (V/Qratio) map area are gen-
erated (Fig. 7).

Recently, Sauter et al. have tried to simultane-
ously evaluate pulmonary ventilation and perfu-
sion during a single CT scan in an animal model 
using three-material differentiation in a dual- 
layer CT scan (IQon Spectral CT, Philips 
Healthcare, Netherlands) (Sauter et al. 2019).

3.2  Clinical Application: 
Pulmonary Embolism, COPD

There are few studies on the clinical application 
of combined ventilation and perfusion imaging 
with DECT.  Thieme et  al. have reported the 
potential of DECT to provide both pulmonary 
ventilation and perfusion imaging by investigat-
ing ten patients with various diseases (e.g., lung 
transplantation, acute respiratory distress syn-
drome, aortic dissection, gastric cancer) from an 
anesthesiological intensive care unit (Thieme 
et al. 2010). Zhang et al. have applied this exami-
nation in patients with suspected pulmonary 
embolism (Zhang et al. 2013). In that study, ven-
tilation and PBV maps have shown the ventila-
tion–perfusion mismatch in most areas with 
pulmonary embolism, and the authors hypothe-
sized that the combined ventilation and perfusion 
DECT might provide higher sensitivity for 
detecting peripheral pulmonary embolism com-
pared to conventional CT pulmonary 
angiography.

In COPD patients, the imbalances between 
alveolar ventilation and pulmonary blood flow 
are the critical features that result in arterial 
hypoxemia. Thus, combined ventilation–perfu-
sion DECT has the potential for the evaluation of 
ventilation–perfusion imbalances as well as mor-
phologic changes in COPD patients. Hwang et al. 
have applied the combined xenon ventilation and 
iodine perfusion DECT in 52 COPD patients 
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a

b

Fig. 7 The graph shows the CT scanning protocol for 
combined xenon ventilation and contrast-enhanced perfu-
sion DECT. (a) Red and blue curves denote tidal xenon 
and CO2 concentrations in the exhaled gas, respectively. 

(b) From ventilation and coregistered perfusion maps, a 
coregistered ventilation/perfusion ratio map is generated 
for evaluating the ventilation–perfusion relationship
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(Hwang et  al. 2016). In this study, ventilation, 
perfusion, and ventilation/perfusion maps and 
VNC images were used for the visual analysis of 
regional ventilation, perfusion, and ventilation–
perfusion relationships along with the morpho-
logic evaluation in COPD patients. On visual 
analysis, in the normal appearing lung areas on 
VNC images, parenchymal ventilation and perfu-
sion were preserved, resulting in a matched ven-
tilation–perfusion relationship. However, in the 
areas of bronchial wall thickening, ventilation 
was often decreased while perfusion was pre-
served, resulting in a ventilation–perfusion mis-
match (reversed mismatch). In areas with 
emphysema, there were no dominant ventilation 
or perfusion patterns. Furthermore, quantified 
DECT parameters for ventilation, perfusion, and 
ventilation–perfusion relationships are signifi-
cantly correlated with PFT results. Using this 
combined DECT imaging, the functional and 
physiologic changes after bronchoscopic lung 
volume reduction in COPD patients have been 
demonstrated. In 30 COPD patients who under-

went bronchoscopic lung volume reduction, 
DECT showed improved pulmonary ventilation 
and ventilation–perfusion mismatch after bron-
choscopic lung volume reduction (Lee et  al. 
2017b). This combined DECT imaging has also 
demonstrated change in the functional changes 
after pharmacologic treatment in COPD patients 
(Hwang et  al. 2019). In this study, 52 COPD 
patients underwent combined ventilation and 
perfusion DECT in the baseline and after 3 
months of pharmacologic treatment. The com-
bined DECT analysis showed improved ventila-
tion–perfusion imbalance after the 
pharmacological treatment in COPD patients, 
although the parenchymal disease patterns 
remained unchanged (Fig.  8). This comprehen-
sive evaluation of parenchymal destruction and 
regional ventilation–perfusion relationships 
using DECT in COPD patients may provide use-
ful information to the clinician, such as for the 
assessment of response to medical treatment or 
the target lobe selection for lung volume reduc-
tion treatment.

a b

Fig. 8 A 63-year-old male COPD patient. On a VNC 
image of xenon ventilation CT, minimal centrilobular 
emphysema and bronchial wall thickening are notable in 
both upper lobes. (a) On baseline study, multifocal patchy 
decreased ventilation is noted in the right upper lobe, 
while perfusion is preserved, resulting in the reversed 
mismatched V/Q on the V/Qratio map. (b) After 3 months 
of medical treatment, ventilation is improved on follow-

 up studies, resulting in the matched V/Q pattern on the V/
Qratio map in most areas of the right upper lobe. In the 
posterior segment of the right upper lobe, ventilation 
remained decreased on ventilation map, while perfusion is 
preserved, resulting in the persistent reversed mismatched 
V/Q on the V/Qratio map. In this patient, the percent pre-
dicted FEV1 increased by 20%

H. J. Hwang et al.
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4  Perspective and Conclusion

Ventilation or perfusion imaging using DECT is 
a novel technique for perfusion and ventilation 
assessment of various pulmonary diseases along 
with morphologic assessment with high-resolu-
tion CT information without additional radiation 
exposure. DECT analysis can help us diagnose 
disease, assess disease severity more accurately, 
and understand unrevealed pathophysiologies 
related to lung function in various lung diseases. 
However, there is still insufficient evidence that 
DECT analysis can add clinically valuable infor-
mation in addition to anatomic information, 
change the treatment plans, and predict therapeu-
tic response or prognosis. Therefore, further 
research will be needed to solidify the evidence 
of the values and roles of DECT imaging meth-
ods for improved diagnosis and outcomes assess-
ment in diseases associated with the lung function 
alteration. More investigations will also be 
needed to establish appropriate imaging proto-
cols that can be applied to a clinical diagnostic 
work-up. With the continued development of 
image acquisition protocols, post-processing 
techniques, and scanner designs, DECT will be 
applied widely to assessing various lung diseases 
in clinical practices and research.
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Abstract

In recent years, dual-energy computed tomog-
raphy (DECT) is increasingly used in routine 
clinical practice due to technical developments. 
DECT can provide both material- nonspecific 
and material-specific energy-dependent infor-
mation like virtual monoenergetic or mono-

chromatic imaging (VMI), virtual non-contrast 
or unenhanced imaging (VNC), iodine concen-
tration (IC) measurements, and the effective 
atomic number (Zeff). In thoracic oncology, 
these applications might have additional bene-
fits, in the diagnostic and therapy response 
evaluation of lung cancer, especially in the con-
text with new treatments based on antiangioge-
netic agents and tyrosine kinase inhibitors. 
However, besides the problem that DECT 
parameter values are not uniform across stud-
ies, the DECT technique also has some general 
limitations. First, the use of DECT is limited in 
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obese patients because of high image noise 
often interfering with structural and functional 
image analysis. Second, larger image datasets 
require increased data storage capabilities and 
appropriate adjustment of clinical workflows.

Photon-counting detector computed 
tomography (PCDCT) is an emerging technol-
ogy, using energy-resolving X-ray detectors 
that differ substantially from conventional 
energy-integrating detectors. The results of 
initial studies indicate its potentially high 
impact on lung imaging by correcting for arti-
facts, having an excellent spatial resolution, 
reducing radiation exposure, and optimizing 
the use of contrast agents. However, till a 
broad use in clinical routines, further research 
is necessary.

1  Artifact Reduction 
and Improved Image Quality

1.1  Metal Artifacts

The photon absorption of metal objects leads to 
prominent metal- and beam-hardening artifacts. 
In thoracic oncology, these artifacts may hamper 
tumor delineation when patients have metal 
objects such as spinal stabilization implants close 
to the treatment area, causing problems in follow-
 up situations or planning radiation therapy.

With its virtual monochromatic imaging 
(VMI), DECT can improve image quality by 
decreasing metal or beam-hardening artifacts. 
However, if there is no desire to obtain material- 
specific information or correct metal or beam- 
hardening artifacts, it is better to perform a 
conventional single-energy scan at the optimal 
tube potential (Yu et al. 2012). VMI can be com-
bined with a metal artifact reduction (MAR) 
algorithm to improve image quality further. Three 
studies investigated VMI and MAR for artifact 
reduction in the thorax. Gyobu et  al. placed 12 
simulated nodules randomly inside a chest phan-
tom with a pacemaker. They reported that high 
energy VMIs of 100 or 140 keV reduced metal 
artifacts without influencing the capability to 

detect pulmonary nodules. In contrast, low VMIs 
of 40 keV increased metal artifacts and worsen 
the nodule detection, at least in thick slices, con-
cluding that high monochromatic energy images 
can reduce metal artifacts without nodule detec-
tion changes (Gyobu et al. 2013). Another group 
used specially designed phantoms containing 
dental, spine, and hip implants. They tested a 
MAR algorithm and two types of VMI recon-
structions separately and in combination to iden-
tify the optimal technique for each implant site. 
Both methods significantly improved delineation 
accuracy, but the combination of 130 keV VMIs 
with MAR showed the best overall results. 
However, the optimal reconstruction technique 
depends on the type of metal implant (Kovacs 
et al. 2018). Finally, Liu et al. evaluated the clini-
cal value of VMI combined with a MAR algo-
rithm to assess small pulmonary nodules after the 
placement of microcoils before video-assisted 
thoracoscopic surgery (VATS). They reported 
that 74 keV was the optimal level for VMIs since 
it improved the image quality for microcoil local-
ization in pulmonary nodules (Liu et al. 2018a). 
However, the presented results indicate that each 
situation’s most suitable energy level is different 
depending on whether artifact reduction or 
improved signal-to-noise ratio is preferred. 
Therefore, the energy level needs to be adjusted 
depending on the situation.

PCDCT can also reduce metal- and beam- 
hardening artifacts by relying on multiple energy 
bins (Shikhaliev 2005). However, there are cur-
rently only limited data available addressing arti-
fact reduction in the specific setting of thoracic 
oncology imaging.

1.2  Beam-Hardening Artifacts 
Due to Contrast Media

DECT VMI can also reduce beam-hardening arti-
facts caused by contrast media in the thorax, par-
ticularly when assessing lesions in the upper 
mediastinum adjacent to the brachiocephalic vein 
(Fig. 1). In a retrospective study with 101 patients, 
Kim et al. determined the optimal energy level of 
VMIs for reducing beam-hardening artifacts 
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caused by contrast media. They compared VMIs 
at different energy levels with conventional poly-
chromatic images and reported the best subjec-
tive image quality and image noise at an energy 
level of 100 and 130 keV (Kim et al. 2018).

2  Imaging Pulmonary Nodules

2.1  Introduction

Conventional contrast-enhanced or non-enhanced 
chest CT is the best imaging modality for diag-
nosing and characterizing pulmonary nodules 
(PN). Medium to large lung pulmonary nodules 
are consistently detected on clinical CT systems, 
but the interreader agreement and reader sensitiv-
ity diminish substantially if the nodule size is 
below 8–10  mm (Rubin 2015). Over the last 
decades, the case detection rates of pulmonary 
nodules have continuously increased and might 
rise even faster due to recent lung cancer screen-
ing recommendations (Kauczor et  al. 2015). 
However, the correct management of detected 
pulmonary nodules is sometimes demanding.

On CT, the diagnostic evaluation of PN usu-
ally consists of two major parts: the degree and 
pattern of contrast enhancement and the mor-
phologic features such as growth, size, and mar-

gins. Malignancy is often indicated by deep 
lobulated or coarse spiculated margins or a max-
imum attenuation of 20–60 Hounsfield units 
(HU), while smooth borders and a maximum 
attenuation of ≤15 HU make benignity more 
likely (Ohno et al. 2014). However, there is con-
siderable overlap between benign and malignant 
PNs in imaging features, and oversimplifying 
can lead to misdiagnosis. Furthermore, the eval-
uation of contrast enhancement in pulmonary 
lesions with ground-glass attenuation (GGA) 
remains challenging with conventional imaging 
techniques.

However, there are some pitfalls when using 
DECT for PN evaluation. Harder et al. measured 
a total of 63 PN in 24 patients to assess the effect 
of different VMI reconstructions on iodine atten-
uation and pulmonary nodule volumetry, show-
ing a good correlation between nodule attenuation 
and nodule volume (R2  =  0.77). Furthermore, 
high energy VMI resulted in lower attenuation 
and nodule volumes, while low energy VMI 
resulted in higher attenuation and nodule vol-
umes, which is probably caused by differences in 
nodules’ peripheral enhancement at different 
energy levels. Therefore, readers should consider 
the possibility of over-or under-estimating pul-
monary nodules volume while using VMI (den 
Harder et al. 2017).

a b c

d e f

Fig. 1 Image (a) shows a conventional polychormatic 
reconstruction of the upper thoracic apparatre with a con-
trast bolus in the left subclavian vein. Images (b–f) are 
showing monochromatic reconstructions with ascending 

keV levels (70, 90, 110, 130, 150). The best contrast with 
significantly reduced beam-hardening artifacts is achieved 
at KeV levels of 100 to 130 KeV
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2.2  Detection of Pulmonary 
Nodules

Leng et  al. established an ultrahigh-resolution 
(UHR) data collection mode on a whole-body, 
research photon-counting detector computed 
tomography (PCDCT) system with 64 rows of 
0.45 mm × 0.45 mm detector pixels, which cor-
responded to a pixel size of 0.25  mm × 0.25  mm 
at the isocenter (Leng et al. 2016). In a phantom 
study, the same group evaluated this UHR mode 
to assess its performance in volume quantifica-
tion and shape differentiation for lung nodules. 
Therefore, they scanned 20 synthetic lung nod-
ules with different sizes, shapes, and radio- 
densities to assess the influence of nodule 
properties and reconstruction kernels. The vol-
ume measurements of small or star-shape nod-
ules were promising, demonstrating the 
advantages of PCDCT as a robust quantitative 
tool for lung nodule characterization. Moreover, 
the results indicated that the UHR mode has a 
high capability to differentiate sphere- from star- 
shaped nodules (Fig. 2). They concluded that the 

improved spatial resolution of the evaluated 
PCDCT system could improve nodule growth 
measurements and nodule shape characterization 
(Zhou et  al. 2017). Furthermore, SPCCT offers 
high-quality images at low radiation doses, which 
is advantageous in low-dose lung cancer screen-
ing (Symons et al. 2017a).

2.3  Classification of Pulmonary 
Nodules

2.3.1  Solid Pulmonary Nodules
DECT offers several parameters derived from 
iodine concentration (IC) measurements, provid-
ing additional information when evaluating pul-
monary nodules (PN). Several studies investigated 
values of DECT to differentiate benign from 
malignant PN.

In a pilot study, Xiao et al. assessed the combi-
nation of low-dose DECT and ASIR (Adaptive 
Statistical Iterative Reconstruction) algorithm to 
classify solitary pulmonary nodules (SPN). Sixty-
two patients with pathology-proved 42 benign 

Fig. 2 Lung cancer in the left lower lung lobe showing 
spiculae and cental cavitations. Left: Transverse photon- 
counting detector CT images using a U70 kernel and 
achieving a slice thickness of 0.25 mm. Right: Transverse 
images of the same lesion obtained with a conventional 

CT scanner (Somatom Definition AS) using a I70 kernel 
and achieving a slice thicksness of 1  mm. (Kindly pro-
vided by the DKFZ Heidelberg and the Thoraxklinik at 
University of Heidelberg)
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and 20 malignant SPNs were scanned with arte-
rial and venous phase DECT.  The iodine and 
water concentration (IC and WC), the normalized 
iodine and water concentration (NIC and NWC) 
of the lesions were measured, and the normalized 
iodine and water concentration difference (ICD 
and WCD) between the arterial and venous phases 
(AP and VP) were calculated. The spectral HU 
curve was divided into three sections based on the 
energy (40–70, 70–100, and 100–140 keV), and 
the slopes (λHU) in both phases were calculated. 
The results showed that iodine- related parameters 
(ICAP, ICVP, NICAP, NICVP, and the ICD) of malig-
nant SPN were significantly higher than that of 
benign SPN and that the three venous phase λHU 
values in malignant SPN were higher than in 
benign SPN (P < 0.05). The water-related param-
eters showed no difference. Therefore, they con-
cluded that iodine parameters are useful markers 
to distinguish benign from malignant lung dis-
eases (Xiao et al. 2015). Wu et al. also used mul-
tiple DECT parameters to assess the spatial 
distribution of NIC in 39 malignant and 21 benign 
pulmonary SPNs. For this purpose, they calcu-
lated the difference (dNIC) between the proximal 
(NICpro) and the distal (NICdis) regions of the nod-
ules, showing significant differences between 
malignant and benign nodules in the arterial and 
venous phase (Wu et al. 2018a).

Lin et  al. analyzed 139 patients with 
pathology- proved SPNs who also underwent 
double-phase enhanced DECT scans. They 
divided the patients into an active inflammatory, 
a malignant, and a tuberculosis group. Normalized 
(NICs) and non-normalized iodine concentra-
tions (ICs) were derived from iodine-based mate-
rial decomposition CT images, and the slope rate 
was calculated from the spectral curve. The 
results showed that the mean slope rate, IC, and 
NIC for the active inflammatory group were sig-
nificantly higher than for the malignant group, 
and the parameters of the malignant group were 
considerably higher than the tuberculosis group 
(P < 0.05) (Lin et al. 2016).

In summary, all three studies imply that DECT 
imaging provides a novel method for a better 
characterization of pulmonary nodules in double- 
phase contrast-enhanced scanning.

2.3.2  Ground-Glass Pulmonary 
Nodules

Pulmonary ground-glass attenuation (GGA) or 
lesions with GGA are still challenging with con-
ventional imaging techniques since the evalua-
tion of contrast enhancement is difficult.

In a phantom study, Kawai et al. used phan-
toms containing various iodine or calcium con-
centrations to simulate soft tissue and GGA to 
examine the relationship between iodine concen-
tration and calculated iodine value contrast- 
mapping images (CMIs). They reported a good 
correlation between iodine value and iodine con-
centration in the soft tissue models (r2 = 0.996) 
and the GGA models (R2  =  0.998). In the next 
step, they applied the technique to clinical cases 
with lung lesions, showing that contrast enhance-
ment on CMIs was visible in 22  adenocarcinomas 
but not in pulmonary hemorrhage and inflamma-
tory changes (Kawai et al. 2011).

Liu et al. included 48 patients with lung ade-
nocarcinoma in a retrospective study who under-
went arterial phase DECT before treatment. The 
iodine concentration (IC) and water content 
(WC) of the GGO were measured and compared 
to the contralateral and ipsilateral normal lung 
tissue, finding significantly higher IC values in 
pGGO and mGGO (P < 0.001). Furthermore, IC, 
NIC, and WC values were compared between 
groups of pure ground-glass opacity (pGGO), 
mixed ground-glass opacity (mGGO), preinva-
sive lesions, minimally invasive adenocarcinoma 
(MIA), and invasive adenocarcinoma (IA). The 
NIC and WC values for pGGO and mGGO, and 
the WC values of the groups with preinvasive 
lesions and MIA and IA were statistically differ-
ent (P = 0.049, P < 0.001, P < 0.001) (Liu et al. 
2018b).

Chen et al. quantitatively assessed the DECT 
imaging’s efficacy for differentiation of benign 
and malignant ground-glass nodules (GGN) and 
solid nodules (SN). The study included 114 
patients with SPNs (61 GGNs and 53 SNs) who 
underwent DECT plain and enhanced scans in 
the arterial (a) and venous (v) phases. The spec-
tral CT imaging parameters included: iodine con-
centrations (IC) of lesions in the arterial (ICLa) 
and venous (ICLv) phases; normalized IC (NICa/
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NICv), the slope of the spectral curve (λHUa/
λHUv), and VMI images on 40 and 70  keV 
(CT40keVa/v, CT70keVa/v). Pathology revealed 
75 lung cancer cases, three metastatic nodules, 
14 benign nodules, and 22 inflammatory nodules. 
Among the 53 SNs were 37 malignant and 16 
benign nodules, while among the 61 GGNs were 
41 malignant and 20 benign nodules. Overall, the 
CT40keVa, λHUa, CT40keVv, λHUv, and ICLv 
of benign SPNs were greater than those of malig-
nant SPNs (all P < 0.05). For GGNs, CT40keVa/v, 
CT70keVa/v, λHUa/λHUv, and ICLv of malig-
nant GGNs were all lower than those of benign 
GGNs (Chen et al. 2019).

All three studies mentioned above showed 
that DECT is a promising method for distinguish-
ing malignant from benign GGN by indicating 
their blood supply status.

2.3.3  Calcified Pulmonary Nodules
The DESCT technique allows data acquisition at 
different kilovoltage settings, enabling recon-
structing virtual non-contrast (VNC) images by 
substracting the iodine content in contrast- 
enhanced images with CT numbers similar to 
true non-contrast imaging (TNC).

VNC has the potential to differentiate calcifi-
cations and strongly attenuating nodules without 
additional TNC, which can help characterize pul-
monary nodes (Fig. 3). Chae et al. detected 17 out 
of 20 calcifications in SPN on VNC images with-
out using TNC (Chae et al. 2008). Nevertheless, 
VNC can underestimate calcification’s extent due 
to post-processing subtraction errors and influ-
ence the measured volume of pulmonary nod-
ules. In this context, Harder et al. compared the 
volume of pulmonary nodules on VNC and con-
ventional reconstructions, finding a significant 
reduction of 5.5% (2.6–11.2%, P  <  0.001) on 
VNC (den Harder et al. 2017).

3  Imaging Lung Cancer

3.1  Introduction

Lung cancer is the leading cause of cancer-related 
deaths for both men and women across the devel-

oped world (Sung et al. 2021). Early-stage lung 
cancer can be treated with potentially curative 
intent, but most patients present at an advanced 
stage, which results in an overall low 5-year sur-
vival for all stages. Furthermore, the staging of 
lung cancer is essential because treatment options 
and prognosis differ significantly by stage.

Computed tomography (CT) plays an essen-
tial role in noninvasively characterizing pulmo-
nary masses according to the morphology, 
interfaces, inner densities, and enhancement of 
masses (MacMahon et al. 2005). DECT has the 
potential to describe the contrast enhancement 
even further by depicting microvessel density 
and blood supply with IC measurements. In this 
context, significant correlations between the 
iodine uptake derived from DECT and perfusion 
parameters derived from first-pass dual-input 
perfusion computed tomography (DIPCT) have 
been reported (Chen et al. 2017). Several DECT 
parameters are available describing contrast 
enhancement, which can help detect lung cancer, 
differentiate lung cancer from inflammation, 
classify lung cancer subtypes, and identify lymph 
node metastasis:

 1. Iodine concentration (IC) in enhanced arterial 
(AP) or venous phase (VP) images.

 2. Normalized iodine concentration (NIC) as the 
ratio of the lesions IC and the IC of the artery 
at the same level.

 3. The spectral attenuation curve slope (λHU) 
calculated with spectral images from 40 to 
140 keV (spaced at 10 keV intervals).

3.2  Detecting Lung Cancer

DECT techniques may improve lung cancer 
detection by decreasing image noise and increas-
ing the signal-to-noise and contrast-to-noise 
ratio. For this purpose, two studies explored the 
optimal energy level of virtual monochromatic 
imaging (VMI) to improve lung cancer imaging 
quality. Hou et al. scanned 50 lung cancer patients 
with DECT, generating monochromatic images 
at 50, 60, 70, and 80 keV energy levels. Subjective 
assessment about the overall image quality and 
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inhomogeneity enhancement was performed by 
analyzing image noise, lesion-to-lung contrast- 
to- noise ratio, and CT number difference between 
central and peripheral regions of tumor (dCT 
value). The highest contrast-to-noise ratio value 
and the best subjective score of image quality 
were obtained at 70 keV (P < 0.05), whereas the 
highest subjective score of inhomogeneity evalu-
ation was at 60  keV (P  <  0.05). Therefore, the 
combination of 60 and 70  keV monochromatic 
images might be useful in lung cancer imaging 
(Hou et al. 2016). Kaup et al. reported compara-
ble results. In their study, the scans of 59 lung 
cancer patients who underwent chest DECT were 
reconstructed at different energy levels (40, 60, 
80, 100  keV) with VMI.  After assessing each 
reconstruction’s objective and subjective image 
qualities, the best performance for lung cancer 
imaging was reported at 60  keV (Kaup et  al. 
2016).

Central lung cancer often involves lobar or seg-
mental bronchi, causing ventilation impairment in 
the distal lung parenchyma. The close relationship 
between pulmonary ventilation and perfusion may 
also cause perfusion deficits in the corresponding 
lung areas. Sun et al. investigated the capability of 
DECT to quantitatively evaluate lung perfusion 
defects that are induced by central lung cancer. 
They compared the iodine  concentrations (IC) and 

CT numbers in the distal lung of 32 patients with 
central lung cancer with the corresponding areas 
in the normal contralateral lung. The results 
showed that IC of the side with lung cancer 
(0.70 ± 0.42 mg/ml) was significantly lower than 
the corresponding area in the normal contralateral 
lung (1.19 ± 0.62 mg/ml) (P < 0.001), indicating 
that DECT is feasible and to identify perfusion 
defects that are induced by central lung cancer 
(Sun et al. 2013).

3.3  Differentiate Lung Cancer 
and Inflammation

Inflammatory masses with benign nature such as 
granulomatous inflammation, focal organizing 
pneumonia, and lung abscess are a common find-
ing in chest CT. The differentiation against lung 
cancer is essential because inflammatory masses 
can be treated with high-dose steroids, irradia-
tion, or antibiotics, and unnecessary pulmonary 
resection should be avoided. DECT parameters 
reflect the blood supply of lung masses. 
Granulomatous inflammation and organizing 
pneumonia are formed by the proliferation of 
inflammatory granulation tissue or acute inflam-
mation residuals. The inflammation may stimu-
late rich and dilated capillaries leading to a high 

Fig. 3 Partially calcified hamartoma in the right lower 
lobe. The left image shows a conventional polychromatic 
reconstruction in the venous phase. The right image shows 
the same slice with same windowing as virtual non- 

contrast reconstuction (VNC). Using VNC images, calci-
fications can be well separated from a possible nodular 
contrast enhancement within the lesion
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and homogenous enhancement (Maldonado et al. 
2007; Diederich et al. 2006). However, inappro-
priate angiogenesis and establishment of vascular 
networks may occur in lung cancer, leading to a 
subsequent reduction in oxygen delivery and an 
insufficient supply of fast-growing masses, thus 
explaining the inhomogeneous enhancement in 
lung cancer (Yi et al. 2004; Zhao et al. 2014).

Several studies investigate the value of DECT 
in differentiating malignant from inflammatory 
pulmonary masses. Wang et al. evaluated the fea-
sibility of qualitative and quantitative informa-
tion from Gemstone Spectral Imaging (GSI) to 
differentiate lung cancer and benign lung lesions. 
Sixty-eight patients, divided into pneumonia 
(n = 24) and malignant tumor groups (n = 44), 
were compared by iodine concentration (IC), 
water concentration (WP), spectral curve slope, 
and CT numbers at 40 keV, and significant differ-
ences were found for all parameters (P < 0.05) 
(Wang et  al. 2014). Hou et  al. analyzed 60 
patients with 35 lung cancers and 25 inflamma-
tory masses who underwent arterial phase (AP) 
and venous phase (VP) DECT.  They measured 
the normalized iodine concentration (NIC), the 
slopes of spectral attenuation curves (λHU), and 
the CT numbers in 70 keV VMI in the central and 
the peripheral regions of lung masses and calcu-
lated the difference in CT numbers (dCT) 
between both regions. The results showed that 
NICs and CT numbers in the central and λHU 
values in the central and peripheral regions of 
lung cancers were significantly lower than those 
of inflammatory masses. In contrast, dCT values 
of lung cancers were higher than those of inflam-
matory masses. (Hou et  al. 2015). Yu et  al. 
explored the value of arterial phase (AP) and 
venous phase (VP) DECT in differentiating lung 
cancer from an inflammatory myofibroblastic 
tumor (IMT) in 96 patients with lung cancer and 
16 with IMT.  For this purpose, the normalized 
iodine concentration in AP (NICAP) and VP 
(NICVP), the slope of the spectral curve in AP 
(λAP) and VP (λVP), and the normalized iodine 
concentration difference between AP and VP 
(ICD) were calculated and compared. A signifi-
cantly higher NICAP, NICVP, λAP, λVP, and ICD was 
found in IMT than in lung cancer (P  <  0.05), 

while the combination of these parameters 
achieved a sensitivity and specificity of 100% 
and 81.3% (Yu et al. 2019). In conclusion, these 
studies indicate that DESCT imaging can help to 
differentiate lung cancers from inflammatory 
masses.

3.4  Characterization of Lung 
Cancer

3.4.1  Virtual Biopsy with DECT
The heterogeneity and complexity of lung cancer 
are determined by genes that play a crucial role in 
its occurrence, type, development, and prognosis 
(Vogelstein et al. 2013). The lung tumor classifi-
cation system of the World Health Organization 
divides lung carcinomas into non-small cell lung 
carcinoma (NSCLC) and small cell lung 
 carcinoma (SCLC). NSCLCs are further classi-
fied into squamous cell carcinoma (SC), adeno-
carcinoma (AC), and large cell carcinoma (Travis 
et  al. 2015). The definitive diagnosis for lung 
mass is achieved via invasive histological exami-
nation, such as thoracoscopic surgery, biopsy via 
bronchoscopy, or transthoracic puncture guided 
by ultrasonography. However, a non-invasive and 
accurate method for evaluating the histological 
type of lung cancer would be desirable since his-
tological examination may be associated with 
complications in some cases.

Fehrenbach et al. showed that in 52 untreated 
primary NSCLC lesions, lung adenocarcinoma 
had significantly higher normalized iodine con-
centrations than (NIC: 19.37) squamous cell car-
cinoma (NIC: 12.03; P  =  0.035) (Fehrenbach 
et al. 2019a). Jia et al. combined the quantitative 
DECT parameters CT numbers, the slope of the 
spectral attenuation curve (λHU), iodine concen-
tration, water concentration, and the effective 
atomic number (Zeff) with serum tumor markers 
to evaluate the lung cancer histology type. Tumor 
markers were the serum levels of carcinoembry-
onic antigen (CEA), neuron-specific enolase 
(NSE), squamous cell carcinoma antigen 
(SCC-Ag), and cytokeratin fragment 
CYFRA21- 1. CEA and NSE levels were higher 
in adenocarcinoma and neuroendocrine tumors, 
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while SCC-Ag and CYFRA21-1 levels were 
higher in squamous cell cancer. There was no sig-
nificant difference in CT number attenuation 
among the groups (P > 0.05), whereas HUλ in the 
arterial phase and Zeff and IC in the arterial and 
venous phases was significantly different among 
the groups (P < 0.05). The diagnostic efficiency 
of serum tumor markers was higher than that of 
CT spectral parameters, but combining serum 
markers and CT parameters showed a larger 
diagnostic efficiency than combined serum mark-
ers and combined CT parameters alone. 
Therefore, DECT parameters and serum tumor 
markers are valuable in evaluating histological 
types of lung cancer, and in combination, they 
can significantly improve diagnostic efficiency. 
Nevertheless, the accuracy of these two methods 
alone is still insufficient (Jia et al. 2018). DECT 
might also differentiate pulmonary metastases 
from different primary origins. Deniffel et  al. 
demonstrated significant differences in the IC 
between pulmonary metastases of renal cell car-
cinoma, breast, colorectal, and head/neck carci-
noma, as well as metastases of colorectal 
carcinoma, osteosarcoma, pancreato-biliary, and 
urinary tract carcinoma (Deniffel et al. 2019).

Angiogenesis is essential in the process of pri-
mary tumor growth, proliferation, and metastasis. 
In many cancers, including non-small cell lung 
cancer (NSCLC), tumor angiogenesis pathways 
have been identified as important therapeutic tar-
gets. Wu et al. used DECT parameters to charac-
terize 60 histology confirmed lung squamous cell 
carcinoma (SC) and adenocarcinoma (AC) and 
correlated the findings with the expression of thy-
roid transcription factor-1 (TTF-1) and epidermal 
growth factor receptor (EGFR). They noted no 
significant differences in normalized iodine con-
centration (NIC) and the spectral attenuation 
curve slope (λHU) between the TTF-1-positive 
and TTF-1-negative groups. However, significant 
differences in NIC and λHU were noted between 
EGFR-positive and EGFR-negative SC and AC 
(Wu et al. 2018b). Li et al. explored the role of 
DECT in identifying epidermal growth factor 
receptor (EGFR) mutation status in a cohort of 
120 patients with pulmonary adenocarcinoma, 66 
with confirmed EGFR mutations. The patients 

were divided into an EGFR mutation and an 
EGFR wild-type group. The evaluated DECT 
parameters were the CT numbers at 70 keV, nor-
malized iodine concentration (NIC), normalized 
water concentration, and slopes of the spectral 
attenuation curves (λHU). The univariate analy-
sis revealed that sex, smoking history, NIC, and 
slope λHU were significantly associated with 
EGFR mutation status (P > 0.05). Furthermore, 
smoking history and NIC were the two signifi-
cant predictive factors associated with EGFR 
mutations (OR = 3.23, P = 0.005; OR = 58.026, 
P = 0.049). Based on this analysis, the smoking 
history and NIC were combined to determine the 
predictive value for EGFR mutations with the 
area under the curve of 0.702 (Li et al. 2019). Li 
et  al. explored 48 patients with NSCLC who 
underwent DECT before surgical tumor resec-
tion. They correlated the expression level of 
 vascular endothelial growth factor (VEGF) in 
non-small-cell lung cancer (NSCLC) with the 
DECT quantitative imaging parameters IC and 
CT values at 40 keV and λHU. They found sig-
nificant differences in IC, λHU, and CT values at 
40  KeV between NSCLCs with negative and 
moderately positive VEGF expression (P = 0.001) 
and between NSCLCs with mildly and moder-
ately positive expression of VEGF (P = 0.047–
0.002). Besides, all parameters displayed a 
significant and positive correlation with the level 
of VEGF expression (R2 = 0.458–0.393, P < 0.05) 
(Li et al. 2016). All three studies imply that quan-
titative DECT parameters have the potential to 
predict EGFR and VEGF mutations in lung can-
cer, helping to evaluate the status of 
angiogenesis.

The grading of cancer is a histological method 
intended to help predict prognosis based on spe-
cific morphological features. It typically is based 
on architectural or cytological features (nuclear 
grade or the number of mitoses), or in some 
cases, a combination of both (Travis et al. 2016). 
Lin et  al. investigated the correlation between 
pathological grades of non-small cell lung can-
cers (NSCLCs) and quantitative DECT parame-
ters. They evaluated 53 patients with NSCLCs 
who underwent preoperative DECT, dividing 
them into a low-grade and a high-grade group 
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based on their histopathological differentiation. 
They measured arterial phase (AP) and venous 
phase (VP), iodine concentration (IC), the nor-
malized iodine concentration (NIC), and slope of 
the spectral curve (λHU), showing that NIC and 
λHU in the AP and VP were significantly higher 
in the low-grade NSCLC than in the high-grade 
NSCLC (P  <  0.001). Furthermore, there was a 
significant negative correlation between DECT 
parameters and pathological grades (P < 0.001). 
ROC analysis indicated that λHU in VP provided 
the best diagnostic performance in distinguishing 
high-grade from low-grade cancers with an AUC 
of 0.914, a sensitivity of 85.7%, and a specificity 
of 84.4% (Lin et al. 2018).

3.4.2  PCDCT and Molecular Imaging
Molecular imaging using new types of targeted 
contrast agents is among the exciting possibilities 
that may become a reality using PCDCT (Taguchi 
and Iwanczyk 2013; Jaffer and Weissleder 2004). 
Molecular CT uses combined particles composed 
of a contrast agent labeled with nanoparticles, 
larger than conventional contrast agents, remain-
ing in the cardiovascular system longer than 24 h 
(Fornaro et al. 2011). Moreover, these nanoparti-
cles can carry targeting molecules for specific 
cells or enzymes, allowing target-specific imag-
ing. Research has focused on nanoparticles 
labeled with gold, which can be detected with 
K-edge imaging even in the presence of other 
contrast agents, such as iodine (Si-Mohamed 
et  al. 2017; Cormode et  al. 2009; Roessl and 
Proksa 2007). In oncology, molecular CT may 
aid in early cancer diagnosis by quantifying small 
tumors’ mass and size and determining the distri-
bution of contrast agents and/or particles (Barber 
et al. 2015).

In 1967, Milne showed that lung tumors might 
have a dual blood supply by the pulmonary and 
the aortic system, with a trend toward histologi-
cal type-specific circulatory patterns (Milne 
1967). Furthermore, tumor cells can produce 
angiogenic factors that stimulate and generate 
many new blood vessels. These new blood ves-
sels’ wall is immature due to a lack of hemangio-

pericyte and smooth muscle tissue, increasing 
permeability of the blood vessels (Ruoslahti 
2002). Therefore, the use of different contrast 
agents simultaneously (e.g., purely intravascular 
for the vascular supply and intra−/extracellular 
for the capillary leak) might offer new possibili-
ties for lung tumors’ characterization. PCDCTs 
K-edge imaging enables the differentiation 
between multiple contrast agents, making it pos-
sible to administer different contrast agents and 
simultaneously show their specific distribution 
(Cormode et  al. 2017). Furthermore, multiple 
contrast agents could be administered at different 
time points while imaging is performed at a sin-
gle time point (Fornaro et al. 2011). The arterial 
phase could be evaluated by removing the con-
trast agent administered first, and the portal phase 
could be assessed by removing the second con-
trast agent. Non-contrast images could be recon-
structed by removing the contrast agents from the 
images. Symons et  al. evaluated simultaneous 
imaging in a canine model with orally adminis-
tered bismuth and intravenously injected gado-
linium and iodine (Symons et al. 2017b, c). All 
these techniques may significantly impact lung 
tumor characterization and may offer new meth-
ods in evaluating tumor behavior, possibly lead-
ing to a more accurate tumor prognosis. However, 
extensive studies are necessary till these tech-
niques may be part of the clinical routine.

3.5  Staging Lung Cancer

3.5.1  Lymph Node Metastasis
The correct staging of lung cancer is essential 
because treatment options and prognosis differ 
significantly by stage. However, conventional CT 
diagnostic criteria based on size (lymph node 
maximal short-axis diameter ≥10  mm) are still 
standard for judging metastatic lymph nodes, 
reaching accuracy of only about 60% (Silvestri 
et al. 2013).

Yang et  al. investigated the value of DECT 
quantitative parameters for preoperative diagno-
sis of metastatic lymph nodes in patients with 
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non-small cell lung cancer (NSLC). They 
included 84 patients with suspected lung cancer, 
evaluating a total of 144 lymph nodes, of which 
48 were metastatic, and 96 were non-metastatic. 
They measured the normalized iodine concentra-
tions (NIC), water concentration, and slope of the 
spectral curve (λHU) in the arterial and venous 
phases. The λHU measured during both phases 
was significantly higher in metastatic than in 
benign lymph nodes (P < 0.05). The λHU of the 
arterial phase (AP) with an optimal threshold 
value of λHU of 2.75 reached a sensitivity of 
88.2% and a specificity of 88.4% for metastatic 
lymph nodes, which is higher than for conven-
tional CT-based qualitative size assessment 
(Yang et al. 2017).

Imaging the hilar lymph nodes using non- 
contrast- enhanced CT is difficult because X-ray 
absorption by the hilar nodes is similar to that of 
the neighboring pulmonary arteries and veins. 
Consequently, the hilar LNs are commonly eval-
uated using contrast-enhanced CT.  Still, even 
with contrast agents, the detection of hilar lymph-
adenopathy can be difficult when the enhance-

ment of the pulmonary vessels and the lymph 
nodes is almost the same. Sekiguchi et al. evalu-
ated the visibility of the hilar lymph nodes (LNs) 
by comparing virtual monoenergetic low-keV 
images with early-phase contrast-enhanced CT 
(Fig. 4). DECT was performed in 50 patients for 
evaluation of lung cancer at 20 and 60  s after 
administration of contrast media, and five recon-
structions were made each (A: 20 s/120 kV; B: 
60 s/40 keV; C: 60 s/50 keV; D: 60 s/120 kV; E: 
60  s/100 kV). The authors measured the differ-
ences in CT numbers of the bilateral main pulmo-
nary arteries (PAs), pulmonary veins (PVs), and 
hilar LNs and calculated the differences in CT 
number between the PA/PV and LNs (PA-LN and 
PV-LN contrast). They also evaluated the arti-
facts from the superior vena cava (SVC). The 
results showed that virtual monoenergetic 40-keV 
imaging at the delayed 60-s phase was beneficial 
for evaluating hilar lymph nodes since it had 
good PA-LN and PV-LN contrasts with low arti-
facts (Sekiguchi et al. 2019).

Virtual non-contrast imaging (VNC) can offer 
additional information when differentiating cal-

Fig. 4 Small lymph node in the lower mediastinum with 
contrast uptake. The left image shows a conventional 
polychromatic reconstruction in the venous phase. The 

right image shows the same slice with same windowing as 
40 keV VMI. The lymph node is better delineated on the 
VMI image
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cifications and strongly enhancing lymph nodes 
without additional true non-contrast imaging 
(TNC). Yoo et  al. evaluated VNC images’ reli-
ability compared with TNC images in determin-
ing high CT attenuation or calcification of 
mediastinal lymph nodes. Node attenuation in 
TNC and VNC images was compared in a total of 
112 mediastinal nodes from 45 patients, objec-
tively and subjectively, via computed tomogra-
phy (CT) attenuation and visual scoring. CT 
attenuation in TNC and VNC had a mean abso-
lute difference of 7.8 ± 7.6 HU and an absolute 
difference of equal to or less than 10 HU in 65.2% 
of cases, which corresponds to a moderate intra-
class correlation coefficient of 0.612. The visual 
scores in TNC and VNC images showed fair 
agreement with a κ value of 0.335 (Yoo et  al. 
2013).

3.5.2  Bone Metastasis
Bone metastasis is a frequent finding in advanced 
lung cancer patients, and the spine is the most 
common location. The detection of a metastatic 
vertebral lesion in its early development stage is 
important because appropriate treatment can hin-
der complications due to advanced metastasis. 
However, the diagnosis of inconspicuous osteo-
blastic metastases (OBM) from lung cancer is a 
challenge in conventional CT images since they 
might have a similar density and are therefore not 
distinguishable from normal vertebrae. Yue et al. 
evaluated the optimal energy level of VMI in 35 
patients to detect and diagnose OBMs of the ver-
tebra. The CT number and standard deviation 
(SD) of lesions and adjacent normal bone and the 
SD value of subcutaneous fat were measured on 
the conventional polychromatic image (140 kVp) 
and a set of 11 VMI at different energy levels in 
the range of 40–140 keV (intervals of 10 keV). 
The contrast-to-noise ratio (CNR) was compared 
between the conventional and all VMI images. 
The lowest image noise was in 70 and 140 keV 
images, and the highest CNR was noted in 
70 keV images, suggesting that VMI at 70 keV 
could be the best for diagnosing inconspicuous 
vertebral metastases (Yue et al. 2017).

4  Therapy Evaluation of Lung 
Cancer

4.1  Introduction

Computed tomography (CT) or magnetic reso-
nance imaging (MRI) is usually used to evaluate 
tumor response to therapy. Combined chemo-
therapy and thoracic radiation therapy (i.e., 
chemoradiotherapy (CRT)) have proven their 
value in nonresectable NSCLC (Ramnath et  al. 
2013), but definitive external beam radiation 
therapy is associated with local recurrence rates 
of 55% to 70% (Jones et al. 2015). The success of 
radiation therapy highly depends on tumor vascu-
larization and is limited in hypoxic tumor tissue 
(Salem et al. 2018).

The morphological criteria used by Response 
Evaluation Criteria in Solid Tumors (RECIST) 
1.1 are limited to dimensional changes in tumor 
size, whereas other criteria such as density evalu-
ation, functional or metabolic changes are not 
considered. However, radiation therapy can be 
successful without immediately changing the 
morphology of treated masses. Furthermore, new 
response criteria like immune-related response 
criteria (irRC) and modifications of RECIST will 
be necessary due to new treatments based on 
antiangiogenetic agents and tyrosine kinase 
inhibitors. In this context, imaging techniques 
such as positron emission tomography (PET-CT), 
diffusion-weighted MRI, and DECT may offer 
some of the promising applications.

4.2  Therapy Response with DECT

4.2.1  Evaluation of RFA Therapy 
with DECT

Percutaneous radiofrequency ablation (RFA) is a 
minimally invasive therapy for treating advanced 
primary or metastatic lung cancers that are not 
suitable for surgical resection treatment and can 
also be combined with radiotherapy and chemo-
therapy (Ambrogi et al. 2006). Liu et al. evalu-
ated the therapeutic efficacy of lung RFA in 30 
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patients with contrast-enhanced DECT images. 
Conventional CT images were used to obtain 
tumor size values, and on water-based and iodine- 
based material decomposition images, the densi-
ties of iodine and water in lung tumors were 
quantitatively analyzed. In 22 cases, tumor size 
increased after RFA while there was no detect-
able change in the remaining eight patients. The 
water content in the tumors increased signifi-
cantly after RFA (P < 0.05), while the iodine con-
tent in the tumors was reduced from 
2.49 ± 0.74 mg/ml before RFA to 0.45 ± 0.29 mg/
ml in areas of necrosis after RFA (P  =  0.001). 
The authors stated that by comparing the tumor 
size, water content, and iodine content before and 
after RFA, the metabolic states and therapeutic 
efficiency could be evaluated (Liu et al. 2016).

4.2.2  Evaluation of Anti-angiogenic 
Therapy with DECT

Baxa et  al. investigate the changes of DECT 
parameters and tumor size in advanced non-small 
cell lung cancer (NSCLC) under anti-EGFR ther-
apy (erlotinib). In 31 patients before and after 
treatment (mean 8 weeks as follow-up) the iodine 
uptake (IU) was quantified in the arterial and 
venous phases, and the arterial enhancement 
fraction (AEF) was calculated. The change of IU 
in responders and non-responders was compared 
with morphological changes in diameter and vol-
ume. A significant decrease of IU was proven in 
the venous phase in responders, whereas non- 
responders showed variable trends of develop-
ments and no substantial IU changes. AEF 
percentage also showed significant differences 
between both groups (P  <  0.05). Based on the 
results, the authors assumed a decrease in vascu-
larization in responding and non-significant vari-
able development of vascularization in 
non-responding tumors. However, the most sig-
nificant change was still observed using the ana-
tomical parameter diameter and volume (Baxa 
et  al. 2016). The same research group investi-
gated the potential of DECT in staging and ther-
apy response monitoring of metastatic lymph 
nodes. They analyzed 110 mediastinal lymph 
nodes in 27 patients with NSCLC with the same 

methods described above. Correspondingly, 
before treatment significant differences of AEF 
were observed between enlarged (90.4%, 32.3–
238.5%) and non-enlarged (72.7%, −37.5–
237.5%) lymph nodes (P = 0.044). A significantly 
different change of AEF in responding (decrease 
of 26.3%; P  =  0.022) and non-responding 
(increase of 43.0%; P = 0.031) lymph nodes was 
also demonstrated. Finally, a higher value of AEF 
before treatment was observed in lymph nodes 
with a subsequent favorable response (88.6% vs. 
77.7%; P  =  0.122), but this difference had no 
reach statistical significance (Baxa et al. 2014).

Kim et  al. evaluated tumor response in 10 
NSCLC patients treated with anti-angiogenic 
agents (bevacizumab) by assessing intratumoral 
changes with DECT. Tumor responses were eval-
uated and compared with the baseline CT results 
using both RECIST (size changes only) and 
Choi’s criteria (reflecting net tumor enhance-
ment). The weighted κ value for comparing the 
RECIST and Choi’s criteria was 0.72, with dis-
cordant responses found in 5 of 31 lesions. 
Therefore, DECT may be a useful tool for 
response evaluation after anti-angiogenic treat-
ment in NSCLC patients by providing informa-
tion on the net enhancement. In the same study, 
iodine-enhanced images also allowed a  distinction 
between tumor enhancement and hemorrhagic 
response (detected 4 of 29), which is important 
since intratumoral hemorrhage or necrosis during 
tumor treatment can make tumor response evalu-
ation more challenging. The measurement of the 
net enhancement allows the discrimination 
between intratumoral hemorrhage, which can be 
otherwise regarded as a solid enhancing compo-
nent, leading to an overestimation of tumor diam-
eters (Kim et al. 2012).

4.2.3  Correlation of DECT and PET-CT 
in Therapy Evaluation

The information derived from PET-CT imaging 
enables treatment evaluation at the molecular/
metabolic level, far ahead of the macroscopic 
visual change in RECIST 1.1. Therefore, the 
PET-CT response evaluation criterion in solid 
tumors (PERCIST) has been suggested as the 
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alternative to RECIST 1.1 (Wahl et  al. 2009). 
Ren et  al. showed that semiautomatic iodine- 
related quantitation in DECT correlated well 
with metabolism-based measurements in fluo-
rine- 18 fluorodeoxyglucose (F-FDG) PET/CT, 
suggesting that DECT-based iodine quantitation 
might be a feasible substitute for assessment of 
lung cancer response to chemoradiotherapy/
radiotherapy. They acquired a total of 32 pairs of 
DECT and F-FDG PET/CT imaging from 13 
patients with primary or metastatic lung cancers 
receiving either radiotherapy alone or chemora-
diotherapy. Imaging examinations were per-
formed before, immediately, and no later than 
6 months after treatment for response evaluation. 
Iodine-related DECT parameters included the 
total iodine uptake (TIU) and vital volume (VIV), 
and metabolic metrics of F-FDG-PET/CT were 
the standardized uptake value normalized to lean 
body mass (SULpeak), metabolic tumor volume 
(MTV), and the total lesion glycolysis (TLG). 
Pretreatment imaging data revealed a strong cor-
relation between DECT (RECIST, TIU, and VIV) 
and F-FDG PET/CT parameters (MTV, TLG) 
(R2 = 0.86 to 0.90, P < 0.01). After treatment, all 
DECT and PET/CT parameters significantly 
decreased, whereas the descending amplitude in 
RECIST was substantially smaller than that of 
the other parameters (P < 0.05). During follow-
 up examinations, all parameters followed a simi-
lar changing pattern, with a strong consistency 
between RECIST, TIU, VIV and SULpeak, MTV, 
TLG (R2 = 0.78–0.96, P < 0.05) (Ren et al. 2018).

4.2.4  Predicting Recurrence 
with DECT

CT, PET-CT, and clinical patient follow-up are 
used to detect recurrence. However, no examina-
tion is totally reliable, and recurrences might be 
diagnosed late, when the cancers are locally 
extended, or when the patients are metastatic.

Izaaryene et  al. investigated the utility of 
DECT in order to assess therapeutic responses to 
RFA for lung neoplasia. The study included 70 
patients in which the enhancement values of all 
scars were measured without establishing a prior 
threshold of positivity. At the 1 month follow-up, 
53 nodules were analyzed with DECT and four 
nodules had recurred, all of which were detected 

by DECT. The sensitivity, which was calculated 
at 100%, was excellent; the NPV was at 100% 
(CI: 91.62, 100) and the specificity was at 85.71% 
(CI: 73.33, 92.9). The diagnostic accuracy index 
was 86.79% (CI: 75.16, 93.45). Therefore, DECT 
could be a conceivable alternative for detecting 
early recurrence after lung RFA (Izaaryene et al. 
2017).

Fehrenbach et al. analyzed the DECT param-
eters in 83 patients with advanced NSCLC treated 
by CRT who underwent single-phase, contrast- 
enhanced DECT. The evaluation included quanti-
tative treatment response measurements (RECIST 
1.1), iodine content (IC) measurements, and 
spectral slope analysis. Secondary outcome 
parameters were IC and spectral slopes in medi-
astinal lymph nodes (n = 61). The tumor response 
was evaluated by applying RECIST 1.1. 24 
patients (29%) showed complete remission, 34 
patients (41%) had stable disease (SD) or partial 
regression (PR), and 25 (30%) had progressive 
disease (PD). The corresponding hotspot analysis 
showed significantly higher iodine values in PD 
than in SD/PR. Ten patients (12%) with initially 
SD showed progressive disease during follow-up 
for up to 18 months (PDFU). These patients also 
had significantly higher hotspot iodine values in 
the initial scan compared to patients with SD 
throughout the follow-up period (SDFU) (29%) 
(P < 0.001). Enlarged lymph nodes showed sig-
nificantly lower iodine content and a lower spec-
tral slope pitch than normal-sized nodes 
(P  =  0.003–0.029). Therefore, the authors con-
cluded that SCT might improve tumor response 
evaluation and lymph node assessment in NSCLC 
patients treated with CRT.  Iodine quantification 
can add information on tumor vascularization 
and detection of iodine hotspots indicating resid-
ual tumor vascularization has the potential to 
serve as an imaging marker to predict tumor pro-
gression (Fehrenbach et  al. 2019b). Two other 
studies by Aoki et  al. evaluated the correlation 
between DECT parameters and metabolic uptake 
in F-FDG PET-CT and the association with tumor 
recurrence, finding strong correlations between 
iodine concentration (IC), the maximum stan-
dardized uptake value (SUVmax), and local 
recurrence in NSCLC treated with stereotactic 
body radiotherapy (SBRT) (Aoki et al. 2016a,b).
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Abstract

Oncologic diseases of the gastrointestinal 
tract encompass a wide variety of tumors and 
pathological conditions. Dual-Energy CT can 
be tremendously helpful in this instance, par-
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ticularly with regard to visualization of subtle 
tumor masses in parenchymal organs such as 
the liver or the pancreas. In this context, low-
keV virtual monoenergetic images and iodine 
maps play an important role. Other applica-
tion fields of dual-energy CT for diagnosing 
oncologic diseases of the gastrointestinal tract 
include CT colonography, assessment of peri-
toneal lesions and evaluation of treatment 
response. This chapter will provide a conclu-
sive overview on the most important clinical 
use cases as well as scientific concepts that are 
still pending clinical implementation.

1  Introduction

Dual-energy CT (DECT) is a clinically useful 
technique for a wide range of oncologic imaging 
applications of the hepatobiliary system, the pan-
creas, and the gastrointestinal tract. Regarding 
oncologic imaging of the abdomen, both the 
qualitative improvement of iodine and soft tissue 
contrast and the option for material quantification 
provided by DECT have been extensively investi-
gated and can be of clinical use. While the first 
mentioned provides a more accurate lesion delin-
eation, lesion detection, and assessment of tumor 
infiltration, the second may be useful for quanti-
tative lesion characterization.

Despite substantial technical developments of 
CT in the past decades including multidetector 
CT and 3D volumetric rendering, lesion detec-
tion and delineation in parenchymal organs such 
as the liver and pancreas in CT is still challenging 
due to its inherently limited soft tissue contrast. 
This particularly accounts for small and/or inter-
mediate lesions with similar CT characteristics as 
the surrounding organ parenchyma. Therefore, 
the capability of DECT to increase the lesion-to- 
parenchyma contrast by means of low energy vir-
tual monoenergetic images as well as 
material-specific images such as iodine maps 
adds clinical value in many diagnostic scenarios. 
Moreover, the option of DECT-derived material 
quantification allows among others reconstruct-
ing iodine maps as well as virtual unenhanced 
images. They can help characterizing inciden-
tally detected ambiguous or intermediate lesions 

when there is no unenhanced acquisition avail-
able. Moreover, iodine maps have been explored 
as an alternate method for characterization of and 
assessment of response to anticancer treatment.

This chapter will focus on the most important 
DECT applications for imaging of the gastrointes-
tinal and hepatobiliary system as well as the pan-
creas with a focus on oncologic imaging. Further, 
it will include a review of current data on the 
potential of quantitative characteristics of DECT 
for characterization and treatment response assess-
ment in oncologic diseases of the abdomen.

2  Clinical Applications of Dual-
Energy CT for Oncologic 
Imaging of the Liver

2.1  Imaging Protocols

In imaging of the liver, administration of i.v.-contrast 
is usually required, while administration of oral 
contrast (positive or negative) depends on the clini-
cal question and field of view. Pertaining to imaging 
phases, the portal venous phase is the “standard” 
phase at most institutions. Depending on the ques-
tion in focus, early/late arterial (e.g. unknown 
hepatic malignancy, hepatocellular carcinoma, 
cholangiocellular carcinoma, known cancer with 
possibly hypervascular metastasis, prior surgery) or 
late phases (e.g. unknown hepatic malignancy, 
hepatocellular carcinoma, cholangiocellular carci-
noma) might be acquired in addition. Unenhanced 
examinations can provide incremental information 
in select cases (e.g. pre-/post local ablative therapy), 
however, are not considered standard in imaging of 
the liver (Prokop and Galanski 2002). The need for 
a true- unenhanced phase furthermore can be ques-
tioned if VNC from any DECT acquisition can be 
reconstructed. In a consensus paper published by 
Patel et al. in 2016, DECT acquisition is suggested 
for the arterial phase for DSCT and kVp-switching 
DECT, while this selection naturally is not required 
for dual-layer detector DECT and photon counting 
detector CT.

Specific use cases of VNC, low keV virtual 
monoenergetic images, and material-specific 
maps for imaging of the liver are elucidated here-
after and summarized in Table 1.
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2.2  Challenges in Imaging 
the Liver

There are three key diagnostic challenges at CT 
imaging of the liver: first, the accurate detection 
and delineation of lesions at oncologic staging or 
follow-up; second, the differential diagnosis (i.e. 
accurate characterization) of these lesions; and 
third, staging and response assessment of hepatic 
tumors, the last of which will be addressed in the 
dedicated subsection below about DECT-enabled 
therapy response assessment.

2.3  Liver Lesion Detection 
and Delineation

Many studies have elucidated the capability of 
DECT to improve the contrast of hyper- and 
hypoattenuating liver lesions and to thereby 
allow for an improved lesion detection and delin-
eation (Robinson et al. 2010). While the underly-
ing principle of highlighting the iodine contrast 
in DECT is the same for improving the assess-
ment of both hypo- and hyperattenuating lesions, 
the contrast improvement of hyperattenuating 
lesions is based on the increased attenuation of 
the lesion itself, while for hypoattenuating 
lesions, the higher contrast of the circumjacent 
organ parenchyma and the relatively lower iodine 
contrast enhancement of the lesion are exploited. 
Whereas earlier generation DECT systems 
showed a higher image noise in virtual monoen-
ergetic images at low energy levels, recent 

improvements in hard- and software as well as 
the introduction of novel technical approaches to 
DECT resulted in significant noise reductions in 
low keV virtual monoenergetic images which is 
why these reconstructions can be used as clinical 
“screening” tools, allowing for an optimal lesion- 
to- parenchyma contrast without noticeable 
increase in image noise (Grant et al. 2014; Große 
Hokamp et al. 2019).

Hypoattenuating hepatic lesions are frequently 
encountered incidentally in routine, portal venous 
phase CT examinations of the abdomen. While 
many of these lesions fall in the category “too 
small to characterize” and eventually turn out 
benign, the probability of underlying malignancy 
or a small liver metastasis can be higher depend-
ing on the patient’s history (Fig.  1). Detecting 
hypoattenuating lesions in clinical routine is the 
first step for further lesion characterization and 
clinical decision making on the necessity of addi-
tional imaging (e.g. dedicated liver MRI or con-
trast-enhanced ultrasound) or follow-up 
examinations. Many studies found that the 
improved contrast of hypoattenuating liver lesions 
in low keV virtual monoenergetic images facili-
tates improvements in their detection and delinea-
tion (Husarik et al. 2015; Altenbernd et al. 2016a; 
Hanson et al. 2018; Große Hokamp et al. 2018a). 
Conversely, it was described that in patients with 
liver steatosis, the advantage of low energy virtual 
monoenergetic images for imaging hypoattenuat-
ing lesions might be lower or even nullified 
(Nattenmüller et  al. 2015). Opposed to this, 
Grosse Hokamp et al. demonstrated in an ex-vivo 
set-up that benefits from low keV imaging may be 
leveraged even in poorly attenuating livers and 
mildly hypodense lesions; however, systematic 
validation of these findings in vivo is necessary to 
clarify this case (Große Hokamp et al. 2018b).

Hyperattenuating lesions of the liver comprise 
a wide spectrum of differential diagnoses ranging 
from benign lesions with often characteristic 
appearance (e.g. focal nodular hyperplasia, hem-
angioma) to liver metastasis or primary tumors 
such as hepatocellular carcinoma. Whereas 
detection of hypervascular lesions may often be 
effortless in case of a distinctive enhancement, 
lesions with a more subtle enhancement or a 

Table 1 Overview on key applications of different 
DECT-derived reconstructions in liver imaging

Reconstruction Application
Low keV virtual 
monoenergetic 
images

Detection and delineation of 
hypoattenuating and 
hyperattenuating liver lesions
Evaluation of vessels, e.g. prior 
to surgery

Virtual 
noncontrast 
images

Possible replacement for 
true-unenhanced images for 
assessment of lesion 
enhancement in dedicated 
multiphasic protocols

Iodine maps Liver lesion characterization
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a

e

b

c d

Fig. 1 Patient with new appearance of hypodense liver 
lesions suspicious for metastatic disease. While these 
lesions are very subtle in the conventional image equiva-

lent: (a) the contrast between the lesions and liver paren-
chyma is gradually increased with decreasing keV level 
from 70 keV (b) down to 40 keV (e)
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smaller size might still be missed, hampering 
accurate diagnosis. DECT can highlight the 
iodine hyperenhancement of lesions in compari-
son to the surrounding liver parenchyma in low 
keV virtual monoenergetic images or low kVp 
acquisitions, respectively (Altenbernd et  al. 
2011; Shuman et al. 2014; Große Hokamp et al. 
2018b). This effect facilitates an improved delin-
eation and conspicuity of hypervascular lesions 
of the liver (Fig. 2), more accurate measurements 
of hyperattenuating lesion components, and a 

more accurate distinction between characteristic 
enhancement patterns.

To facilitate and optimize diagnostic assess-
ment of any focal lesions, dedicated window set-
tings have been proposed for a long time. 
Historically, this arose from the lacking possibil-
ity to adjust window settings on a printed film; 
however, quickly became implemented in the 
DICOM standard. For conventional images, a 
window center of 100 and a width of 150 have 
been proposed and commonly accepted (Mayo- 

a c

b d

Fig. 2 Patient with incidentally detected hyperdense 
lesion in the left liver lobe. The lesion is only subtle with 
low contrast to circumjacent parenchyma (a, b), whereas 

dual-energy CT derived virtual monoenergetic images 
40 keV (b, c) allow for improved delineation by increas-
ing the lesion-to-parenchyma contrast
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Smith et  al. 1999); however, considering the 
altered contrast characteristics in low keV virtual 
monoenergetic images it is obvious that adjust-
ments become necessary. They further report that 
appropriate window settings can be semi- 
automatically obtained from simple attenuation 
measurements using linear models (Große 
Hokamp et al. 2018c), e.g. a center of 200 and a 
width of 405 are suggested when interpreting 
40 keV virtual monoenergetic images for hepatic 
lesions in portal venous phase. Naturally, such 
settings have to be adjusted to the individual 
examination protocol; however, this can easily be 
done using suggested conversion formulas (e.g.: 
center  =  HU_liver  +  15; width  =  6  ×  HU_
liver + 12; with HU_liver being measured in the 
respective reconstruction). Similar strategies have 
been suggested for imaging of other organ regions 
(Hickethier et al. 2018).

2.4  Liver Lesion Characterization

Apart from the qualitative improvements in the 
assessment of liver lesions that can be attained by 
means of low keV virtual monoenergetic images, 
the material decomposition and quantification 
capabilities of DECT further allow for a more 
accurate characterization of hepatic lesions as 
compared to conventional, single-energy 
CT.  However, it should be acknowledged that 
these approaches employing quantitative thresh-
olds mostly have not been validated across avail-
able DECT scanner types and should therefore be 
constrained in regard to their clinical application 
to the original scanner type on which the corre-
sponding study was performed. In one study, 
Kaltenbach et al. suggested that metastases from 
hepatic neuroendocrine tumors may be distin-
guished from hepatocellular carcinoma by means 
of (normalized) iodine uptake and attenuation 
measurements in early arterial phase, with iodine- 
based measurements being superior (Kaltenbach 
et al. 2018); the metastases from neuroendocrine 
tumors showed a significantly lower normalized 
iodine concentration. Yu et al., in another study 
focused on discerning HCC from frequent differ-
ential diagnoses, found that iodine quantification 

could differentiate HCC from focal nodular 
hyperplasia (Yu et al. 2013). The latter showed a 
significantly higher normalized iodine concentra-
tion both when the lesions were normalized to 
physiologically appearing liver parenchyma and 
to the abdominal aorta. In another study, it was 
reported that iodine maps were more accurate in 
differentiating small hepatic hemangioma from 
HCC as compared to qualitative differentiation 
using conventional CT (Lv et  al. 2011). Patel 
et al. found that malignant lesions were detected 
more accurately among incidentally found 
hypoattenuating liver lesions when using an 
iodine-based threshold as compared to a 
HU-based threshold. They reported a signifi-
cantly higher iodine concentration of 1.7 mg/ml 
in hypoattenuating lesions with underlying 
malignancy as opposed to a mean iodine concen-
tration of 0.6  mg/ml in hypoattenuating lesions 
that were benign (Patel et al. 2018). Last, Reimer 
et al. recently reported that low keV imaging is 
superior in detecting washout phenomena in an 
HCC population (Reimer et al. 2020).

2.5  Response Assessment 
of Hepatocellular Carcinoma

As a tumor for which its enhancement patterns 
are among the most important diagnostic criteria, 
hepatocellular carcinoma has been subject to sev-
eral studies investigating the potential benefit of 
using low keV virtual monoenergetic images and 
iodine maps for response assessment particularly 
after locoregional therapy. This topic will be 
addressed in Sect. 6.

3  Dual-Energy Imaging 
Applications for Pancreatic 
Imaging

3.1  Imaging Protocols

Protocols for pancreatic imaging are subject of 
an ongoing discussion and most recommenda-
tions directly transfer to DECT imaging in sus-
pected pancreatic disease (Table 2). Fasting prior 
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to examination is commonly conducted. Most 
sites suggest negative oral contrast (1000–
1500 ml) including 250 ml immediately prior to 
image acquisition. Furthermore, administration 
of buscopan is often advocated for. Dependent on 
the clinically suspected condition suggested con-
trast phases include unenhanced (pancreatitis), 
early and late arterial (suspected carcinoma, neu-
roendocrine tumor), and parenchymatous or por-
tal venous phases (aforementioned and trauma); 
however, the specific protocols settings (includ-
ing timing) as well as contrast media application 
(including rate, volume, concentration) vary 
largely between institutions (Prokop and Galanski 
2002).

Omitting an unenhanced phase can be consid-
ered when another series is acquired in DECT 
mode and therefore virtual noncontrast image 
reconstructions are available. When examining a 
patient on an emission-based DECT system, the 
phase in which DECT data is acquired needs to 
be chosen. In this context, a balance between 
radiation-dose, biological and technological pre-
sets has to be found. It appears that most institu-
tions chose the arterial phase to serve as DECT 
acquisition (Mastrodicasa et al. 2019).

Image reconstructions used in assessment of 
pancreatic disease include virtual noncontrast, 
low energy virtual monoenergetic (e.g. 50 keV), 
and iodine density maps (possibly as fused recon-

structions) in addition to blended or true conven-
tional images.

3.2  Imaging of Pancreatic Lesions

In CT imaging of the pancreas, the accurate 
detection of incidental lesions is important as 
some of them may require additional imaging, 
e.g. with MRI or follow-up examinations to 
rule out malignancy. While lesions with a high 
contrast to the surrounding parenchyma such as 
typical hypervascular neuroendocrine tumors 
and poorly vascularized, clearly hypodense 
pancreatic adenomas may be easy to depict 
even in single- energy, contrast-enhanced CT, 
many pancreatic lesions such as isoattenuating 
or mildly hypoattenuating pancreatic adenocar-
cinomas as well as hypovascular neuroendo-
crine tumors are more subtle and can easily be 
missed, particularly when they are of smaller 
size. This accounts even more for incidental 
detection in portal venous phase examinations 
without a dedicated pancreatic phase in which 
the contrast even of typical lesions is often sub-
optimal. DECT can enable improved depiction 
of such lesions following the same principle 
that is exploited for liver imaging: increasing 
soft tissue and iodine enhancement to highlight 
differences herein between the lesion itself and 
the surrounding parenchyma (Table  2). 
Consequently, multiple studies using many dif-
ferent DECT systems have concordantly shown 
that low keV virtual monoenergetic images 
improve conspicuity and diagnostic assessment 
of focal pancreatic lesions (McNamara et  al. 
2015; Quiney et  al. 2015; El Kayal et  al. 
2019)—this principle accounts for iso- to 
hypoattenuating lesions such as pancreatic ade-
nocarcinoma (Bhosale et al. 2015; Quiney et al. 
2015), cystic pancreatic lesions (Laukamp et al. 
2021) as well as hypervascularized lesions such 
as neuroendocrine tumors (Lin et al. 2012). Of 
note, it has been shown that low energy virtual 
monoenergetic images improve detection of 
small and isoattenuating pancreatic ductal ade-
nocarcinomas and hypovascular/isoattenuating 

Table 2 Overview on applications of different DECT- 
derived reconstructions for imaging of the pancreas

Reconstruction Application
Low keV virtual 
monoenergetic 
images

Detection and delineation of 
incidental lesions
Assessment of neuroendocrine 
and other hypervascular tumors 
of the pancreas
Delineation of pancreatic 
cancer
Evaluation of tumor extension 
and (vascular) infiltration in 
pancreatic cancer

Iodine maps Differentiation of pancreatic 
cancer and mass-forming 
pancreatitis (explorative)

Virtual noncontrast Detection of calcifications in 
chronic pancreatitis
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neuroendocrine tumors as well (Lin et al. 2012; 
Patel et al. 2017).

Compared to the unequivocal evidence on 
improved qualitative lesion assessment which 
has been reported for most available dual-energy 
CT scanner types, data on quantitative differen-
tiation of pancreatic lesions is sparser. For exam-
ple, Chu et al. suggested that iodine maps may be 
helpful for distinguishing between solid and cys-
tic pancreatic lesions. Moreover, virtual unen-
hanced images may be used to differentiate 
calcifications from linear iodine enhancement in 
cystic pancreatic lesions (Chu et al. 2012).

3.3  Imaging of Pancreatic Cancer

Pancreatic cancer greatly contributes to cancer 
mortality. The majority of pancreatic cancers 
show metastatic spread at the time of diagnosis. 
However, surgical resection of the tumor often 
still yields the best chance of attaining long-
term survival. In assessing pancreatic cancer, 
DECT can help tackling three important chal-
lenges: detecting subtle primary tumors, delin-
eating tumor margins, and assessing possible 
infiltration of other anatomical structures (Gupta 
et al. 2016).

CT plays an important role in the presurgical 
staging of pancreatic cancer, particularly with 
regard to the accurate assessment of potential 
infiltration of extrapancreatic structures such as 
circumjacent vessels. Allowing abdominal sur-
geons to evaluate resectability requires an accu-
rate assessment of it and to which degree vessels 
are affected by the tumor. Due to the highlighting 
of intravascular contrast, low energy virtual 
monoenergetic images allow for an improved 
assessment of vessel infiltration in pancreatic 
cancer (Bellini et  al. 2017; Nagayama et  al. 
2020).

Another possible benefit of DECT for pancre-
atic cancer imaging might be the capability to 
differentiate pancreatic adenocarcinoma from 
chronic mass-forming pancreatitis, an important 
imaging differential diagnosis. In this regard, a 
pilot study by Yin et al. showed that normalized 
iodine concentration in combination with spec-

tral slopes may distinguish between these two 
entities (Yin et al. 2015).

4  Oncologic Imaging 
of the Gastrointestinal 
System with Dual-Energy CT

Staging of malignancies of the gastrointestinal 
tract often requires the use of different modalities 
including CT or PET/CT for assessment of dis-
tant metastasis and presurgical planning as well 
as endoscopy for assessment of tumor infiltration 
or metastatic spread to locoregional lymph nodes. 
However, there are various potential applications 
of DECT that may benefit oncologic imaging of 
the gastrointestinal system including improved 
tumor detection, e.g. of esophageal cancer or 
neuroendocrine tumors, as well as DECT colo-
nography (Table 3).

4.1  Imaging Protocols

Various institutional protocols are available for 
GI imaging. Little alterations from standard CT 
protocols are required with regard to luminal 
contrast. In this context it needs to be acknowl-
edged that the bowel wall assessment is ham-
pered by administration of positive oral contrast. 
Besides, this being an issue well known from 
conventional CT, the impairment naturally is 
aggravated in low keV imaging. In the authors’ 
institution and supported by increasing evi-
dence, positive oral contrast is therefore avoided 
whenever possible (Kammerer et  al. 2015). 

Table 3 Overview on applications of different DECT- 
derived reconstructions for imaging of the GI system

Reconstruction Application
Low keV virtual 
monoenergetic images

Improved detection and 
delineation of focal masses

Iodine maps Improved detection, 
particularly of small lesions
Differentiation between 
different entities

Virtual noncontrast 
images

Lesion characterization
Fecal tagging, particulalry 
in DECT colonography
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Pertaining to the type of positive contrast 
medium, Gabbai et al. reported that differentiat-
ing iodine and barium is possible to some extent 
in an ex  vivo  setting; however, evidence with 
regard to in vivo applicability is missing (Gabbai 
et al. 2015).

For evaluation of the GI tract, usually a single 
contrast phase is sufficient; therefore, no decision 
on DECT acquisition phase must be made. If, 
however, an early arterial or angiographic phase 
is required (e.g. prior to surgery), as elucidated 
earlier, most institutions perform the earlier 
acquisition in dual-energy mode (if using an 
emission-based DECT system).

4.2  Upper GI Tract

Assessing the upper GI tract naturally is not the 
primary domain of CT; however, particularly in 
oncologic disease, CT remains standard of care 
to assess tumor burden. Zopfs et  al. recently 
reported that 40  keV virtual monoenergetic 
images hold value in assessing esophageal cancer 
locoregionally. They demonstrated that these 
reconstructions can be helpful in qualitative 
assessment of the primary tumor and furthermore 
in depiction of locoregional lymph nodes. Yet, 
they also found that the inherited limitation of CT 
in detecting tumor infiltration is not overcome 
(Zopfs et al. 2021). Figure 3 neatly demonstrate 
this benefit in terms of qualitative assessment. 
Figure 3c furthermore illustrates a possible ben-
efit from iodine maps in this context; however, 
their clinical impact in assessing esophageal can-
cer is subject of ongoing investigations.

Similar findings account for gastric malig-
nancy. Here, however, imaging of gastrointestinal 
stromal tumors (GIST) illustrates the potential 
iodine maps hold for assessing treatment response 
(see Sect. 6).

As elucidated above, low keV imaging partic-
ularly is useful in hypervascular lesions and 
therefore considered to be of particular benefit in 
assessing neuroendocrine tumors. Benefits of 
these images in assessing pancreatic NET are 
described in the corresponding section. Intestinal 
manifestations of NET are most commonly 

located in the jejunum or duodenum, while ileal 
manifestations are rare. Despite missing litera-
ture evidence in this context, the theoretical ben-
efit from low keV virtual monoenergetic images 
and iodine map (overlays) translates to this 
application.

4.3  Lower Intestinal Tract

Note, this section deals with DECT applications 
for lower GI tumors only, while other diseases of 
the lower GI are discussed in the chapter “Bowel 
Imaging.”

Again, DECT imaging, particularly low keV 
virtual monoenergetic images and iodine maps 
(overlays), is promising means to improve detec-
tion and delineation of tumors (Fulwadhva et al. 
2016). In this respect, it was reported that iodine 
maps and weighted average images derived from 
DECT facilitated detection of colorectal cancers 
with a sensitivity of 96.7% even without bowel 
preparation or insufflation (Boellaard et al. 2013). 
However, these findings are still subject to larger- 
scale validation.

In regard to quantitative use of iodine maps 
for lower intestinal tract imaging, researchers 
from China recently reported that arterial phase 
information in terms of iodine concentration 
were found helpful in image-based differentia-
tion between well- and poorly differentiated 
colon cancers in 47 patients (Chuang-Bo et  al. 
2017). Al-Najami et  al. performed a proof-of- 
concept investigation on lymph node character-
ization in rectal cancer using small samples of 
patients undergoing surgery. Patients were exam-
ined with iodinated contrast media intraopera-
tively immediately prior to resection. The 
specimen then underwent re-examination using a 
kVp-switching dual-energy CT. The authors sug-
gest a cut-off of 2.58 mg/cc for their specific set-
ting and small cohort, resulting in a sensitivity 
and specificity of 86% and 92%, respectively 
(Al-Najami et al. 2016). Yet, such cut-offs have 
not been validated on a larger scale and therefore 
should not be used for clinical decision making. 
In this context, the authors would like to draw 
attention to Sect. 6.
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4.3.1  Dual-Energy Colonography
CT colonography has been suggested as an 
alternative to optical colonoscopy for screening 
and diagnosis of colorectal carcinoma. There 
are two areas in which DECT may be useful for 
improving the diagnostic assessment in CT 
colonography: First, by using it for a procedure 
known as “electronic cleansing,” in which stool 

is tagged previously to the examination and then 
virtually subtracted by DECT post-processing, 
facilitating accurate assessment of the bowel 
wall (Cai et  al. 2013). Second, to differentiate 
findings such as stool, lipomas or adenomas 
from colorectal cancer by means of material-
specific images such as iodine maps (Schaeffer 
et al. 2014).

a

c

b

Fig. 3 Patient with path-proven esophageal cancer. At 
initial DECT staging, the contrast-enhancing semicircular 
thickening of the distal esophagus can be well appreciated 
in the virtual monoenergetic images at 40 keV (b) as well 

as the iodine overlay image (c) whereas barely being per-
ceivable in the conventional image (a). The localization 
correlated well with primary tumor localization deter-
mined with endoscopic ultrasound
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5  Oncologic Applications 
of DECT in the Abdomen 
outside of Parenchymal 
Organs

Apart from improved lesion delineation or char-
acterization within parenchymal organs, DECT 
can also enhance the assessment of abdominal 
oncologic disease manifestations outside of 
organs (Table  4). It has been shown that iodine 
overlay image may improve the assessment of 
peritoneal disease compared to a scenario where 
only conventional images are available (Fig.  4) 

(Lennartz et al. 2019b, 2020). Similar results were 
found for virtual monoenergetic images at lower 
keV levels (Darras et  al. 2019). However, it is 

Table 4 Overview on applications of different DECT- 
derived reconstructions for imaging of the abdominal cavity

Reconstruction Application
Low keV virtual 
monoenergetic 
images

Detection and delineation of 
small lesions

Iodine maps Detection of peritoneal disease 
and differentiation from 
postoperative changes
Lymph node characterization

a

c

b

Fig. 4 Patient with newly diagnosed nodular peritoneal 
metastases adjacent to the anterior abdominal wall. 
Whereas the lesions are relatively subtle in the conven-

tional polyenergetic image (a), they are clearly depicted in 
the virtual monoenergetic image at 40 keV (b) as well as 
the iodine map (c)
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worth noting that the attenuation of peritoneal 
lesions in contrast-enhanced CT may vary 
depending on factors such as the underlying dis-
ease, lesion size, or the individual patterns of dis-
ease spread in the abdominal cavity. Therefore, 
the diagnostic benefits provided by DECT-derived 
virtual monoenergetic or iodine overlay images 
remain to be verified at a larger scale. Another 
field of application at which DECT might com-
plement the diagnostic assessment outside of ded-
icated parenchymal organs is the detection of 
nodal disease. In this respect, an explorative study 
on patients with known rectal cancer demon-
strated that quantitative DECT parameters yielded 
a comparable accuracy in determining N-stage as 
MRI (Al-Najami et  al. 2017). In another study, 
Sun et al. demonstrated that iodine concentration 
and fat fraction derived from DECT could help 
diagnosing lymph node metastasis in patients 
with esophageal cancer: here, the fat fraction was 
much lower in metastatic nodes and showed accu-
racies of around 80% in differentiating metastatic 
from non-metastatic nodes, while their short axis 
diameter was not significantly different (Sun et al. 
2020). Another clinically challenging scenario 
that may occur is that it is unclear whether a nodal 
mass is due to metastatic spread from a particular 
tumor or if this mass is representing a nodal mani-
festation of lymphoma. In this regard, Marin et al. 
revealed that the iodine concentration as well as 
the fat fraction was significantly higher in lym-
phomas as compared to lymph node metastasis 
and that an iodine threshold of 2.0 mg/ml could 
differentiate these two malignant diseases with a 
sensitivity/specificity of 87% and 89%, respec-
tively (Martin et al. 2018). It is important to note 
that the results of most of these studies on mate-
rial quantification for assessing extraorganic dis-
ease are pending validation at a larger scale.

6  The Role of Dual-Energy CT 
for Assessing Oncologic 
Treatment Response

The rapid developments that took place in 
oncology over the past decade have revolution-
ized patient care in many areas. While being an 

important pillar of oncologic follow-up, the 
radiological assessment of treatment response 
is still largely reliant on simple size measure-
ments which often do not adequately reflect the 
tumor heterogeneity and the biological 
response to novel treatment options outside the 
realm of traditional cytotoxic therapies. A 
plethora of novel imaging biomarkers has 
therefore been investigated in this regard, 
among which quantitative DECT has shown 
promising results for assessing treatment 
response. Here, iodine concentration measure-
ments performed on iodine maps is the most 
commonly applied approach.

The ex vivo validity of iodine map-based mea-
surements has been thoroughly investigated and 
confirmed for all clinically available scanner 
types. Adapting these data into clinical routine 
has led to mixed observations; most authors high-
light the dependency of iodine measurements on 
cardiac output. In recent, large scale studies our 
group suggested to utilize normalized iodine con-
centration measurements as this reduces the 
inter-individual variability, age, and gender- 
dependency and (which is of utmost importance 
for treatment response assessment) the intra- 
individual consistency of quantitative iodine 
measurements (Lennartz et al. 2019a; Zopfs et al. 
2020). The mentioned studies performed normal-
ization to the abdominal aorta and focused on 
portal venous phase acquisitions. It needs to be 
emphasized that this approach still is investiga-
tional while the clinical adoption is subject of 
ongoing research.

However, it is worth noting that few applica-
tions, particularly pertaining to treatment 
response assessment have been employed clini-
cally yet as described in the consecutive 
sections.

6.1  Assessment of Treatment 
Response After Locoregional 
Therapy

One important area in which DECT may be a 
promising approach is the response assessment 
of patients undergoing locoregional therapy of 
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hepatocellular carcinoma. DECT-derived iodine 
maps reflect the iodine enhancement more accu-
rately than conventional single-energy 
 acquisitions. Therefore, they can serve as a sur-
rogate parameter for lesion perfusion (Skornitzke 
et al. 2018). In this respect, several studies have 
shown that DECT-derived iodine maps facilitate 
depiction of presence or absence of residual 
tumor perfusion of hepatocellular carcinoma 
more accurately than conventional images. For 
response assessment of patients with radioembo-
lization of hepatocellular carcinoma, Altenbernd 
et al. described that more patients were classified 
as having a stable disease as opposed to a pro-
gressive disease compared to an assessment 
based on AASLD criteria (Altenbernd et  al. 
2016b). In another pilot study, Bargellini et  al. 
described that volumetric iodine uptake after 
Yttrium-90 radioembolization of hepatocellular 
carcinoma was highly reproducible and that 
patients that were defined as responders as per 
post-therapeutic reduction in volumetric iodine 
showed a significantly higher overall survival 
compared to the patients deemed as responders 
as per RECIST 1.1 or mrECIST (Bargellini et al. 
2018). Pertaining to radiofrequency ablation, 
Vandenbroucke et al. outlined that DECT-derived 
features may help distinguish successful from 
unsuccessful ablative procedures by allowing an 
improved differentiation of residual tumors from 
post-interventional inflammatory changes 
(Vandenbroucke et  al. 2015). Zhang et  al. 
reported that volumetric iodine concentration 
more accurately predicted therapeutic response 
after microwave ablation in a rabbit model 
(Zhang et al. 2018).

Whereas most studies focusing on the use of 
DECT in  locoregional therapy response assess-
ment were focused on the liver, Parakh et al. fur-
thermore reported that the additional use of 
iodine maps helped to distinguish postsurgical 
changes from local tumor recurrence in patients 
who underwent resection of pancreatic adenocar-
cinoma (Parakh et al. 2018).

6.2  Assessment of Treatment 
Response After 
Antiangiogenic Treatment

The capability of DECT to assess lesion perfu-
sion has led to several studies investigating its 
potential use for assessing response by high-
lighting antiangiogenic treatment effects. 
Hellbach et al. reported that iodine quantifica-
tion allowed for an improved characterization 
of response to tyrosine kinase inhibitors in 
patients with metastatic renal cell cancer: the 
iodine quantification of renal cell carcinoma 
metastasis was significantly more sensitive in 
detecting antiangiogenic treatment effects than 
the corresponding Hounsfield unit measure-
ments (Hellbach et  al. 2017). Similarly, 
Schramm et al. and Apfaltrer et al. highlighted 
a potential benefit of DECT in assessing 
response to targeted treatment in gastrointesti-
nal stroma tumors (Schramm et  al. 2011). 
Correspondingly, Meyer et  al. reported that 
DECT allowed an improved prediction of 
response to tyrosine-kinase-inhibitor treatment 
than established response evaluation criteria 
such as RECIST and Choi criteria (Meyer et al. 
2013).
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1  Clinical Background

The liver, as the major metabolic organ, plays the 
crucial role in both amino acid and carbohydrate 
metabolism as well as in fat and iron balance in 
humans. The underlying pathophysiology of dif-
fuse liver parenchymal diseases is typically due 
to the dysfunction of one of these metabolic 
pathways.

Diffuse liver parenchymal disease can gener-
ally be divided into storage disease, vascular dis-
ease, and inflammatory disease. The main causes 
are hepatitis B or C, non-alcoholic fatty liver dis-

ease (NAFLD), alcoholic fatty liver disease, and 
autoimmune diseases (Chundru et al. 2013). The 
main causes of diffuse liver disease differ signifi-
cantly worldwide. In Asia and Africa, viral infec-
tions dominate, while in Europe and North 
America, NAFLD is the leading medical cause 
(Blachier et al. 2013).

Due to the increasing incidence of diabetes, 
obesity, and resulting metabolic syndrome world-
wide, the prevalence of NAFLD in particular is 
increasing dramatically. Two subentities of 
NAFLD can be differentiated as follows. The 
non-alcoholic fatty liver is characterized by an 
increased storage of triglycerides in the hepato-
cytes and the so-called non-alcoholic steatohepa-
titis (NASH), in which an inflammatory reaction 
prevails in addition to the increased fat storage. 
In addition, chemotherapeutic drugs can also 
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cause increased fat storage and inflammatory 
reaction of the liver (chemotherapy-induced ste-
atohepatitis  =  CASH) (Meunier and Larrey 
2020). Any liver disease that directly or indirectly 
induces an inflammatory response causes fibrosis 
of the liver parenchyma in the longer term. 
Increasing fibrosis may develop into liver cirrho-
sis with the typical consequences of portal hyper-
tension, hepatic insufficiency, and increased risk 
of developing hepatocellular carcinoma. The 
time course of development from hepatic steato-
sis to liver fibrosis and then to cirrhosis is vari-
able and depends on the underlying cause. 
Therefore, determination of liver fat content is 
crucial for prognostic assessment and for treat-
ment planning. With adequate therapy of the 
underlying cause, regression of hepatic steatosis 
and even liver fibrosis is possible in the long term 
(Byrne and Targher 2015).

In addition, the liver is also the main producer 
of enzymes and proteins to maintain systemic 
iron balance. Physiologically, an adult person has 
about 4–5 g of iron. Of this, 80% is bound in the 
red blood cells in the form of hemoglobin. 
Hepatic ferritin and hemosiderin primarily serve 
as proteins for iron storage (1–2  g) and can be 
mobilized from hepatocytes during increased 
metabolic demand. Complex feedback mecha-
nisms regulate intestinal iron absorption and iron 
recycling from aged red blood cells in response 
to systemic iron demand. Dysregulation of these 
metabolic pathways leads to the so-called iron- 
associated diseases, of which the iron storage dis-
eases are relevant to this article (Brissot and 
Loreal 2016).

In iron storage diseases, primary forms, such 
as hereditary hemochromatosis, are distinguished 
from secondary forms, which are predominantly 
associated with ineffective erythropoiesis. 
Hereditary hemochromatosis is an autosomal 
recessive disorder and a common cause of hepatic 
iron overload. Numerous genes encoding meta-
bolic processes of iron balance have now been 
identified, allowing the differentiation of 5 sub-
types of this disease. In secondary hemochroma-
toses, repeated blood transfusions are used 
therapeutically, which can lead to hepatic iron 
overload in the long term. Secondary hemaochro-

matoses include numerous forms of anemia, such 
as thalassemia, sickle cell anemia, sideroblastic 
anemia, myelodysplastic syndrome, aplastic ane-
mia, and rare enzyme or protein deficiency syn-
dromes (Marx 2000). Mention should also be 
made of the newly discovered dysmetabolic iron 
overload syndrome, which is associated with 
metabolic syndrome characteristics such as obe-
sity and type 2 diabetes mellitus but also exces-
sive alcohol consumption and hepatitis C 
(Fargion 1999). Iron overload has been observed 
in 15% of patients with metabolic syndrome, in 
50% of patients with NAFLD, and in over 40% of 
patients with chronic hepatitis C infection. 
Excessive liver iron overload can lead to tissue 
damage and loss of organ function. As far as 
known until today, free iron in combination with 
reactive oxygen species causes an increase in 
hydroxyl radicals. These lead to cell damage, 
liver fibrosis, and cirrhosis and increase the risk 
of developing hepatocellular carcinoma.

To date, invasive liver biopsy is considered the 
gold standard in the diagnosis of diffuse liver 
parenchymal disease. Besides the typical risks of 
invasive methods, such as bleeding and infection, 
liver biopsy results are only representative for the 
biopsied parenchymal area and cannot necessar-
ily be generalized to the entire organ. Furthermore, 
liver biopsy is unsuitable as a screening and mon-
itoring method, as repeatability is limited (Tapper 
and Lok 2017). Thus, the need for non-invasive 
methods to adequately assess the liver paren-
chyma with respect to diffuse liver parenchymal 
disease is evident.

Sonography, computed tomography, and mag-
netic resonance imaging already play an impor-
tant role in the diagnosis of diffuse liver 
parenchymal disease. Increasingly, quantitative 
examination results can be obtained with these 
methods.

In general, for the non-invasive determination 
of liver fat content, proton magnetic resonance 
spectroscopy (H-MRS) can be considered as a 
non-invasive reference standard due to its high 
accuracy. The disadvantage of H-MRS is the lim-
itation to the analysis of a cuboidal volume ele-
ment and the need for repeated measurements in 
different parts of the liver to obtain a  representative 

M. N. Bongers



237

result for the entire liver. However, chemical shift 
relaxometry of MRI now allows quantitative 
results to be obtained for the determination of 
liver fat content even for the total organ. Here, the 
so-called proton-density-fat fraction shows good 
agreement with both H-MRS and liver biopsy 
(Reeder and Sirlin 2010).

Sonography is also suitable for determining 
the fat content of the liver. In standard abdominal 
sonography, this is done purely visually by com-
paring the echogenicity of the liver and kidney, 
which is increased in fatty conditions. However, 
quantitative methods for fat quantification in 
sonography now also exist. Here, backscatter or 
attenuation coefficients are calculated to draw 
conclusions about the degree of fatty liver con-
version. Nevertheless, residual inaccuracy 
remains with sonographic methods due to non- 
ideal interobserver agreement (Ferraioli and 
Soares Monteiro 2019).

In single-energy computed tomography, a 
semiquantitative determination of liver fat con-
tent is possible using the Hounsfield units, which 
decrease with increasing fat content. However, 
since the Hounsfield units represent a sum atten-
uation coefficient, there is a strong influence, e.g. 
by iodine-containing contrast medium or iron 
deposits that can lead to incorrect estimation of 
the liver fat content (Kodama et al. 2007). With 
the introduction of dual-energy computed tomog-
raphy (DECT), it is now possible to accurately 
determine liver fat content even in contrast- 
enhanced CT examinations based on material- 
specific attenuation properties (Fischer et  al. 
2011; Hyodo et al. 2017a).

In non-invasive diagnosis of hepatic iron over-
load, methods of MR relaxometry have become 
established over the last decades. Initial 
approaches to determine liver iron content by 
analysis of the transverse relaxation rate (also 
called R2) were highly vulnerable to artifacts due 
to long acquisition times. However, the super-
paramagnetic properties of hemosiderin lead to 
focal inhomogeneity of the main magnetic field, 
which can now be measured very precisely with 
R2* relaxometry, allowing accurate quantifica-
tion of liver iron content (Labranche et al. 2018).

With the introduction of DECT and material- 
specific decomposition algorithms, it is now pos-
sible to robustly determine liver iron content in 
native DECT examinations. In particular, due to 
the short examination time, but also in the case of 
occasional contraindications to MRI (pacemak-
ers, etc.), DECT may be used in the future as an 
alternative method for determining liver iron 
content (Abadia et al. 2017).

2  Physical Background

In conventional single-energy CT (SECT), exam-
inations are acquired with fixed tube voltages. 
The detected X-ray attenuation is given in 
Hounsfield units and displayed as gray values. In 
these SECT images, there is a high structural 
information content with respect to the material 
being radiographed. However, since the gray val-
ues depicted only represent the linear attenuation 
coefficient of the radiographed material, the 
material-specific information content is very low. 
Applied to the liver, this means that under physi-
ological normal conditions in contrast-enhanced 
SECT, the linear attenuation coefficient is com-
posed of the attenuation of the liver parenchyma 
and the intravenously applied iodine. However, 
both the amount of iodine present in the liver 
parenchyma and, in particular, the composition 
of the liver parenchyma can vary considerably. 
Here, for example, the acquired contrast medium 
phase and administered contrast medium quan-
tity play a role. In addition, there are effects, such 
as the deposition of iron or copper components 
and fatty degeneration of the liver, which have an 
opposite effect on the linear attenuation coeffi-
cient and may thus completely compensate each 
other.

With the introduction of DECT, it is possible 
to obtain material-specific information about the 
material being radiographed. The basic principle 
of DECT imaging is based on the fact that differ-
ent materials have energy-dependent different 
mass attenuation coefficients when interacting 
with X-rays (for details, see Part I: Physical 
Implementation: Physical Background).

Gastrointestinal Imaging: Liver Fat and Iron Quantification



238

Due to the availability of only two attenua-
tion profiles, it is in general only possible to 
adequately separate a mixture of two materials 
using DECT.  In order to be able to separate 
three materials from each other, further criteria 
are required to solve an equation with three 
unknowns on the basis of the information from 
only two attenuation profiles. Meanwhile, there 
are some slightly different approaches to this. 
One solution is to assume that the sum of the 
individual volumes of the three materials to be 
distinguished is equivalent to the volume of the 
mixture of the three materials, which is not true 
in every case. A more generalizable solution is 
based on the law of conservation of mass and 
describes the assumption that the sum of the 
three materials to be differentiated is equivalent 
to the mass of the mixture of these three materi-
als (for details, see Part I: Physical 
Implementation: Dual-Energy Algorithms and 
Post-processing Techniques). The two required 
attenuation profiles with high and low energy 
can be acquired today with all common scanner 
designs, such as dual-source DECT (dsDECT), 
fast kV switching DECT (fksDECT), and dual-
layer DECT (dlDECT) (for details, see Part I: 
Physical). Theoretically, the sequential DECT 
technique is also capable of generating the 
required attenuation profiles, but this is not suit-
able for liver imaging due to the time latency 
between acquisitions and resulting artifacts 
from patient motion.

Depending on the DECT technology used, the 
material-specific information is obtained at the 
image domain level from the low- and high- 
energy images (dsDECT) or from the low- and 
high-energy sinograms (fksDECT and dlDECT) 
before image reconstruction.

The basic materials of interest should have 
clearly differentiated mass attenuation coeffi-
cients for adequate DECT differentiation. 
Applied to the liver, this highlights the problem 
that the simultaneous presence of iron overload 
and intravenously applied iodine due to over-
lapping mass attenuation coefficients make 
simultaneous determination of liver fat and 
liver iron content problematic in contrast-
enhanced DECT.

3  Scan Protocol and Contrast 
Injection

At the beginning of the clinical DECT era, quan-
tification of liver fat content was only possible 
using a two-compartment model based on native 
DECT acquisitions. By implementing the three- 
material models, it is now possible to determine 
liver fat content even in contrast-enhanced DECT 
acquisitions. The contrast medium phase used is 
of secondary importance, but the greatest experi-
ence is with DECT acquisitions in portal venous 
contrast medium phase. Further development of 
the DECT scanners, e.g. by introducing an addi-
tive tin filter in the dual-source technique to 
reduce the soft radiation components in the poly-
chromatic X-ray spectrum, has led to a further 
improvement in spectral separation. Thus, for a 
second-generation dual-source scanner 
(SOMATOM Definition Flash, Siemens 
Healthcare, Erlangen, Germany), it is recom-
mended to examine the liver with a scanning pro-
tocol that includes 100  kV as low energy and 
140 kV with additive tin filter (selective photon 
shield, Sn140  kV) as high energy. For a third- 
generation dual-source scanner (SOMATOM 
Force, Siemens Healthcare, Erlangen, Germany), 
the standard protocol to be favored for examining 
the liver, depending on the patient’s diameter, is 
100 or 90 kV and 150 kV, also with additive tin 
filter, resulting in dose neutrality compared with 
SECT acquisition. For routine abdominal exami-
nations, a total collimation of 0.6  ×  64  mm 
(second- generation scanner) or 0.6  ×  128  mm 
(third-generation scanner) and a pitch of 0.6 with 
a rotation time of 0.5 s are suitable.

When using the latest dlDECT scanner (IQon 
and CT 7500, Philips Healthcare, Best, The 
Netherlands), the primary acquisition of the liver 
is performed at 120  kV.  With the brand new 
dlDECT scanner (CT 7500, Philips Healthcare), 
however, it is now also possible to perform DECT 
examinations at 100 kV, which is preferable for 
abdominal examinations of slim persons, for 
example. Acquisition at 140 kV, which is possi-
ble with both scanners, is not recommended for 
the liver. With a collimation of 128 × 0.625 mm 
or 256 × 0.625 mm, a pitch between 0.5 and 1.7, 
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and a rotation time of 0.33 or 0.27 s, reconstruc-
tions with a slice thickness of 1–5 mm are com-
puted with a medium soft standard kernel (B). 
When using interactive reconstruction algo-
rithms, level 1 is recommended for the model- 
based method (IMR, Philips Healthcare) and 
level 3–4 for the statistical method (iDose, Philips 
Healthcare).

When using DECT devices with the latest 
generation fast kV switching technology 
(Revolution Apex, GE Healthcare, Waukesha, 
Wisconsin), a switch between the low voltage of 
80  kV and the high voltage of 140  kV is per-
formed every 25  ms. A collimation of 
128 × 0.625 mm with a pitch of 0.992 at a rota-
tion time of 0.5  s is suitable for examining the 
liver. The device-specific noise index should be 
between 19 and 23 for a slice thickness of 
0.625 mm and between 13 and 15 for 2.5 mm.

All scan protocols should have automatic tube 
current modulation to accommodate the varying 
body dimensions of patients. By default, we rec-
ommend reconstructing slice thicknesses 
between 1 and 3 mm as a compromise between 
spatial resolution and the need for PACS storage 
space. For the exclusive determination of liver fat 
and liver iron content, slice thicknesses of 
3–10 mm are certainly acceptable, too. To ensure 
correct post-processing of the DECT images, 
quantitative kernels (Q or Qr) are used in 
dsDECT.  Post-processing of the DECT data is 
mainly done in the raw data space for both 
dlDECT and fksDECT, so no special kernels 
need to be used here beyond the standard kernels. 
In general, low and medium levels of vendor- 
specific reconstruction algorithms, both on an 
iterative basis and using machine learning tech-
niques, produce an image impression that most 
radiologists describe as familiar.

For the determination of liver iron content, the 
acquisition of DECT images in native technique 
without intravenous application of iodine- 
containing contrast medium is required, since it 
is methodologically impossible to differentiate 
two materials with high atomic number from 
each other.

In rare cases, when in clinical practice a DECT 
examination of the liver is performed immedi-

ately after a contrast-enhanced MRI examina-
tion, errors may occur in the quantification of 
both liver fat and liver iron content due to the 
remaining gadolinium from the MRI contrast 
medium in the body.

4  Post-processing

Independent of the primary acquisition based on 
dsDECT, dlDECT, or fksDECT, the final post- 
processing for material differentiation is based 
on the information of a high- and a low-energy 
image data set. In order to be able to separate and 
effectively quantify materials using DECT, the 
materials must be known and defined as accu-
rately as possible. In detail, post-processing to 
quantify liver fat content involves a three- material 
decomposition of fat, liver tissue, and iodine. For 
quantification of liver iron content, iodine has to 
be replaced by iron in this analysis. Since iodine 
and iron are high atomic number materials (Z is 
53 and 26, respectively) compared to human 
body tissue, there is an overlap in the three- 
material decomposition preventing simultaneous 
differentiation of both using DECT.

The underlying process of the modified three- 
material decomposition is best understood by a 
graphical illustration (see Fig.  1). For this pur-
pose, the CT numbers obtained from the high- 
and low-energy data sets are plotted against each 
other, with the ordinate representing the low- 
energy information. To quantify liver fat content, 
a coordinate point can be defined for pure fat that 
has negative CT numbers (orange dot in Fig. 1). 
Another point for pure liver parenchyma can be 
defined by positive CT numbers (blue dot in 
Fig.  1). On a direct line connecting these two 
points, the CT numbers of a continuous mixture 
of these two materials (fat and liver tissue) can be 
expected. The closer the measured point on the 
line connecting fat and liver tissue to pure fat, the 
higher the relative fat content. In contrast- 
enhanced DECT, however, the X-ray attenuation 
of intravenously applied iodine must also be 
taken into account. As mentioned above, in 
DECT post-processing, it is critical that the mate-
rials to be quantified are precisely known. Thus, 
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for iodine, the material-specific DECT ratio, 
which is the slope of a straight line that can be 
obtained from the information of a DECT 
scanned dilution series, must be known (dotted 
gray lines in Fig.  1). If the information from a 
contrast-enhanced DECT is now plotted in the 
coordinate system described above, a point (red 
dot in Fig. 1) is created above the described con-
necting line between pure fat and liver tissue. 
Starting from this point, a straight line with the 
specific slope of iodine (dotted line in Fig. 1) can 
be drawn. The intersection point (green dot in 
Fig. 1) between this line and the line connecting 
pure fat and liver tissue reflects the measured 
point without the iodine attenuation. By deter-
mining the absolute value of the distance between 
this intersection point (green dot in Fig. 1) and 
the point for pure fat (orange dot in Fig. 1), the 
liver fat content can now be quantified. The abso-
lute value of the distance on the straight line 
between the determined intersection point (green 
dot in Fig. 1) and the measured starting point (red 
dot in Fig.  1) represents the amount of iodine 
from the applied contrast medium.

When quantifying liver iron content, the 
above-described post-processing has to be 

adapted to obtain iron in the three-material 
decomposition instead of iodine. The material- 
specific slope of iron is slightly flatter than that of 
iodine. To quantify the iron content, the absolute 
value of the distance between the measurement 
point and the intersection point on the line 
between fat and liver tissue has to be calculated.

5  Diagnostic Evaluation 
and Scientific Evidence

5.1  Liver Fat

The first scientific paper on liver fat quantification 
using DECT was published in 1991 by Raptopoulos 
et al. At that time, they could show using sequen-
tial DECT technique that differentiation of fatty 
infiltration of the liver from low density liver 
lesions is possible, but this was only successful if 
the liver iron content was low (Raptopoulos et al. 
1991). In subsequent years, numerous authors 
have published papers comparing the accuracy of 
DECT-based liver fat quantifications with tissue 
histology from liver biopsies, proton magnetic 
resonance spectroscopy (h-MRS), chemical shift 
relaxometry of MRI, and SECT (Fig. 2).

Here, the extent of fatty liver degeneration is 
generally classified into histological grades. A 
liver fat content of 0–33% is considered as mild, 
33–66% as moderate, and >66% as severe fatty 
liver infiltration (Brunt et al. 1999).

The correlation analyses performed show good 
agreement in the vast majority of studies. 
Numerous study results from small animal models 
are available. In rabbits, mice, and rats, excellent 
agreement with histology was repeatedly demon-
strated using sequential and fksDECT in native 
studies (Wang et  al. 2003; Artz et  al. 2012; Sun 
et al. 2014). By further developing the algorithms 
for material decomposition from two- to three-
material models (Mendonca et al. 2013), Hur et al. 
in 2014 also succeeded in achieving high agree-
ment with histology in contrast- enhanced DECT 
examinations in the rabbit model when quantify-
ing liver fat content using fksDECT (Hur et  al. 
2014). Hyodo et  al. showed in an experimental 
ex vivo work on three- material decomposition by 
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Fig. 1 Visualization of the DECT three-material decom-
position in the form of a low-high energy diagram. 
Calculating the amount of the distance between the green 
dot, which represents the measured X-ray attenuation 
without the iodine component, and the orange dot, which 
represents pure adipose tissue, allows the liver fat content 
to be determined
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fksDECT that object size has a small effect on the 
accuracy of liver fat quantification; however, iron 
deposition (and other metals with high atomic 
number such as copper in Wilson’s disease) can 
lead to a relevant underestimation of liver fat con-
tent (Hyodo et al. 2017b). In a prospective study, 
the same authors demonstrated in a collective of 
33 patients with NAFLD that three-material 
decomposition in fksDECT for determination of 
liver fat content can achieve high agreement with 
both h-MRS and liver biopsy and, moreover, very 
good reproducibility (Hyodo et al. 2017a).

When comparing DECT-based liver fat quan-
tification with the two methods of MRI, volume- 
selective h-MRS should be considered separately 
from chemical shift relaxometry.

In native fksDECT studies, no superiority over 
SECT compared to H-MRS could be found in the 
quantification of liver fat content (Kramer et al. 
2017). It should be noted that hepatic iron over-
load can lead to a relevant underestimation of 
liver fat content in both native SECT and DECT 
(Hyodo et al. 2017b), which can be quantified by 
DECT post-processing as described in the second 
part of this chapter.

In the meantime, however, experimental 
ex  vivo approaches exist to determine liver fat 
content in native and especially contrast- 
enhanced DECT examinations sufficiently by 
means of further developed three-material mod-
els even in the presence of iron deposition 
(Fischer et al. 2011; Ma et al. 2014).

5.2  Liver Iron

Some studies are already available on DECT- 
based determination of liver iron content. Overall, 
the scientific evidence is still low due to the lack 
of studies with large cohorts and systematic com-
parison with liver biopsy and the established 
methods of MRI. To date, the greatest experience 
is in the use of dsDECT to determine liver iron 
content (Fig. 3).

For the first time, a study on the quantification 
of hepatic iron content by dsDECT in eight 
patients with primary hemochromatosis was pub-
lished by Chapman and colleagues in 1980. They 
were able to demonstrate a strong correlation of 
0.993 between DECT-based values for the assess-
ment of hepatic iron content and chemical analy-
ses of liver biopsies (Chapman et al. 1980).

In 1988, Leigthon et al. described the clinically 
reliable quantification of liver iron in a study of 78 
children suffering from thalassemia. Using the 
data obtained, they developed a method for cali-
brating conventional CT scanners to allow acqui-
sition of DECT data sets (Leighton et al. 1988).

Then, in 1992, it was shown by Nielsen et al. 
in a small animal model that although there was a 
pronounced correlation between the bioptically 
confirmed iron content of the liver and that from 
DECT examinations, there is insufficient sensi-
tivity of the DECT method at clinically relevant 
iron concentrations around 1–3  mg/g wet liver 
tissue (Nielsen et al. 1992).

a b c

Fig. 2 Color-coded fat maps of three clinical cases with 
different degrees of fatty liver infiltration. (a) An over-
weight man aged 66 years shows no relevant hepatic fatty 
infiltration. (b) A 50-year-old female patient with obesity 
reveals moderate but inhomogeneous hepatic fatty infil-

tration with values ranging from 14% to 24%. (c) A 
53-year-old female patient undergoing chemotherapy for 
breast cancer presents with a marked, increasingly inho-
mogeneous fatty liver (CASH) by 40%
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These early studies used CT acquisitions in 
sequential technique, which are prone to motion 
artifacts.

The research group led by Oelckers and col-
leagues undertook a vendor-independent model 
calculation in 1996 and showed that the DECT- 
based method for determining liver iron could in 
theory detect even lower amounts of iron than 
MR-based methods, but that there was an unclear 
susceptibility to error, e.g. due to artifacts or par-
allel prevailing liver fatty degeneration (Oelckers 
and Graeff 1996).

The clinical introduction of the first genera-
tion dsDECT scanner in 2006 enabled simultane-
ous acquisition of the low- and high-energy 
image data for the first time, minimizing patient 
motion artifacts and opening a new era of DECT.

In 2011, Joe et  al. analyzed iron-associated 
X-ray attenuation of liver parenchyma for the 
first time based on dsDECT acquisitions. The 
research group was able to show that the differ-
ence in attenuation values between low- and 
high-energy correlates with the extent of hepatic 
iron overload and has an accuracy equal to MR 
relaxometry for the determination of liver iron in 
the clinically relevant ranges and, furthermore, is 
not relevantly influenced by the degree of liver 
fatty degeneration (Joe et al. 2012).

Luo et al. showed in a prospective study that 
equivalent sensitivity and specificity values can 
be obtained by means of three-material decom-
position in dsDECT compared with MR relax-
ometry for the clinically relevant manifestations 
of hepatic iron overload. However, with the small 
limitation that this does not prove true for low 
iron overloads below the therapy-relevant thresh-
old of 7  mg iron/g dry liver weight (Luo et  al. 
2015).

In a retrospective study, Werner et al. demon-
strated that dsDECT can adequately quantify 
liver iron overload in a collective of patients with 
hematologic diseases and that there is a strong 
correlation with serum ferritin and the number of 
transfused red blood cell concentrates (Werner 
et al. 2019).

The fksDECT technology also succeeded in 
determining the hepatic iron content, however, 
according to a first study, coexisting liver fat 
seems to cause a slight underestimation of the 
hepatic iron content (Xie et al. 2019).

Abadia et  al. showed that second-generation 
dsDECT scanners even succeed in imaging local 
iron distribution in the liver parenchyma (Abadia 
et al. 2017).

A study by Ma et  al. in 2020 showed that 
dlDECT technology can be used to present a 

a b

Fig. 3 Color-coded iron maps of dsDECT calculated 
with manufacturer-specific prototype software (DE 
IronVNC; Syngo.Via Frontier; Siemens Healthineers, 
Forchheim, Germany). (a) A 76-year-old female patient 
with myelodysplastic syndrome shows a slightly elevated 

liver iron content of 1.4–2.2 mg/dl already after infusion 
of a single red cell concentrate. (b) A 67-year-old patient 
shows inhomogeneous liver iron overload of 5.6–8.1 mg/
dl after recurrent blood transfusions due to acute myeloid 
leukemia
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strong, linear correlation with R2* values from 
MR relaxometry by calculating virtual monoen-
ergetic images and quantifying the attenuation 
difference between 50 and 120 keV to determine 
liver iron content (Ma et al. 2020).

Due to the current lack of commercially avail-
able DECT post-processing algorithms for liver 
iron quantification by all three major vendors, 
MR methods should continue to be preferred to 
quantify iron overload in routine clinical diag-
nostics up to now. In the future, with the avail-
ability of the appropriate post-processing 
software, DECT may also become a suitable 
alternative to MRI methods for determining liver 
iron content, especially when contraindications 
to MRI examination exist.

6  Conclusion

With all today available DECT scanner designs 
of dual-source, fast-kV switching, and dual-layer 
technique, it is possible to accurately quantify the 
liver fat content in vivo. With the advancement of 
post-processing algorithms from two- to three- 
material models, liver fat quantification is also 
successful in contrast-enhanced CT examina-
tions. A very good agreement can be obtained in 
comparison with both liver biopsy and MRI 
methods, with H-MRS being the non-invasive 
reference standard. The software required to 
evaluate DECT examinations is commercially 
available from the device manufacturers and 
approved for routine clinical diagnostics.

DECT-based determination of liver iron meth-
odologically requires acquisition of native DECT 
examinations, which is a rarity in routine daily 
use and therefore requires dedicated examination 
planning. Numerous studies have shown that reli-
able determination of liver iron content is possi-
ble with all currently available DECT scanners 
and that there is good agreement with results 
from liver biopsies and MRI methods. The great-
est experience is in the use of dsDECT scanners; 
for dlDECT and fksDECT, further studies are 
needed for methodological establishment. In 
general, the DECT post-processing algorithms 
for quantification of liver iron are still at an 

experimental status and are not yet commercially 
available. Therefore, MRI methods are currently 
still favored in routine clinical diagnostics for 
quantification of liver iron.

Compliance with Ethical Standards
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Abstract

In the past dual-energy CT of the bowel has 
played a lesser role compared to solid abdom-
inal organs. However, several applications for 
bowel imaging have emerged in which dual- 
energy CT provides additional value. Virtual 
non-contrast images can distinguish hyper-
dense intraluminal bowel contents as contrast 
enhancing such as tumors or acute bleeding 

from intrinsically dense feces. In infectious 
and inflammatory conditions monoenergetic 
images can be used to improve the visualiza-
tion of inflammation associated contrast 
media uptake. In the same way vascular con-
trast can be enhanced in acute or chronic 
bowel ischemia using dual-energy CT. Dual-
energy reconstructions may be used to reduce 
the influence of peristalsis artifacts. Initial 
studies show increased sensitivity for polyp 
detection in dual-energy CT colonography 
and it may be used to improve suboptimal 
fecal tagging.M. M. Obmann (*) 
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1  Clinical Background

Historically the diagnostic assessment of the 
luminal gastrointestinal tract has been challeng-
ing. Due to its ready availability cross-sectional 
imaging has become the modality of choice for 
the initial evaluation of gastrointestinal symp-
toms with abdominal CT being the workhorse in 
the acute setting. So far dual-energy CT has 
played a lesser role in the evaluation of the lumi-
nal gastrointestinal tract compared to the solid 
abdominal organs. This may be because of spe-
cific challenges the bowel poses to CT imaging, 
such as bowel wall peristalsis in combination 
with gas–tissue interfaces. While these need to be 
kept in mind when evaluating images, dual- 
energy CT offers several unique advantages 
which benefit bowel imaging (Yeh et al. 2018). 
Clinical conditions of the bowel can broadly be 
categorized into inflammatory, infectious, vascu-
lar, or neoplastic.

Chronic inflammatory conditions such as 
ulcerative colitis or Crohn’s disease are a source 
of lifelong morbidity and acute episodes may be 
complicated by abscess formation or fistulas 
(Torres et al. 2017). Assessment of disease sever-
ity is important for acute and long-term treatment 
decisions and imaging plays a key role in disease 
monitoring (Deepak et  al. 2017; Baker et  al. 
2018). The most common acute infectious condi-
tion in the abdomen that requires surgery is 
appendicitis. Appendicitis itself is usually confi-
dently diagnosed with conventional CT, as are 
major complications such as perforation or 
abscess formation (Tsuboi et al. 2008). However, 
gangrenous appendicitis which is harder to iden-
tify on conventional CT may rapidly develop 
complications and a more severe clinical course 
(Romano et al. 2014).

Acute bowel ischemia is a life-threatening dis-
ease characterized by high morbidity and mortal-
ity. In conventional CT multiphasic CT is 
employed to assess the vasculature and bowel 
wall enhancement (Aschoff et  al. 2009). Dual- 
energy CT can be used to increase vascular con-
trast for mesenteric vessel evaluation, improve 
the evaluation of bowel wall enhancement as well 
as generate virtual non-contrast images to exclude 

bowel wall hemorrhage. In cases of chronic isch-
emic colitis dual-energy CT may aid the detec-
tion of decreased bowel wall enhancement. In the 
same way dual-energy can increase the conspicu-
ity of duodenal or gastric ulcers. Gastrointestinal 
bleeding is common in the emergency setting and 
dual-energy CT offers ways to either reduce radi-
ation dose or improve the readers confidence in 
making the correct diagnosis.

Colorectal carcinoma is the second most com-
mon cancer in the western world (Siegel et  al. 
2018). Several screening methods are currently 
in use, with CT colonography being increasingly 
used due to improved cost-effectiveness and 
lower complication rates (van der Meulen et al. 
2018).

Another type of bowel cancer is gastrointesti-
nal stromal tumors (GIST). Quantitative bio-
markers for treatment response are desired 
especially as targeted therapies are used and 
dual-energy provides quantitative iodine metrics, 
which have been shown to correlate with tumor 
response (Schramm et  al. 2011; Meyer et  al. 
2013). While not necessarily of gastrointestinal 
origin, peritoneal metastases can affect the bowel 
and lead to bowel obstruction. However, in the 
early stages peritoneal implants may be hard to 
detect and dual-energy CT may aid the detection 
of these metastases (Darras et al. 2019).

While in the past oral contrast was often given 
for CT evaluation of abdominal problems, this 
practice has been changing, and currently oral 
contrast is used to a lesser extent (Kielar et  al. 
2016; Kessner et al. 2017). However, there may 
be a renaissance of oral contrast media for two 
reasons. Photon-counting CT is able to more pre-
cisely differentiate currently available oral and 
intravenous contrasts, i.e. gadolinium, iodine, 
bismuth. Furthermore, new dual-energy CT spe-
cific contrast materials are being developed.

2  Physical Background

Most clinical questions for bowel imaging relate 
to the uptake of intravenous contrast media in 
CT. Iodine has the favorable property of a higher 
k-edge (33.2  keV) compared to soft tissues 
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(0.01–0.53 keV), which can be leveraged using 
dual-energy CT as there is a significantly higher 
differential absorption by the lower energetic 
photons due to the photoelectric effect (Murray 
et al. 2019).

Reconstructing low energy virtual monoener-
getic images, the iodine-based contrast can be 
increased, allowing for better vessel assessment 
in portal venous phase images, and possibly skip-
ping an additional arterial phase, saving radiation 
dose (Hickethier et al. 2018; Shaqdan et al. 2018). 
Furthermore, not only the intravascular contrast 
is increased, but also the bowel wall contrast.

On conventional CT, the HU value of a voxel 
reflects the total attenuation disregarding how 
photons interact with the material in the voxel. 
Therefore, voxels with completely different 
materials may show identical HU values, due to 
different relative densities of the materials. With 
dual-energy CT radio-dense structures, such as 
active bleeding versus dense intraluminal con-
tents may be further characterized using material 
decomposition images.

Intraluminal fecal material is a special chal-
lenge in CT colonography. The current gold stan-
dard in CT colonography preparation comprises 
fecal tagging, where iodine or barium containing 
oral contrast and cathartic medication is ingested 
by the patient in the days prior to the scan, to 
remove as much fecal material as possible before 
the exam. Not only can polyps be distinguished 
from the contrast tagged residual fecal material, 
but also the contrast coats hard to spot flat lesions 
aiding their detection (Kim et  al. 2014, 2016). 
However, to enable virtual endoscopic views the 
tagged material needs to be removed using elec-
tronic cleansing (Bräuer et  al. 2018). While in 
conventional CT electronic cleansing was purely 
based on HU thresholds, dual-energy CT offers 
the opportunity to use spectral cleansing, identi-
fying iodine with a higher precision compared to 
a pure HU-threshold base approach (Eliahou 
et al. 2010; Cai et al. 2012, 2013; Tachibana et al. 
2015).

Other specific challenges to the luminal gas-
trointestinal tract are bowel peristalsis in combi-
nation with gas–tissue interfaces. Depending on 
the technical solution of dual-energy CT used 

associated artifacts may be reduced or exagger-
ated due to spatial and temporal differences 
between the high- and low energy datasets.

3  Scan Protocol 
Considerations

When acquiring dual-energy CT scans of the 
bowel the complete abdomen is imaged from the 
diaphragm to the pelvic symphysis. To reduce 
respiratory motion artifacts, patients should be 
instructed to hold their breath, as all current dual- 
energy CT scanners allow for acquisition of the 
whole abdomen in one breath hold.

For specific clinical questions acquisition of a 
non-contrast series may be of interest (Geffroy et 
al. 2014) and for vessel evaluation an arterial 
contrast injection phase series is desirable. There 
is mounting evidence that with dual-energy CT 
both of these can be replaced using virtual 
 non- contrast images and low keV virtual monoen-
ergetic images (Obmann et al. 2021a; Lennartz et 
al. 2021).

Hence, for bowel imaging acquisition of a 
single portal venous phase series is 
recommended.

Two main challenges need to be kept in mind 
when imaging bowel with CT, bowel peristalsis 
and gas–tissue interfaces. As bowel peristalsis is 
involuntary it cannot be changed by patient instruc-
tions as compared to breathing artifacts. While 
glucagon or other peristalsis reducing agents are in 
use for MRI imaging (Froehlich et al. 2009), they 
are not regularly used in CT bowel imaging, as 
artifacts are less severe in conventional CT acqui-
sitions. As peristalsis artifacts can for some scan-
ners be pronounced in dual- energy reconstructions 
(Obmann et al. 2021b), gantry rotation time should 
be kept low to reduce potential artifacts (Shah 
et  al. 2018). As the bowel lumen often contains 
gas, gas–tissue artifacts are commonly seen in the 
form of windmill artifacts due to the high HU dif-
ference between gas and tissue (Fleischmann and 
Boas 2011; Boas and Fleischmann 2012). To limit 
these artifacts pitch should be kept at 1 or lower.

In terms of radiation dose, multiple studies 
have shown the feasibility of dose neutral dual- 
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energy CT acquisition compared to conventional 
CT (Euler et al. 2016; Uhrig et al. 2016; Grajo 
and Sahani 2018). Therefore, a radiation dose of 
around 15 mGy may serve as a target value and 
be adapted to the institution’s standards and 
patient population. Exemplary acquisition set-
tings for several different dual-energy CT scan-
ners for bowel imaging are provided in Table 1.

For low-dose CT colonography examinations 
radiation dose levels are usually lower at around 
4 mGy (Berrington de Gonzalez et al. 2010), and 
the same low-dose levels from conventional CT 
colonography should be aimed for when using 
dual-energy CT.

4  Postprocessing

For initial clinical review of images, a 120 kVp- 
equivalent reconstruction is used. This may be 
either be a linear blend of the high- and low 
energy dataset (dual-source and split-filter dual- 
energy CT scanners), a virtual monoenergetic 
image between 60 and 70  keV (rapid-kVp- 
switching dual-energy CT scanners), or a true 
120 kVp acquisition (detector based dual-energy 
CT scanners). Evaluation of vascular structures 
is preferably done on low keV virtual monoen-
ergetic image reconstructions between 40 and 
50  keV depending on the scanner type and its 
noise characteristics. As iodine contrast is 

enhanced in the low keV images, inflammatory 
changes are also accentuated. This can also be 
leveraged to improve suboptimal fecal tagging 
in dual-energy CT colonography studies. In the 
same way subtle bowel wall enhancement dif-
ferences due to ischemic changes can be 
depicted. However, to analyze bowel wall 
enhancement or the lack thereof is more com-
monly done using iodine maps. These can either 
be viewed as a separate image series or a col-
ored fusion overlay on top of their correspond-
ing material decomposition pair, i.e. virtual 
unenhanced images or water images. Either 
way, iodine images should always be analyzed 
together with the corresponding material 
decomposition pair to be able to identify densi-
ties on iodine maps as true iodine. Other materi-
als such as calcium or bismuth also appear dense 
on iodine maps and might therefore be mistaken 
for iodine. This is solved using the virtual unen-
hanced images, on which they appear equally 
dense. This is of special importance when evalu-
ating for bowel wall ischemia and intramural 
hemorrhage, where the intrinsic density of the 
mural hemorrhage may appear isodense to nor-
mally enhancing bowel on venous phase images. 
The combination of virtual unenhanced and 
iodine images is able to identify the hemor-
rhage, dense on virtual unenhanced images, ver-
sus contrast enhancement of the bowel wall, 
dense on iodine images.

Table 1 Scan parameters for regular dual-energy CT bowel imaging

Scanner Dual-layer Rapid-kVp-switching Dual-source Split-filter
CTDIvol [mGy] 15 15 15 15
Tube voltage [kVp] 120 80/140 A:100

B:140
120

Additional filtration – – Sn for B Au and Sn
Tube current [mA] 511 606 A:609

B:471
617

Exposure time [s] 0.325 0.250 0.285 0.285
Collimation [mm] 64 × 0.625 80 × 0.625 128 × 0.6 64 × 0.6
Pitch 1.015 0.992 0.8 0.25
Rotation time [s] 0.33 0.5 0.28 0.28
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5  Diagnostic Evaluation 
and Scientific Evidence

5.1  Chronic Inflammatory 
Conditions

While in chronic inflammatory bowel disease 
studies have shown the improved contrast-to- 
noise characteristics using low keV virtual 
monoenergetic images (Lee et al. 2018), quanti-
tative metrics such as iodine concentration or 
effective atomic number (Z) have been investi-
gated as potential biomarkers for disease burden 
and therapy response (Villanueva Campos et al. 
2018; Taguchi et al. 2018b; De Kock et al. 2019), 
with quantitative iodine concentration emerging 
as a reliable biomarker correlating to the clini-
cally widely used Crohn’s Disease activity index 
score (Van Hees et al. 1980; Kim et al. 2017). All 
currently clinical available dual-energy platforms 
enable the quantification of mural iodine uptake 
(Fig. 1).

5.2  Acute Infectious Conditions

Increased signal-to-noise ratio of low keV virtual 
monoenergetic images can help identify active 
inflammatory processes of the bowel, not only is 

attenuation of iodine containing structures 
increased but also density of fat containing tis-
sues is decreased. This is especially useful in the 
abdomen where mesenteric fat stranding can be 
the most obvious feature of disease (Fig. 2). For 
acute appendicitis it has been shown that both 
low keV virtual monoenergetic images and iodine 
overlay images may facilitate the differentiation 
between acute uncomplicated and gangrenous 
appendicitis (Elbanna et  al. 2018). The lack of 
appendiceal mural iodine uptake is indicative of 
gangrenous appendicitis (Fig. 3).

5.3  Vascular Bowel Conditions

When evaluating for acute bowel ischemia the 
mesenteric vasculature needs to be assessed. 
Dual-energy CT improves visualization of 
abdominal vessels using low keV virtual monoen-
ergetic images (Shaqdan et  al. 2018). This can 
either be used to reduce the amount of intrave-
nous contrast used or to skip a dedicated arterial 
phase acquisition (Rajiah et al. 2018; Hickethier 
et al. 2018; Lourenco et al. 2018). Evaluating the 
bowel wall is simplified using iodine (fusion 
overlay) images (Fulwadhva et al. 2016), where 
perfusion deficits are easily identified. In the 
same way low keV images can be used to accen-

a b c

Fig. 1 Dual-source dual-energy CT in portal venous 
phase of a patient with acute exacerbation of known 
Crohn’s disease. (a) 120 kVp-equivalent mixed image 
shows multiple stenoses with increased inflammatory 
iodine uptake of the bowel wall (arrows). (b) The lesion 

with the highest iodine uptake (arrow) is visualized in 
axial plane on the iodine fusion overlay image. (c) 
Freehand region-of-interest measurement of the quantita-
tive iodine uptake of the inflamed bowel segment

Bowel Imaging
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tuate subtle differences in bowel wall enhance-
ment (Potretzke et  al. 2014). A pitfall for 
conventional arterial and venous phase CT imag-
ing is bowel wall hemorrhage, which due to its 
high attenuation might be misconstrued as mural 
enhancement (Rondenet et  al. 2018). With the 
combination of VNC images and iodine images 
of dual-energy CT, true non-contrast images can 
be simulated and a confident diagnose of bowel 
wall hemorrhage indicative of transmural necro-
sis can be made (Fig. 4).

Patients with ischemic colitis usually present 
with a less acute course of disease. In the major-
ity of cases the underlying cause is non-occlusive 
mesenteric ischemia (NOMI) (Taourel et  al. 
2008). The main imaging finding is bowel wall 
thickening and the differential diagnosis of infec-

tious colitis may be hard to distinguish. Dual-
energy CT can reveal the true diagnosis by 
showing the decreased vascular supply to the 
affected segments (Fig. 5).

Gastrointestinal bleeding can be detected with 
dual-energy without the need for an additional 
non-contrast phase scan, as virtual non-contrast 
images have been able to perform comparably 
(Sun et al. 2015; Trabzonlu et al. 2020).

5.4  CT Colonography

Dual-energy CT has been shown to benefit intra-
venous contrast enhanced CT colonography stud-
ies, differentiating impacted stool from polyps 
(Karcaaltincaba et al. 2009; Taguchi et al. 2017). 

a b c

Fig. 2 Dual-source dual-energy CT in portal venous 
phase of a patient with acute uncomplicated, phlegmon-
ous appendicitis. (a) The 120-kVp-equivalent blended 
image shows a wall thickened vermiform appendix with 
surrounding fat stranding (arrow). (b) The low keV 

(50  keV) virtual monoenergetic image increases the 
iodine-based attenuation while lowering the attenuation of 
fatty structures, accentuating the inflammation process. 
(c) Iodine fusion overlay images show preserved iodine 
uptake of the appendiceal wall

a b c

Fig. 3 Dual-source dual-energy CT in portal venous 
phase of a patient with pathology proven acute gangre-
nous appendicitis. (a) 120-kVp-equivalent blended image 
shows a wall-thickend vermiform appendix with sur-
rounding fat stranding (arrow). (b) The low keV (50 keV) 

virtual monoenergetic image shows a decreased attenua-
tion of the appendiceal wall. (c) Iodine fusion overlay 
images show a lack iodine uptake of the appendiceal wall, 
confirmative of gangrenous appendicitis, compare also to 
Fig. 2c
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a b

c d

Fig. 4 Split-filter dual-energy CT in portal venous phase 
of a patient with a closed-loop small bowel obstruction. (a) 
120-kVp-equivalent mixed images show dilated small 
bowel loops with reduced mural enhancement (white 
arrows) and partially thickened bowel wall (yellow arrow). 
(c) Iodine images show complete lack of iodine uptake in 

both the thickened and the non-thickened bowel segments. 
(d) Virtual non-contrast images confirm the absence of 
iodine uptake, as the density of the bowel wall seen in (a) 
is mapped to the virtual non-contrast image, indicative of 
bowel wall hemorrhage rather than iodine perfusion. (b) 
Iodine fusion overlay shows the same findings

a b c

Fig. 5 Dual-source dual-energy CT in portal venous 
phase of a patient with ischemic colitis. (a) 120kVp- 
equivalent images show wall thickening of the descending 
colon (white arrows). (b) Iodine maps show reduced and 

focal absent bowel wall enhancement, in keeping with 
ischemic colitis. (c) Same is visualized on the iodine 
fusion overlay images
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Furthermore multiple studies have shown that 
low keV virtual monoenergetic images can 
improve contrast of fecal tagging CT colonogra-
phy studies (Taguchi et al. 2018a; Obmann et al. 
2020).

5.5  Contrast Materials

Current contrast agents (i.e. iodine, barium and 
gadolinium) are hard to differentiate using dual- 
energy CT due to the proximity of their k-edges. 
However, experimental studies have shown the 
potential of multi-bin photon-counting CT to 
separate k-edges of multiple currently available 
contrast agents, either for CT colonography to 
further differentiation between fecal tagged 
material and polyps (Muenzel et al. 2017) or to 
differentiate oral from intravenous contrast mate-
rial (Ren et al. 2020). In the past it has been sug-
gested that other than the currently available 
contrast materials, high Z-elements may be used 
for novel CT contrast agents (FitzGerald et  al. 
2016). Because of their distinctly different spec-
tral properties compared to current iodinated 
contrast materials dual-contrast exams in a single 
dual-energy CT scan may become possible in the 
future (Mongan et  al. 2012, 2013; Rathnayake 
et al. 2016).

6  Conclusion

So far, the gastrointestinal tract has lagged behind 
in dual-energy CT application compared to other 
abdominal organs. However, due the improve-
ments in dual-energy CT scanners with faster 
acquisitions and thus lower artifacts bowel imag-
ing is becoming more and more mainstream. 
Similar to other organs most dual-energy CT 
applications in bowel imaging revolve around 
iodinated contrast material. Yet, as novel devel-
opments such as dual-energy CT colonography 
or dual-energy specific contrast agents are on the 
horizon the importance of dual-energy for bowel 
imaging will increase.
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Abstract

Acute abdominal and pelvic pain can have a 
wide range of etiologies, from self-limiting 
conditions to acute pathologies requiring 
emergent surgery. Emergency radiology plays 
a pivotal role in the routine diagnosis and out-
comes of patients with these disorders. 
Computed tomography (CT) with evolved 
protocols and technological advancements in 
particular with advent of dual-energy CT 
remains the first diagnostic modality of choice 
in patients with non-traumatic surgical abdo-
men, including appendicitis, cholecystitis, 
bowel ischemia, bowel obstruction, visceral 
perforation, bowel hemorrhage, and abdomi-
nal aortic aneurysm rupture. Renal calculi are 
also frequently encountered non-surgical 
causes of acute abdominal pain.

Conversely of the spectrum, abdominal 
trauma is one of the leading causes of death 
and morbidity. Mechanism of injury classifies 
abdominal trauma into blunt and penetrating. 
Blunt abdominal trauma usually results from 
falls from heights, motor vehicle collisions 
(MVC), and assaults. Penetrating abdominal 
trauma arises from stab wounds and gunshot 
wounds. In both blunt and abdominal trauma, 
imaging should exclude life-threatening inju-
ries after careful examination and primary sur-
vey. Ultrasound is rapid and portable imaging 
modality making it a good option for abdomi-
nal trauma screening. However, fast scan is 
limited to look for hemoperitoneum, and eval-
uation of intra-abdominal organ injuries is 

dependent on MDCT. The hemodynamically 
stable patient should receive a multidetector 
computed tomography (MDCT) scan with IV 
contrast in the assessment of visceral and vas-
cular injuries. DECT can increase the conspi-
cuity of traumatic solid organ and hollow 
visceral damage by utilizing its post- 
processing applications like selective iodine 
imaging, virtual monoenergetic imaging.

Abbreviations

CT Computed tomography
DECT Dual-energy computed tomography
ED Emergency department
GI Gastrointestinal
IV Intravenous
MDCT Multidetector computed tomography
MVC Motor vehicle collisions
VNC Virtual non- contrast

Learning Objectives
• To emphasize the role of dual-energy com-

puted tomography (DECT) in the non- 
traumatic and traumatic emergencies of the 
abdomen.

• To highlight the significance of an optimized 
DECT protocol imperative for an accurate and 
prompt diagnosis.

• To demonstrate the spectrum of the imaging 
findings in acute traumatic and non- traumatic 
disorders of the abdomen.
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1  Introduction

Acute abdominal pain is one of the most common 
presentations in the emergency department (ED) 
and comprises approximately 15% of all emer-
gent cases (Kamin et  al. 2003). Acute onset of 
severe abdominal pain raises the concern for 
intra-abdominal emergencies, such as perforated 
solid viscera, bowel ischemia/bleeding, or acute 
visceral inflammation. Therefore, based on the 
imaging findings and diagnosis, patients may 
require immediate intervention or follow-up. 
Evaluation of abdominal pain in the ED requires 
a thorough approach, based on patient’s history, 
physical examination, laboratory tests and imag-
ing studies. Despite extensive evaluation, mostly 
half of these patients still remain undiagnosed, 
however with latest imaging advancements this 
number has decreased significantly. Abdominal 
radiographs have limited diagnostic value. 
However, because of the easy availability, they 
can be used as a first line of investigation to guide 
the treatment and further investigations.

Prompt diagnosis and characterization of 
abdominal injuries are essential in polytraumatic 
patients to avoid mortality. The most commonly 
injured intra-abdominal organ is the spleen, fol-
lowed by the liver and the genitourinary tract 
(Soto and Anderson 2012). Computed tomogra-
phy (CT) helps distinguish injuries that require 
immediate surgical or angiographic management. 
DECT for abdominal and pelvic trauma is an 
emerging application (Jeremy et al. 2018). DECT 
allows us to acquire images at different Kev and 
improve the detection and assessment of organ 
lacerations and decreased organ perfusion by 
obtaining low Kev images. Moreover, creating 
virtual non-contrast (VNC) images by subtract-
ing the iodine and iodine overlay images helps to 
look for active bleeding, and many studies have 
shown the accuracy of iodine maps and VNC 
images with solid organs (Glazer et  al. 2014; 
Ascenti et al. 2013; Wortman et al. 2016). In this 
review article, we will discuss the spectrum of 
abdominal injuries in a motor vehicle collision 
with emphasis on the CT protocols, imaging find-
ings, and illustrations.

2  Role of DECT in Non-
traumatic Acute Abdomen

Dual-energy CT has emerged as a promising tool 
in imaging the patients presenting with nontrau-
matic causes of acute abdomen and has multiple 
potential clinical applications. Use of the dual- 
energy CT acquisition allows characterization of 
various materials depending on their differential 
attenuation and thus helps to identify the material 
composition (Grajo et al. 2016). Hence, selective 
identification of the iodine content can provide 
information about the visceral enhancement, 
including decreased or no enhancement in case 
of vascular compromise or hyperenhancement in 
inflammation. Besides identifying iodine, its 
quantitative analysis can help differentiate 
between the inflammatory and neoplastic pathol-
ogies. Virtual nonenhanced images can lower the 
patient dose by eliminating the need of perform-
ing a non-contrast phase. DECT with VNC 
images can help differentiate hemorrhage from 
tissue enhancement or mineralization. 
Furthermore, the ability of dual-energy CT to 
substantially reduce metallic prosthesis related 
artifact is an added advantage to unmask the 
underlying anatomical and pathological details.

3  Bowel Ischemia

Bowel ischemic can be seen as a consequence of 
arterial embolism, venous thrombosis, hypoper-
fusion, vasculitis and small bowel obstruction, 
particularly a closed-loop obstruction (Fig.  1). 
Hypoenhancement or lack of bowel wall enhance-
ment is considered a direct sign of bowel isch-
emia (Wallace et al. 2016; Potretzke et al. 2015a). 
Other cross-sectional imaging findings include 
direct visualization of the thrombus in the mesen-
teric arterial or venous circulation. Non-specific 
imaging findings may include bowel distension, 
bowel wall edema, hyperenhancement of the 
mucosa, circumferential mural thickening, and 
surrounding fat stranding. In advanced cases, 
pneumatosis, portal/mesenteric venous gas, peri-
tonitis/ascites, and free gas can be found. Iodine 
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overlay imaging and virtual monoenergetic imag-
ing at lower energy levels can detect and differen-
tiate mural hypoperfusion from normally 
perfused bowel wall (Wallace et  al. 2016; 
Potretzke et  al. 2015a). Early detection of the 
bowel ischemia is crucial to prevent development 
of the gangrenous bowel and can significantly 
impact the patient outcome (Fig. 2).

4  Bowel Perforation

Abdominal pain in hollow viscus perforation is 
usually very severe and diffuse rather than local-
ized to one quadrant. Other associated symptoms 
include fever, nausea, vomiting, dizziness, and 
shortness of breath. Bowel perforation can be 
secondary to myriads of pathologies including 
appendicitis, diverticulitis, stomach ulcers, 
inflammatory bowel disease, ischemia, ingestion 
of foreign body, or long-standing bowel tumor 
(Fig. 3). Iatrogenic causes may include post colo-
noscopy or endoscopy bowel perforation (https://
radiopaedia.org/articles/bowel- perforation- 
summary). Bowel perforation is an acute surgical 
emergency and CT scan with intravenous (IV) 

contrast is the investigation of choice. The direct 
evidence of bowel perforation on CT is demon-
stration of free air and fluid within peritoneal 
cavity or concealed extraluminal collection 
(ht tps : / / radiopaedia .org/ar t ic les /bowel- 
perforation- summary). Dual-energy CT is help-
ful in identifying underlying causes like bowel 
ischemia, bowel related tumors, perforated diver-
ticulitis (Fig.  4), gangrenous appendicitis, and 
cholecystitis. Treatment is dependent on the iden-
tification of underlying cause followed by surgi-
cal intervention.

5  Diverticulitis

Diverticulosis is the herniation of the mucosa and 
the submucosa through the muscular layer of the 
bowel, which if develops inflammation results in 
diverticulitis. The abdominal pain is usually 
localized to the respective abdominal quadrant, 
mostly left lower quadrant. Apart from the 
abdominal pain, other symptoms include nausea, 
vomiting, fever, and localized tenderness. If left 
untreated, the complications of diverticular dis-
ease include focal colitis, lower gastrointestinal 

a

d e f g

b c

Fig. 1 An 82-year-old female with acute onset of abdom-
inal pain and elevated lactate. (a, d) Unenhanced axial and 
coronal CT images show multiple mildly dilated small 
bowel loops in the right lower quadrant with two transi-
tion points (yellow arrow) signifying closed loop obstruc-
tion. Mural hyper-attenuation (red arrow) on the 
unenhanced images can be accurately seen on the virtual 

non-contrast image (e), this appearance is consistent with 
mural hemorrhage. (b, f) Post-contrast coronal and axial 
CT images show no attenuation difference or enhance-
ment on the venous phase on comparison to the VNC or 
unenhanced images. This feature is seen as no iodine 
uptake on iodine overlay coronal and axial images (c, g)
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a b c

Fig. 2 A 75-year-old female with end stage COPD who 
presented with abdominal pain (a). Coronal post-contrast 
CT image shows fluid filled ascending colon with ques-
tionable mural enhancement (yellow arrow). (b) Coronal 
iodine overlay image confirms the lack of iodine uptake 

signifying ischemia (red arrow). (c) Perioperative picture 
shows the blackish discoloration (blue arrow) of the 
ascending colon signifying ischemic insult leading to 
hemicolectomy

a

c

b

Fig. 3 A 63-year-old male with known history of GIST 
presented with marked epigastric pain. (a) DECT post-IV 
contrast in portal venous phase shows 1 cm focal defect 
along the lesser curvature of the stomach with small gas 

locule adjacent to it (yellow arrow), confirmed on iodine 
map (b). (c) Coronal reformates demonstrate heteroge-
nous partially calcified lesion involving the lesser curva-
ture of the stomach (asterisk)
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bleeding, infection, abscess, perforation, perito-
nitis, fistula formation, and obstruction. CT with 
IV contrast is the imaging modality of choice for 
both acute complicated and uncomplicated diver-
ticulitis. Colonoscopy is advised in older patients 
and patients with long-standing history of diver-
ticulitis, after resolution of the symptom to 
exclude any underlying pathology. Common 
findings on CT scan include segmental bowel 
wall thickening, peri-colonic fat stranding, local-
ized fluid, and air (Fig. 4). In complicated diver-
ticulitis, CT scan findings include localized 
bowel perforation with abscess formation, fistu-
lous tracts, with extravasation of gas and fluid in 
the peritoneal cavity in cases of perforation. 
Acute complicated diverticulitis with bowel per-
foration is a surgical emergency because of the 
associated risk of peritonitis (Suzanne Albrecht 
2010).

6  Ruptured Abdominal Aortic 
Aneurysm

Abdominal aortic aneurysms can have an indo-
lent course with slow rate of progression in size 
and no obvious symptoms. Acutely enlarging 

abdominal aneurysm can present with diffuse 
abdominal discomfort, back pain, or in advanced 
cases with pulsatile abdominal mass, especially 
in thin lean patients. Rupture of the abdominal 
aneurysm can cause life-threating hemorrhage 
and in these patients a sudden drop of blood pres-
sure should be considered a red flag. CT can have 
typical signs of impending rupture such as aortic 
wall edema, presence of gas, interrupted periph-
eral calcifications, aorto-enteric fistulas, and in 
cases of ruptured aneurysm signs like retroperito-
neal hematoma and visualization of direct defect 
in wall can be seen (Rakita et al. 2007).

7  Gastrointestinal (GI) 
Hemorrhage

A common presentation for the patients with sus-
pected gastrointestinal hemorrhage is diffuse 
severe abdominal pain and hematemesis. Though 
it is imperative to obtain a careful history and 
physical examination, a well-coordinated 
approach between the referring physician and the 
emergency radiologist prior to the CT scan is cru-
cial for the optimized protocol mandatory to 
diagnose the GI hemorrhage. The oral contrast 

a b

Fig. 4 A 44-year-old female with suprapubic pain and 
elevated inflammatory markers. (a) Coronal image show-
ing communication between the sigmoid colon and supra-

vesical collection on the background of acute diverticulitis. 
(b) Sinus tract (yellow arrow) is highlighted with periph-
eral iodine update on the overlay maps
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should not be used in these patients, as the high 
attenuation intraluminal contrast can obscure 
identification of the GI hemorrhage.

Dual-energy CT can be valuable in the setting 
of the GI hemorrhage, resulting in improved 
diagnostic accuracy (Sun et al. 2013). The ability 
to generate the virtual non-contrast (VNC) 
images from the post-contrast dual-energy CT 
can effectively reduce the radiation dose by elim-
inating the need to perform non-contrast images 
(Fig. 1). Dual-energy CT can help to distinguish 
high attenuation enteric contents from intralumi-
nal iodinated contrast extravasation using the 
VNC reconstructions. The iodine overlay color 
map can easily detect and increase the diagnostic 
confidence to detect the presence of intraluminal 
Iodine (Fig. 5).

8  Gangrenous Cholecystitis

Cholecystitis is one of the most common causes 
of pain in the right upper quadrant. Usually, ultra-
sound is the first investigation of choice. Typical 
ultrasound findings in the acute cholecystitis 
include gallstones, pericholecystic fluid, gall-
bladder wall thickening, and positive Murphy’s 
sign. However, it is noteworthy that the ultra-
sound cannot accurately differentiate between 
the gangrenous and simple cholecystitis, which is 
decisive in the management of the patient 
(Ratanaprasatporn et al. 2018). CT scan can fur-
ther demonstrate cholecystitis related complica-
tions like perforation/abscess formation, 
hemorrhage, gas, stone lodged in the gallbladder 
neck or cystic duct, and gallbladder wall gan-

a

c d e

b

Fig. 5 A 64-year-old male presented with symptoms of 
intestinal obstruction and hematemesis. (a) Axial 
sequence of DECT abdomen with intravenous contrast 
demonstrates high density material in second part of the 
duodenum in the dependant part (yellow arrow). (b) On 
DECT color iodine map, iodine uptake is seen. (c) On vir-

tual non-contrast subtraction images complete subtraction 
is noted suggestive of active bleed rather than calcification 
(yellow arrow). (d, e) show iodine quantification with 
approximately similar iodine density in second part of 
duodenum and aorta
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grene (Kim et  al. 2012; Murray et  al. 2019). 
Moreover, dual-energy CT can demonstrate the 
areas of absent wall enhancement consistent with 
gangrenous cholecystitis, more conspicuously as 
compared to the conventional CT (Fig. 6). These 
findings can alter the surgical approach with a 
need for an open rather than a laparoscopic cho-
lecystectomy. Dual-energy CT can be helpful in 
identifying the gallstones which are isodense to 
the bile (Sulu et  al. 2010). Prior studies have 
shown that gallstones are better visualized on 
monochromatic low KeV (Fig.  7). Moreover, 
impacted stone in cystic duct resulting in Mirizzi 
syndrome and gallstone in small bowel causing 
the gallstone ileus can be easily identified by 
using the dual-energy gallstone application 
(Figs. 8 and 9).

9  Gangrenous Appendicitis

Acute appendicitis is one of the most common 
causes of acute right lower abdominal pain lead-
ing to surgery. In North America, incidence of 
appendicitis ranges between 75 and 83 cases per 
1000,000 population (Sulu et  al. 2010). 
Diagnostic modalities including ultrasound, CT, 
and MRI in selective patient population (young 
females of childbearing age or pregnancy) have 
an important role in the diagnosis of acute appen-
dicitis and its related complications.

Long-standing, progressive transmural inflam-
mation causes ischemia and necrosis of the appen-
dix, thus resulting in gangrenous appendicitis 
which is prone to complications such as perfora-
tion, abscess formation, and sepsis. It is important 

a b

Fig. 6 A 73-year-old male presented with abdominal 
pain, jaundice, weight loss. (a) Axial CT abdomen shows 
markedly dilated gallbladder with hyperdense content, 
extensive pericholecystic fluid, mild sloughing of the gall-

bladder wall, and a few areas of decreased wall enhance-
ment are concerning for gangrenous cholecystitis (yellow 
arrow). (b) Color coded iodine map shows absent wall 
enhancement suggestive of gangrenous (yellow arrow)
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a b

c d

Fig. 7 A 43-year-old male patient presented with abdom-
inal discomfort to emergency department. (a) 120  keV 
axial CT image shows decompressed gall bladder with 
questionable intraluminal high density. (b) Dual-energy 
color coded overlay image shows the presence of 2  cm 
calculus in the gall bladder. (c) 40 KeV virtual monoener-

getic axial image reconstruction shows the correlative low 
attenuation of the calculus (red arrow) signifying lipid 
rich content of the calculus. (d) 190 KeV axial monoener-
getic image shows relative hyperattenuation of the calcu-
lus (blue arrow)

a b c

Fig. 8 A 65-year-old female with fever and elevated 
LFTs. Multiple large gallbladder stones. (a) Coronal 
reformatted image of CT shows gallbladder cauli associ-
ated with circumferential gallbladder thickening with 
trace of pericholecystic fluid and fat stranding (yellow 
arrow). These findings are associated with intrahepatic 

biliary dilatation consistent with Mirizzi syndrome. (b) 
Iodine overlay map shows iodine uptake of the gall blad-
der wall consistent with inflammation (red arrow). (c) 
Dual-energy color coded overlay image shows variable 
composition of the calculi with red, yellow, and green 
colors
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to identify gangrenous appendicitis prior to sur-
gery as the rate of postoperative complications is 
relatively higher than uncomplicated appendicitis. 
Thick-walled, dilated, fluid-filled appendix along 
with hyperenhancement of the mucosa and edem-
atous wall are the most common CT findings to 
diagnose acute appendicitis. Dual-energy CT can 
detect the presence of transmural necrosis of the 
wall of the appendix on the iodine overlay images 
and on low 40-KeV virtual monoenergetic images. 
The difference between a subtle non enhancing 
gangrenous segment of the appendix with low 
iodine uptake from a normal enhancing mucosa of 
the appendix is crucial to identify because if left 
untreated, it can lead to perforation (Fig. 10). The 
ability of the dual- energy CT to distinctly differ-
entiate the gangrenous mucosa from the normal 
enhancing mucosa clearly adds value in patient 
management (Elbanna et al. 2018).

10  Pancreatitis

Acute pancreatitis is a common abdominal emer-
gency and has a broad spectrum of presentations 
and outcomes. Although acute pancreatitis is a clini-

cal diagnosis, however, it can be difficult to differ-
entiate it from other causes of upper abdominal 
pain, especially if the serum amylase and lipase lev-
els are non-contributory. Pancreatitis can be fre-
quently seen as a complication of long- standing 
gallstones or alcohol abuse. Other etiologies include 
trauma, interventional pancreato-biliary proce-
dures, drugs, tumors, and hereditary pancreatitis.

A standard venous phase CT abdomen is used 
in cases with low clinical suspicion; however, a 
dedicated multiphasic pancreatic protocol should 
be used in cases with high clinical suspicion and 
for the follow-up of known pancreatitis. Usually, 
no oral contrast is required and only IV contrast 
administration is preferred. CT findings range 
from a normal or nearly normal pancreas, mild 
focal, or diffuse peripancreatic inflammation to 
marked pancreatic edema and associated necro-
sis. While diagnosing pancreatitis, careful atten-
tion should be given to the related complications 
such as necrosis, fluid collections, erosions, 
thrombosis of SMV or splenic artery pseudoan-
eurysms. In the initial few days, CT findings do 
not necessarily correlate with the patient out-
come, but later in the disease course, the CT find-
ings have greater prognostic significance.

a b c

d e f

Fig. 9 An 80-year-old male with severe abdominal pain 
and deranged LFTs. (a, d) Contrast enhanced axial CT 
mages show fistula extending from the gallbladder neck to 
the first part of duodenum. Large laminated impacted gall-
stone in the proximal 3rd part of duodenum with upstream 

duodenal dilatation. (b, e) Iodine overlay map highlights 
the fistulous communication (yellow arrow). (c, f) Dual-
energy color coded overlay images confirm the gallstone 
within the 3rd part of duodenum (red arrow)
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There are two main types of acute pancreati-
tis: interstitial edematous versus necrotizing. CT 
scoring systems are frequently used to character-
ize acute pancreatitis and provide prognostic 
information. Scoring is dependent on the number 
of collections, pseudocyst formation, necrosis, 
and associated complications (White et al. 1986). 
CT-guided aspiration is very useful when 
 indicated, to distinguish sterile from infected 
necrosis/fluid collections. Dual-energy CT helps 
to identify necrosis of the pancreatic tissue by 
detecting the iodine content.

11  Urinary Tract Calculi

Patients presenting with acute flank pain is usu-
ally suspected to have urinary tract calculi and 
CT KUB (Kidney, ureter, and bladder) is 
requested. Administration of IV contrast is usu-
ally not indicated in the routine cases, and it is 
reserved for those cases in which there is a high 
clinical suspicion of pyelonephritis. CT KUB has 
the highest sensitivity and specificity for the 

identification of urinary tract calculi, size of cal-
culi, overall calculus burden, associated compli-
cations while accurately identifying an alternate 
diagnosis as well.

The majority of renal calculi are radiopaque 
with a few exemptions such as medication 
induced calculi (Indinavir, sulfonamide, cipro-
floxacin, etc.). Dual-energy CT can identify the 
specific composition of the calculus and espe-
cially can differentiate non-uric acid from the 
uric acid calculi (Hidas et  al. 2010). Moreover, 
other related findings like hydroureteronephrosis, 
periureteric/perinephric fat stranding, and ure-
teric wall enhancement can be seen (Fig. 11). The 
presence of phleboliths in the pelvis can some-
times make it difficult to diagnose the distal 
 ureteric calculi. The provision of multiplanar 
sagittal and coronal reconstructions and identifi-
cation of a peripheral rim of soft tissue created by 
the ureteral wall around the calculus can help in 
differentiating the ureteral calculi from the 
phleboliths. CT can demonstrate a wide variety 
of alternative diagnoses in patients presenting 
with renal colic without urinary tract calculus.

a c d

b

Fig. 10 An 81-year-old male with acute onset of right 
abdominal pain overnight. (a, b) Axial and coronal post- 
contrast images show thickening of the appendix (yellow 
arrow) with surrounding fat stranding and free fluid which 
is in keeping with appendicitis. Central high-density foci 

represent appendicolith (red arrow). There is a segment of 
poor mucosal enhancement seen as discontinuous iodine 
uptake on the iodine overlay maps (c, d) in the anterosu-
perior wall suggesting gangrenous changes (blue arrow)
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12  Ovarian Torsion

Ovarian torsion occurs when the ovary twists 
around its ligamentous attachments. It can occur 
at any age but is most commonly seen in women 
of childbearing age. It is mostly associated with 
benign and malignant tumors. Direct CT findings 
include thickening of the fallopian tube, the 
twisted structure of the adnexa and on dual- 
energy iodine maps, reduced iodine uptake can 
be seen suggestive of disruption in the blood flow 
secondary to the torsion. However, CT findings 
are mostly non-specific and presence of the indi-
rect findings including edematous swollen ovary, 
free fluid, and dilated fallopian tube usually sup-
port the diagnosis (Iraha et al. 2017) (Fig. 12).

13  DECT in the Acute Traumatic 
Abdomen

13.1  Blunt Abdominal Trauma

Blunt abdominal trauma is the main cause of 
mortality among all age groups. CT has become 
the primary imaging examination for evaluating 
blunt abdominal trauma. Fast scan plays a vital 
role in the detection of hemoperitoneum in hemo-
dynamically unstable patients. Identifying severe 
abdominal injuries is often challenging, and 
many injuries may not become visible during the 
initial period. The presence of a seat belt protects 
the chest and head but increases the chances of 
abdominal injuries.

a

ed f

b c

Fig. 11 A 68-year-old male with left flank pain. (a, d) 
Noncontrast coronal and axial images show high density cal-
culi in the interpolar region of the left kidney and distal ure-

ter. (b, c, e) Coronal and axial DECT images show red color 
coding of the calculi (yellow arrows in b and e). (f) Graphic 
representation of the uric acid composition of the calculi
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13.2  Pneumoperitoneum

On MDCT, pneumoperitoneum is described as the 
presence of free air under the diaphragm or small 
gas locules trapped between the layers of the mes-
entery, and using lung window settings can help 
identify small amounts of intraperitoneal gas. In 
the background of trauma, pneumoperitoneum 
raises concerns for bowel perforation, and any area 
of localized gas locules adjacent to abnormal-
looking bowel may indicate the site of injury.

13.3  Hemoperitoneum

In trauma patients, the presence of free fluid in 
the peritoneal cavity likely represents blood 
called hemoperitoneum having an average atten-

uation of 30–45  HU, and potential causes are 
injury to the liver, spleen, bowel, or mesentery. 
Dot signs can be seen adjacent to the source of 
hemorrhage, which can help identify the site of 
bleeding.

14  Active Extravasation 
on DECT

The importance of active extravasation of con-
trast has been demonstrated in multiple studies, 
and usually, its presence indicated urgent surgical 
intervention. For example, in cases of active 
extravasation of contrast along with splenic 
injury, the preferred treatment is splenectomy 
(Dreizin and Munera 2012; Federle et al. 1998). 
Similarly, in patients with bowel and mesenteric 

a b

c

Fig. 12 A 74-year-old female presented with severe right 
lower quadrant pain. (a) On axial CT post-contrast portal 
venous phase images, septated cystic structure in the right 
adnexa (yellow arrow). (b) Saggital reformates shows 

swirl sign (yellow arrow). (c) On dual-energy analysis, no 
iodine uptake is noted in adnexa suggestive of absent per-
fusion (yellow arrow)
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injuries, open laparotomy is indicated when 
active extravasation of contrast is present. 
Moreover, studies done on pelvic trauma suggest 
embolization and laparotomy in patients with 
active extravasation of contrast and pelvic frac-
tures (Federle et al. 1998).

In hemoperitoneum cases, 5–10  min of 
delayed scans are usually performed to look for 
active extravasation of contrast. If the attenuation 
or size of the hemoperitoneum increases on 
delayed scans, it is consistent with active 
 extravasation (Marmery et al. 2007). DECT can 
help in better evaluation of the active extravasa-
tion of contrast. There is no CT evidence of active 
extravasation of contrast if high attenuation mate-
rial seen on VNC images does not correspond 
with iodine density images. Moreover, in patients 
with pelvic fractures, it is difficult to differentiate 
between high attenuation material and fracture 
fragments. DECT VNC images help to differenti-
ate between the two (Fig. 11).

15  Visceral Injuries on DECT

The surgical injury grading scale for each organ 
was created by the American Association for the 
Surgery of Trauma (AAST) (Dreizin and Munera 
2012). However, in AAST guidelines, CT find-
ings in acute trauma like active extravasation and 
vascular injury were not considered (Federle 
et al. 1998). Therefore, various CT grading sys-
tems have been designed by incorporating and 
modifying the AAST guidelines to predict better 
which patients will not respond to conservative 
treatment and will require surgery (Marmery 
et al. 2007; Shanmuganathan et al. 2017).

For both types of trauma, traumatic solid 
organ injuries manifest as geographic areas of 
parenchyma that are relatively hypoattenuating, 
with organ lacerations generally hypoattenuating 
linear or branching in appearance. A contusion is 
a vague, poorly defined hypodense area in a solid 
organ. DECT improves the detection of lacera-
tion on low Kev images as the contrast between 
the hypovascular laceration and organ paren-
chyma increases. This concept is taken from the 
fact that at low Kiloelectron volt images, there is 

improve sensitivity for detection of hypovascular 
lesions (Yamada et al. 2012; Sudarski et al. 2014; 
Robinson et  al. 2010). Iodine quantification in 
the injures and uninjured parenchyma can be 
done using iodine-selective images. Another sig-
nificant advantage of iodine-selective imaging of 
solid-organ injury is its ability to allow parenchy-
mal hematomas to be distinguished from organ 
lacerations. Hematomas are hyperdense on non-
enhanced images, and subcapsular hematoma is a 
well-defined collection of blood “high attenua-
tion” that appears as an indentation over an organ. 
DECT virtual non-contrast images can help iden-
tify hyperattenuating blood products in patients 
with hematoma.

16  Splenic Injuries

The splenic injuries in the majority of cases are 
managed conservatively. Early identification of 
injuries that requires surgical or angiographic 
intervention is of critical importance. The AAST 
grading system is dependent on the size of the 
splenic laceration, active extravasation, pseudoa-
neurysm, and involvement of vascular pedicle. 
Surgical therapy is required for higher-grade 
injuries (generally AAST grade III and higher). 
The delayed phase image acquisition is useful for 
the definitive characterization of splenic vascular 
injury as active hemorrhage or contained vascu-
lar injury as contrast washes out in the latter.

CT features of splenic trauma including the 
parenchymal hypoattenuation, presence of active 
hemorrhage, a pseudoaneurysm, or an arteriove-
nous (AV) fistula. Pseudoaneurysms often can be 
managed conservatively, whereas arteriovenous 
fistulas generally require embolization (Federle 
et al. 1998; Marmery et al. 2007).

17  Hepatic Injuries

The AAST liver injury scale is commonly used to 
assess the severity of hepatic injuries. The liver 
injury grading scale is based on the location, size 
of liver lacerations, hematomas, or devascular-
ization in higher-grade injuries.
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CT findings include hypoattenuating lacera-
tions, subcapsular or intraparenchymal hemato-
mas, the involvement of intrahepatic ducts and 
vessels, active extravasation, and the presence of 
large volume hemoperitoneum. DECT is helpful 
to better characterize lacerations and hypoper-
fused segments (Fig.  13) (Yamada et  al. 2012; 
Sudarski et al. 2014; Robinson et al. 2010).

Major hepatic vein injury requires surgery, 
whereas active extravasation can usually be 
treated with endovascular intervention. Delayed 
complications are the formation of pseudoaneu-
rysms, hepatic abscess, and bilomas.

18  Pancreatic Injuries

Pancreatic trauma has higher mortality than other 
solid-organ injuries (Venkatesh and Wan 2008) – 
the most common site of pancreatic injuries in 
the neck and body. Direct signs of pancreatic 
injury on CT scan include contusions and lacera-
tion, appearing as focal areas of hypoattenuation 
or linear low attenuation defects. Pancreatic duct 

injuries are difficult to characterize; however, 
they become more conspicuous on peak enhance-
ment of the pancreatic tissue (Patel et al. 2013). 
Lacerations that involve more than 50% of the 
pancreatic thickness usually cause pancreatic 
ductal injury (Figs. 14 and 15). Pancreatic  injuries 
can be subtle and difficult to identify in the early 
posttraumatic period; therefore, particular atten-
tion should be given to peripancreatic fluid or fat 
stranding. DECT low KEV images can better 
delineate pancreatic duct (Rekhi et  al. 2010). 
DECT has shown improve visualization of hypo-
vascular pancreatic lesions and, therefore, can be 
differentiated with lacerations (Rekhi et al. 2010; 
Macari et al. 2010; Marin et al. 2010; Patel et al. 
2013; McNamara et al. 2015). Pancreatic injuries 
may progress to pancreatitis.

19  Urinary Tract Injuries

The severity of renal trauma is based on the size 
and location of renal laceration according to the 
AAST grading system. Isolated renal injury 

a
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Fig. 13 A 23-year-old male with blunt abdominal injury 
after crashing into a fence while skating. (a) Axial post- 
contrast CT image shows central high density material 
within a large hepatic laceration (yellow arrow). (b) 
Iodine map shows accumulation of iodinated material 
within this high density focus signifying active hemor-
rhage, orange color coding (yellow arrow). (d) 

Conventional angiography image post-gel foam emboli-
zation of distal right hepatic artery. (c) Follow-up axial 
iodine overlay CT image after embolization shows no 
pooling of iodinated material. (e, f) Follow-up CT after 
4  weeks shows low attenuation collection in the right 
hepatic lobe likely suggesting biloma
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results in contained hemorrhage within the 
Gerota fascia and perirenal fascia. Delayed excre-
tory CT imaging is necessary to assess the col-
lecting system and search for leaks, usually 
approximately 5  min after contrast material 
administration. Retrograde urethrography or 
voiding cystourethrography can be performed to 
evaluate urethral injuries, whereas, for bladder 
injuries, CT cystography can be done.

CT findings, including avulsion of the pedicle 
or absent enhancement of the kidney, are a high 
risk of renal devascularization and usually require 
surgical treatment (Fig.  14) (McGuire et  al. 

2011). DECT is specifically helpful to look for 
active renal extravasation and arteriovenous fistu-
las requiring embolization (Dinkel et al. 2002).

20  Diaphragmatic Injuries

In blunt abdominal trauma, the sudden increase 
in intra-abdominal pressure can result in dia-
phragmatic injury. CT findings include disconti-
nuity of diaphragm, herniation, and constriction 
of abdominal viscera into the thorax, and depen-
dent position of the herniated viscera along the 

a
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Fig. 14 A 25-year-old female with blunt abdominal 
trauma secondary to mountain biking accident. (a) Axial 
CT image shows linear hypoattenuation through the pan-
creatic tail and high density hematoma in left perinephric 
location (blue arrow). (b) Axial image with iodine overlay 
shows the laceration conspicuously confirming complete 
transection of the pancreatic tail (yellow arrow). High 

attenuation hematoma in left superior perinephric location 
shows iodine uptake suggesting active hemorrhage (blue 
arrow). (c) Coronal CT image shows complex laceration 
of the left kidney. (d) Iodine overlay map shows devascu-
larization of a small fragment of the anterior inferior pole 
(yellow arrow) and filling defect in the renal pelvis (red 
arrow), showing clot
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posterior chest wall (dependent viscera sign) 
(Iochum et  al. 2002). DECT can be helpful in 
identifying focal defects and reduced enhance-
ment of the constricted viscera.

21  Bowel and Mesenteric 
Injuries

Injuries to the hollow viscera and mesentery 
occur in approximately 5% of patients with blunt 
abdominal trauma. CT findings of bowel injuries 
are subtle, and it is the most frequently missed 
diagnosis. The most commonly involved bowel 
segments are the proximal jejunum and the distal 
ileum. Specific signs of bowel injury include 

hematoma, peritoneal extravasation of intrave-
nous contrast-enhanced blood, focal discontinu-
ity of the bowel wall (transection), focal wall 
thickening, abnormal bowel wall enhancement, 
and intramural hematoma (Brofman et al. 2006). 
DECT can detect the change in bowel wall 
enhancement and thus extremely helpful in sus-
pected bowel injury. Iodine map images can 
increase the visibility of iodine content in the 
bowel wall, and VNC images can improve the 
visualization of intramural hemorrhage (Hamilton 
et al. 2008).

In some cases, diffuse bowel wall thickening 
usually may not be secondary to trauma but may 
be related to the hypoperfusion complex. Other 
CT features of the hypoperfusion complex 

a

c

b

Fig. 15 A 29-year-old male patient with blunt abdominal 
trauma. (a) Axial post-contrast CT image shows low 
attenuation in the pancreatic body which is consistent 
with laceration in settings of trauma. (b) Axial image of 
iodine overlay map shows the lack of iodine uptake in the 

full thickness of pancreatic parenchyma (yellow arrow). 
(c) T2 weighted MRI mage confirms the full thickness 
laceration (yellow arrow) with absence of surrounding 
pancreatic fluid collection favoring an intact main pancre-
atic duct

Role of Dual-Energy Computed Tomography (DECT) in Acute Abdomen



272

include a collapse of the inferior vena cava, 
small aortic diameter, peripancreatic fluid, 
splenic hyperenhancement, and liver heteroge-
neity (Joseph et  al. 2013; Landry et  al. 2016; 
Sivit et al. 1994; Potretzke et al. 2015b; Mirvis 
et al. 1994). DECT can detect intramural hem-
orrhage, mucosal bowel wall hyperenhancement 
and differentiate ingested high attenuating 
material from blood products in these patients. 
Complications of bowel injuries include fistu-
lous formations.

22  Vascular Injuries

Retroperitoneal injuries, including major vascu-
lar injuries, are challenging to identify without 
performing CT.

In hepatic lacerations, it is important to 
determine the extent of laceration and involve-
ment of hepatic veins or inferior vena cava. 
Patients with vascular involvement have a 
higher likelihood of hemodynamic instability. 
Similarly, in cases of splenic and renal trauma, 
the presence of vascular injury/avulsion of the 
pedicle increases the grading scale and usually 
requires intervention (Uyeda et al. 2014; Hamid 
et al. 2020).

Abdominal aortic injuries are uncommon but 
highly lethal. Common CT finding includes 
active extravasation, intramural, and retroperito-
neal hematoma. Specific signs on DECT are large 
hematoma or active extravasation of contrast- 
enhanced blood, whereas non-specific signs 
include small pseudoaneurysms, intimal flaps, or 
even thrombosis (Vlahos et al. 2012).

Low-kiloelectron volt monoenergetic images 
can improve vascular contrast-to-noise ratios in 
the abdomen and pelvis (Vlahos et  al. 2012). 
Therefore, vascular injuries in patients with 
abdominal trauma can be evaluated using low- 
kilo electron volt virtual monoenergetic images. 
In patients with severe atherosclerotic disease, 
the calcium subtraction technique can help 

evaluate the lumen (Hamid et  al. 2020; Korn 
et al. 2011).

23  Bone Injuries

Fractures are associate with both blunt and pen-
etrating trauma. DECT has an added advantage 
in assessing the age and extent of the fracture, 
especially in older patients and in cases with sub-
tle findings. Bone marrow edema is a biomarker 
of acute occult fracture (Wang et  al. 2013). In 
patients with abdominal and pelvic trauma, vir-
tual noncalcium images can be used to 
 differentiate chronic fractures from acute 
(Fig. 16) and non-displaced occult fractures.

24  Penetrating Abdominal 
Trauma

Penetrating injuries such as blast injuries and gun-
shot wounds are much more complex injuries and 
are difficult to evaluate clinically. Trauma from 
blast injuries can result in retained material in the 
soft tissues or solid organs. Moreover, gunshot 
wounds may have entry and exit wounds. CT is 
helpful in recognizing the path of the bullet and 
identifying solid and hollow organ injuries. Solid-
organ injuries are staged using the AAST criteria. 
CT is not sensitive in detecting bowel injuries. 
However, some of the indirect signs include free 
air and free fluid (Navsaria et al. 2009).

Management of stab wounds depends on the 
location and depth of penetration. In an anterior 
stab wound, if it penetrates through the deep lay-
ers of the abdominal wall, laparotomy is indi-
cated by the higher likelihood of bowel injury. 
Posterior stab wounds confined to the paraspinal 
musculature with no extension into the perito-
neum may not require surgical exploration. CT 
can identify the tract of the wound through gas 
locules dissecting through the muscles and the 
presence of the hemoperitoneum.
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25  Conclusions

Dual-energy CT, with its unique ability to iden-
tify the material composition, qualitative and 
quantitative assessment of the iodine content, and 
the provision of virtual non-contrast imaging, is a 
game-changer in diagnosing the patients present-
ing with acute abdomen in emergency settings. It 
increases diagnostic confidence by accentuating 
the difference in iodine uptake between patho-
logical and normal tissues.
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Abstract

Spectral computed tomography offers addi-
tional diagnostic information for the evaluation 
of adrenal lesions in contrast enhanced exami-
nations. Virtual non-contrast (VNC-CT) images 
can be used as a substitute for true unenhanced 
images to confidently diagnose lipid-rich ade-
noma with a threshold of ≤10 HU, making 
additional unenhanced scans or work-up unnec-
essary in these cases. However, sensitivity for 

lipid-rich adenoma is lower compared to unen-
hanced scans, since VNC-CT images tend to 
systematically overestimate HU of lipid-rich 
adenomas. The American College of 
Radiology’s white paper on the management of 
incidental adrenal lesions explicitly mentions 
dual-energy CT and the potential usage of 
VNC-CT with a threshold of ≤10 HU for diag-
nosis. In this chapter, we provide an overview 
and comparison of the diagnostic accuracy of 
unenhanced CT, VNC-CT, CT washout calcu-
lations, and chemical shift MRI for the diagno-
sis of adrenal adenoma versus non-adenoma.

1  Introduction

With the increasing use of computed tomography 
(CT) as a widely available imaging modality in 
emergency diagnosis and diagnostic body imag-
ing for benign and malignant diseases, the detec-
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tion of incidental findings has increased 
substantially in the last decades. On the one hand, 
the adrenal glands are a common site for inciden-
tally detected lesions. Estimates of the percent-
age of patients with incidentally detected adrenal 
lesions range between 3% and 8% (Barrett et al. 
2009; Bovio et al. 2006; Mansmann et al. 2004; 
Mayo-Smith et  al. 2017). For example, Barrett 
et  al. report that incidental adrenal lesions are 
detected in 3.8% of patients who undergo CT for 
diagnosis in trauma (Barrett et  al. 2009). The 
majority of incidental lesions of the adrenal 
glands proves to be hormonally inactive adenoma 
(Mansmann et al. 2004). On the other hand, the 
adrenal glands are also a site that is predisposed 
to harbor metastasis in a variety of malignancies. 
In 9% of living patients with non-small cell lung 
cancer adrenal metastases are evident, with num-
bers rising to 25–39% in autopsy series 
(Bazhenova et al. 2014).

Because lesions of the adrenal glands are 
common, accurate differentiation of benign and 
malignant lesions is crucial. Different imaging 
modalities can be employed to classify adrenal 
lesions—with dedicated conventional CT offer-
ing a reliable diagnostic tool with unenhanced 
images and washout calculation in contrast 
enhanced images (Johnson et al. 2009a). In this 
chapter, we provide an overview of the diagnostic 
accuracy of spectral CT compared with conven-
tional dedicated CT and MRI for the diagnosis of 
adrenal lesions (mainly, to distinguish adenomas 
from metastases). We highlight the possibility to 
avoid further work-up of incidental adrenal 
lesions in a proportion of cases when spectral 
imaging is implemented as standard of care in 
diagnostic, contrast enhanced CT examinations.

2  Lipid-Rich Adenoma 
and Virtual Non-contrast 
Imaging

Adenomas originate from the cortex of the adre-
nal gland. The cells of adrenal adenomas often 
contain a considerable amount of intracytoplas-
matic fat (Korobkin et al. 1996). The higher the 
amount of intracytoplasmatic fat, the lower the 

corresponding Hounsfield units (HU) of the 
lesion measured in unenhanced CT (Korobkin 
et al. 1996). This observation has led to the clas-
sification of adrenal adenomas as either lipid-rich 
(defined in unenhanced CT as having mean 
HU ≤ 10) or lipid-poor (mean HU > 10). Around 
70% of adrenal adenomas are of the lipid-rich 
type (Boland et al. 1998).

The diagnosis of an (lipid-rich) adenoma can 
be made with 71% sensitivity and 98% specific-
ity by using a HU threshold of ≤10 to indicate 
adenoma, measured in unenhanced CT (Boland 
et al. 1998). The high specificity means that only 
rarely the diagnosis adenoma based on this HU 
threshold is wrong. With virtual non-contrast 
images derived from contrast enhanced spectral 
CT acquisitions (VNC-CT), there is the opportu-
nity to reliably classify a proportion of otherwise 
indeterminate adrenal lesions as (lipid-rich) 
adenomas.

In a systematic review and meta-analysis of 
the diagnostic accuracy of VNC-CT for adrenal 
adenoma, Connolly et al. report a pooled sensi-
tivity of 54% for (lipid-rich) adenoma (Connolly 
et al. 2017). They do not derive a pooled estimate 
for specificity, since no false positive findings 
occur in the included five studies (Ho et al. 2012; 
Kim et  al. 2013; Botsikas et  al. 2014; Gnannt 
et al. 2012; Helck et al. 2014), all of which use a 
dual-source dual-energy technique for image 
acquisition of spectral CT.  Notably, Connolly 
et  al. report a pooled sensitivity of 57% for 
 unenhanced CT (Connolly et  al. 2017), being 
lower than the oftentimes quoted 71% (Boland 
et al. 1998). Connolly et al. reason that selection 
bias might be responsible for this deviation 
(Connolly et al. 2017). All of the included studies 
employ a threshold of 10 HU on VNC-CT for the 
diagnosis of adenoma. Figure  1 provides an 
example for the potential of VNC-CT to diagnose 
lipid-rich adenomas.

VNC-CT HU measurements of adrenal lesions 
tend to systematically result in higher HU values 
compared to measurements in unenhanced CT 
(Kim et al. 2013; Botsikas et al. 2014; Nagayama 
et al. 2020). Kim et al. report an average of 11.7 
HU of lipid-rich adenomas when measured in 
VNC-CT derived from early phase contrast 
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enhanced images, compared to 0.7 HU in unen-
hanced CT (Kim et  al. 2013). Botsikas et  al. 
report a mean difference of 4 HU for all lesions 
analyzed (Botsikas et  al. 2014). Small, statisti-
cally non-significant differences in HU measure-
ment are reported by Ho et al. and Gnannt et al. 
(difference of 1.8 HU and 1.1 HU, respectively) 
(Ho et al. 2012; Gnannt et al. 2012). There is a 
trend towards smaller differences when delayed 

contrast phases are taken for VNC-CT calcula-
tion compared to earlier contrast phases (Kim 
et al. 2013; Botsikas et al. 2014). By using a dual- 
layer CT detector for acquisition of spectral CT, 
Nagayama et al. report a mean difference of 11 
HU between measurements of lipid-rich adeno-
mas in VNC-CT and unenhanced CT (Nagayama 
et al. 2020). This phenomenon is not restricted to 
the adrenal glands, but pertains to a variety of 

a b

c d

Fig. 1 An 80-year-old female patient with left buccal 
Merkel-cell carcinoma is referred for staging CT.  In the 
dual-energy, portal venous phase scan of the abdomen, a 
2 cm lesion is observed in the right adrenal gland (a), with 
mean HU of 83. In the derived VNC-CT the lesion dem-
onstrates HU ≤ 10, prompting the diagnosis of a lipid-rich 

adenoma (b). One month later, liver MRI is performed for 
evaluation of an unclear focal liver lesion (not shown). In 
this examination, chemical shift MRI demonstrates a 
marked signal drop in opposed-phase images (c) com-
pared to in-phase images (d), confirming the VNC-CT 
diagnosis of a lipid-rich adenoma
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abdominal organs (Durieux et al. 2018). Notably, 
the same systematic difference of HU values 
between measurements in VNC-CT and unen-
hanced CT does not automatically extend to adre-
nal metastases (Nagayama et al. 2020). Figure 2 
provides an example of different HU obtained in 
VNC-CT and unenhanced CT.

For these reasons (systematic difference 
between VNC-CT and unenhanced CT of adeno-

mas and this difference not necessarily extending 
to metastases) there is no generally agreed upon 
adapted HU threshold for measurements in 
VNC-CT at which to consider a lesion a lipid- 
rich adenoma. With the threshold of ≤10 HU in 
VNC-CT, a smaller proportion of cases can be 
classified as lipid-poor adenoma compared to 
assessment with unenhanced CT. Given that the 
HU difference is generally positive between 

a b

c

Fig. 2 A 70-year-old male patient with non-small cell 
lung cancer referred for staging. An adrenal lesion of 
1.9 × 1.2 cm is observed in the left adrenal gland, with 64 
HU in the dual-energy, portal venous phase scan (a). In 
the derived VNC-CT, the lesion is measured with an aver-

age of 8 HU (b). In a true unenhanced CT acquired earlier 
the lesion measures 4 HU (c). In this lipid-rich adenoma, 
the tendency of spectral CT to overestimate HU of lipid- 
rich adenoma in VNC-CT is demonstrated
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VNC-CT and unenhanced CT, specificity should 
not be impaired, and the common ≤10 HU 
threshold for diagnosis of adenoma can be 
applied to VNC-CT (Mayo-Smith et al. 2017).

3  Lipid-Poor Adenoma, 
Washout Analysis, 
and Chemical Shift MRI

Around 30% of adenomas belong to the lipid- 
poor type (compare for above). This means they 
cannot reliably be diagnosed with unenhanced, or 
VNC, CT (HU in unenhanced CT > 10). There 
are two commonly employed imaging techniques 
that can further classify this type of lesions.

Firstly, chemical shift MRI (csMRI) is able to 
quantify the amount of intracytoplasmatic fat 
(Adam et al. 2016). There is a characteristic drop 
in signal intensity in opposed-phase images com-
pared to in-phase images (Adam et al. 2016) in a 
large proportion of adrenal adenomas, compare 
to Fig. 1, c and d. Several metrics can quantify 
the degree of signal loss: the Adrenal Signal 
Intensity Index (ASII) uses signal intensities 
from in-phase and opposed-phase images only, 
whereas other metrics normalize the signal drop 
to the signal of liver, spleen, and skeletal muscle 
(Ream et al. 2015). csMRI is highly sensitive and 
specific for the diagnosis for adrenal adenoma—
a systematic review and meta-analysis report a 
pooled sensitivity of 94% and a specificity of 
95% (Platzek et al. 2019). However, there is evi-
dence that the higher the HU of the lesion in 
unenhanced CT, the worse the sensitivity of 
csMRI (Haider et  al. 2004). Therefore, csMRI 
cannot be generally recommended as a work-up 
test in lesions >30 HU in unenhanced CT (Adam 
et al. 2016; Haider et al. 2004).

Secondly, contrast enhanced CT with washout 
calculation is routinely performed to further clas-
sify indeterminate adrenal lesions. For washout 
evaluation, an unenhanced, an early phase (60–
90s) and a delayed phase (10 min or 15 min) scan 
are acquired. The absolute washout percentage is 
derived from all three phases, whereas for rela-
tive washout percentage early phase and delayed 
phase images suffice (Johnson et  al. 2009b). 

Diagnostic accuracy of washout analysis for the 
diagnosis of adenoma is generally very good 
(Johnson et al. 2009b); in a summary by Johnson 
et al. 6/7 studies report a sensitivity between 96% 
and 100% and 6/7 studies report a specificity 
between 95% and 100% (Johnson et al. 2009b). 
The technique is considered the gold standard 
method of evaluation for adrenal lesions by some 
authors (Albano et  al. 2019)—since higher HU 
values of adenomas on unenhanced scans do not 
affect the high sensitivity of washout analysis as 
compared to csMRI (Seo et al. 2014; Warda et al. 
2016).

A possible application of spectral CT in this 
setting is the replacement of the unenhanced scan 
by VNC-CT for absolute percent washout calcu-
lation. Kim et al. study the performance of abso-
lute washout percentage using VNC-CT as 
unenhanced scan and report a sensitivity of 100% 
and a specificity of 87.5% (Kim et  al. 2013). 
Washout analysis that employs the unenhanced 
scan has a reported sensitivity of 100% and a 
specificity of 93.8% in this study (Kim et  al. 
2013). Botsikas et al. report that washout calcu-
lated with VNC-CT is higher when VNC-CT is 
derived from early (portal venous) scans com-
pared to VNC-CT derived from delayed scans 
(Botsikas et  al. 2014). At this stage, additional 
studies seem warranted to investigate this 
approach.

4  Quantification of Iodine

Adrenal adenomas typically enhance avidly in 
early (60–90s) phases after intravenous contrast 
agent injection, and there is evidence that abso-
lute contrast enhancement (defined as difference 
in HU between enhanced and unenhanced scans) 
is higher in early phases in adenomas than in 
non-adenomas (Korobkin et al. 1996; Szolar and 
Kammerhuber 1998; Peña et al. 2000; Foti et al. 
2010). However, the absolute HU value in 
enhanced early phases is not a meaningful diag-
nostic variable, since here HU values are quite 
similar for adenomas and non-adenomas 
(Korobkin et al. 1996; Szolar and Kammerhuber 
1998; Peña et al. 2000; Foti et al. 2010). Spectral 
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CT offers the possibility of material decomposi-
tion (Patino et al. 2016) and thus to directly mea-
sure the high absolute contrast enhancement of 
adenomas in early phase images by quantifying 
the corresponding iodine concentration.

For iodine-density (concentration, given in 
mg/ml), Nagayama et  al. report a sensitivity of 
78% and a specificity of 71% for adrenal ade-

noma (Nagayama et al. 2020)—being inferior to 
the performance of the unenhanced scan. This is 
improved to 95% sensitivity and 95% specificity 
when normalization to VNC-CT HU is performed 
(iodine-density to VNC ratio) (Nagayama et  al. 
2020), compare to Fig. 3. Confirmatory studies of 
this promising finding are pending. In accordance 
with the presented literature that adrenal adeno-

a b

c d

Fig. 3 A 59-year-old female patient with non-small cell 
lung cancer is referred for staging CT.  A lesion of 
2.2 × 1.3 cm is observed in the right adrenal gland. The 
lesion measures 98 HU in the portal venous dual-energy 
CT (a) and 39 in the derived VNC image (b). The iodine-
density of the lesion is 2.1 mg/ml (c), resulting in an 

iodine-density to VNC ratio of 5.4. This is suggestive of a 
metastasis, according to the article by Nagayama et  al. 
(2020). The lesion demonstrates rapid growth in a follow-
 up examination performed three months later and there-
fore is considered a metastasis (d)
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mas show higher absolute contrast enhancement 
compared to metastases in early phase images 
(Korobkin et al. 1996; Szolar and Kammerhuber 
1998; Peña et al. 2000; Foti et al. 2010), adeno-
mas tend to have higher iodine-density in this 
study (Nagayama et al. 2020). The opposite rela-
tionship is reported by Martin et al. and Mileto 
et  al., here adenomas demonstrate significantly 
lower iodine-density compared to non-adenomas 
(Martin et  al. 2018; Mileto et  al. 2014). At the 
moment, there is not enough evidence to recom-
mend a diagnostic threshold of iodine-density to 
accurately classify adrenal lesions as adenoma or 
non-adenoma in clinical routine.

5  Summary

Spectral (contrast enhanced) CT offers additional 
diagnostic information for the evaluation of adrenal 
lesions. VNC-CT images can be used as a substi-
tute for unenhanced images to confidently diag-
nose lipid-rich adenoma with a threshold of ≤10 
HU, making additional unenhanced scans or work-
up unnecessary in these cases. However, sensitivity 
for lipid-rich adenoma is lower compared to unen-
hanced scans, since VNC-CT images tend to sys-
tematically overestimate HU of lipid-rich 
adenomas. The American College of Radiology’s 
white paper on the management of incidental adre-
nal lesions explicitly mentions dual-energy CT and 
the potential usage of VNC-CT with a threshold of 
≤10 HU (Mayo- Smith et al. 2017) for diagnosis. 
Replacement of the true unenhanced scan for 
washout calculation with VNC-CT and iodine-den-
sity is not explicitly mentioned.

Compliance with Ethical Standards
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Renal lesion detection and characterization is an 
evolving conundrum with significant economic 
and healthcare ramifications. Up to 40% of 
patients have at least one incidental renal lesion 
discovered on imaging done for another reason 
(Carrim and Murchison 2003). More than 60% of 
renal cell carcinomas (RCC) are now incidentally 
discovered in asymptomatic individuals (Carrim 
and Murchison 2003; Jayson and Sanders 1998; 
Pandharipande et  al. 2010). The incidence of 
renal lesions has been rising continuously over 

the past decade (Chow et al. 1999). Continuous 
increase in renal lesion incidence can be 
explained, at least partially, by growth of cross- 
imaging utilization and higher accuracy of 
modalities (Brenner 2010, 2009; Brenner and 
Hall 2007). Technological improvement, such as 
multidetector imaging and dose modulation, has 
steadily increased the clinical application of CT 
imaging (Brenner and Hall 2007; Frush and 
Applegate 2004).

In most centers, a multiphasic contrast- 
enhanced CT scan is the preferred next step in 
characterizing incidentally found renal lesions. 
Conventional renal lesion assessment requires at 
least two phases (non-contrast and contrast scan) 
for evaluation of any underlying enhancement, 
which is fundamental for classification methods 
such as the Bosniak system. However, conven-
tional CT imaging is not without limitations; (a) 
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The Hounsfield value measurements are subjected 
to variation based on kV utilization (Afifi et  al. 
2020). (b) The inherit motion artifact that stems 
from breathing may lead to difficulty in assessing 
the pixel by pixel-wise comparison of unenhanced 
and contrast-enhanced images. This is signifi-
cantly more cumbersome in small foci of enhance-
ment or lesions. (c) Additionally, 
pseudoenhancement is an artifact described when 
measuring the density of small renal lesions—
usually less than 1–2  cm. Pseudoenhancement 
leads to a spuriously increased estimation of den-
sity. This artifact is more encountered in the set-
ting of prominent renal parenchymal enhancement 
and is proposed to be due to beam hardening and 
partial volume averaging artifacts (Birnbaum 
et al. 2002; Coulam et al. 2000; Tappouni et al. 
2012). These shortcomings have led radiologists 
to explore solutions that characterize renal lesions 
in more accurate and efficient ways. In this chap-
ter, we discuss how dual-energy CT scan imple-
mentation in clinical practice can address some of 
these shortcomings and expand on the utility of 
various images generated from dual-energy scans.

Since the introduction of dual-energy CT scan 
(DECT) into routine clinical practice more than a 
decade ago (Acharya et  al. 2015), significant 
hardware and image processing developments 
have enabled a myriad of clinically useful appli-
cations in genitourinary imaging. DECT provides 
virtual monoenergetic imaging (VMI) and 
material- specific information that is unobtainable 
using conventional single energy CT imaging. 
Additionally, in DECT, two imaging datasets 
from two different energy is generated near- 
simultaneously, which considerably improves the 
prospect of a pixel by pixel-wise comparison 
with virtual unenhanced images (VUE) (Heye 
et al. 2012; Heye 2012).

1  Virtual Monoenergetic/
Monochromatic Imaging 
(VMI)

Depending on the DECT system utilized, VMI is 
acquired in the data or image domain. Data 
domain is used in rapid kVp switching DECT 

platforms (rsDECT), and image domain is imple-
mented in dual-layer (dlDECT) and dual-source 
DECT (dsDECT) platforms. VMI reconstruc-
tions, as the name implies, are gray-scale images 
that resemble the appearance of what would be 
otherwise acquired using single energy photons. 
VMI acquisition is more thoroughly discussed in 
other chapters. However, it is worth noting that 
by definition, monoenergetic imaging is unaf-
fected by beam hardening artifacts (Albrecht 
et  al. 2019). Predictably, VMI utilization has 
been shown to decrease pseudoenhancement arti-
fact in small renal cysts without the need for gen-
eration of a true unenhanced acquisition (Jung 
et al. 2012; Mileto et al. 2014a).

There is a high reproducibility of attenuation 
measurements (Hounsfield Unit, HU) with only 
minor inconsistencies across different DECT 
technologies of VMI (Sellerer et  al. 2018; 
Jacobsen et al. 2017; Silva et al. 2011). The supe-
riority of image quality of VMIs in comparison to 
conventional 120-kVp images have been demon-
strated in several studies (Yu et al. 2011, 2012; 
Matsumoto et  al. 2011). The energy range of 
60–70 keV corresponds to a midpoint between 
the mean energies of 80 kVp and 140 kVp. Data 
suggest that as a general rule, range of 60–70 keV 
provides an optimal contrast-to-noise ratio 
(CNR) with the lowest amount of noise (Yu et al. 
2011, 2012; Matsumoto et al. 2011). However, in 
evaluating renal cell carcinoma in genitourinary 
imaging, 60 keV may provide better image qual-
ity for nephrographic phase and 50 keV for corti-
comedullary phase (Martin et al. 2017).

Lesion specific attenuation curve can be gen-
erated using ranges of VMIs. The keV range is 
from 40 to 140 keV in rapid switching (rsDECT), 
40–190 keV in dual-source (dsDECT), and 
40–200 keV in dual-layer platforms (dlDECT). 
Enhancing lesions can be differentiated from 
cysts on a single-phase nephrographic images. 
Iodine attenuation significantly increases at lower 
keV range, whereas cyst levels remain relatively 
similar and demonstrate a relatively flat curve 
(Fig. 1). Additionally, there is potential for distin-
guishing malignant from benign lesions using 
quantitative spectral analysis of these curves 
(Table 1) (Patel et al. 2017).
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2  Material Specific Imaging

DECT generated data can be used to determine 
the voxel compositions. Each voxel is analyzed 
on the basis of two-material decomposition prin-
ciple for data domain technique and three- 
material decomposition principle for image 
domain techniques. In three-material decomposi-
tion approach, absorption characteristics of three 
materials, such as fat, iodine, and soft tissue at 
two energy levels are idealized and used to create 
specific material image series. The iodine can be 
extracted to create virtual unenhanced images. 
On the other hand, iodine can be overlaid in dif-
ferent ratios to create iodine overlay images or 
purely used to create iodine maps (Fornaro et al. 

2011; Hartman et  al. 2012; Kaza et  al. 2017a, 
2012). A similar technique is used in two mate-
rial decomposition techniques. However, two 
material decomposition techniques with two 
markedly different atomic number or mass- 
attenuation coefficient is used to generate two 
sets of images; material density images such as 
iodine or water images (virtual unenhanced 
images) (Fornaro et  al. 2011; Hartman et  al. 
2012; Kaza et al. 2017a, 2012, 2011).

3  Virtual Unenhanced Imaging 
(VUE)

Virtual unenhanced or water-density images can 
provide information similar to true non-contrast 
images and may be used as a surrogate for true 
non-contrast images. Data generated from virtual 
unenhanced images has been shown to provide a 
reliable assessment of non-enhanced characteris-
tics of renal lesions such as the presence of fat, 
hyperdense material or calcification (Fig. 3b, e) 
(Ascenti et al. 2012). Attenuation measurement is 
readily available in the latest generation of rapid 
kVp switching DECT (rsDECT) technology in 
addition to dual-source (dsDECT) and dual-layer 
systems (dlDECT). Most studies point to excel-
lent correlation between HU measurement of vir-
tual non-enhanced images and true non-contrast 

a b

Fig. 1 (a) Axial post-contrast portal phase images in a 
dual-layer DECT (dlDECT) platform demonstrates a 
hypodense lesion in the left kidney measuring 32.4 
HU.  The spectral curve indicates a minimal increase in 

attenuation in lower keVs level, reflecting a non-enhanced 
cyst. (b) Adjacent normal parenchyma enhances brightly 
measuring 214 HU. Note the up-pick of the HU attenua-
tion plot in lower keVs (arrows) in comparison to the cyst

Table 1 Virtual monoenergetic imaging utility in renal 
lesion characterization

VM imaging in renal lesion characterization
High reproducibility of HU measurement
Higher image quality
Decrease pseudoenhancement artifact
Optimal CNR and lower noise
Generation and analysis of attenuation curves
    •  Differentiation of enhancing lesions from cysts in 

one phase
    •  Potential to distinguish malignant from a benign 

lesion

CNR contrast to noise ratio, VM virtual monoenergetic

Urogenital Imaging: Kidneys (Lesion Characterization)
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images (Slebocki et al. 2017; Meyer et al. 2019; 
Kaza et al. 2017b; Borhani et al. 2017). However, 
HU measurement on virtual unenhanced imaging 
cannot reliably be used for follow-up CT, if there 
are two different dual-energy CT platforms used 
(Obmann et al. 2019).

There are limitations to the usage of virtual 
non-enhanced images. First, more than 10 HU of 
variation in attenuation compared to a true non- 
contrast exam has been reported (Kaza et  al. 
2017b; Borhani et  al. 2017; Çamlıdağ 2020). 
Further development of post-processing algo-
rithms might be needed for the complete replace-
ment of true non-enhanced images with VUE 
images. Second, due to excessive iodine suppres-
sion, signal of small stones with usually less than 
3 mm, could be suppressed in virtual non- 
enhanced images, and these stones could be 
missed on these images (Table  2) (Takahashi 
et al. 2010; Vernuccio et al. 2018).

4  Iodine Imaging

Dual-energy CT data allows for qualitative and 
quantitative assessment of iodine uptake of 
tissues.

In the qualitative assessment of iodine imag-
ing, renal cysts and avascular lesions are promptly 
diagnosed with lack of intralesional signal, 
whereas iodine signal within lesions could poten-
tially be interpreted as an intralesional enhance-
ment. Thus, iodine qualitative assessment can 

readily detect lesions enhancement in one 
nephrographic phase (Fig.  2). In fact, studies 
have shown qualitative assessment of iodine 
allows more confident and faster characteriza-
tions of smaller lesions (Pourvaziri et al. 2019). It 
enables a decrease in readers’ interpretation time 
and simplifies the workflow of renal CT proto-
cols (Kaza et  al. 2011; Ascenti et  al. 2012; 
Pourvaziri et al. 2019; Mileto et al. 2014b, 2015; 
Marin et al. 2014; Graser et al. 2010). This par-
ticularly is useful in evaluating multiple lesions, 
such as in patients with polycystic kidney dis-
ease, where it increases readers’ confidence and 
decreases readers’ time (Glomski et  al. 2018; 
Arndt et al. 2012).

Quantitative assessment of iodine concentra-
tion (IC) is measured based on calculation of the 
iodine concentration in milligrams per millime-
ter (mg/mL) (Coursey et al. 2010). Quantitative 
assessment of iodine provides accurate and 
rapid determination of enhancement without the 
need for HU measurement on both unenhanced 
and contrast-enhanced measurement. In evaluat-
ing renal lesions with homogenous attenuation, 
placement of only one ROI in each phase is suf-
ficient for adequate HU measurement. However, 
in lesions with cystic, necrotic, or complex 
structures, multiple matching ROIs placed in 
both nonenhanced and contrast phase are 
required. This approach could potentially be 
biased by inclusion of small areas of necrosis or 
cystic change. Whereas, measurement of iodine 
concentration is the sum of all the enhancing 
areas only, and is less likely affected by the 
inclusion of cystic or necrotic areas within the 
ROIs placement (Ascenti et  al. 2012, 2013; 
Mileto et  al. 2014c). Iodine concentration of 
more than 0.5 mg/ml on dual-source DECT 
(dsDECT) and 1 mg/ml on rapid switching plat-
forms (rsDET) has been show to optimal thresh-
old for depiction of internal enhancement 
(Pourvaziri et al. 2019; Leng et al. 2015; Mileto 
et  al. 2014d; Chandarana et  al. 2011). Iodine 
quantification not only provides means to quan-
tify enhancement without the need for true non-
contrast exam, it also provides higher accuracy 
than HU measurement (Pourvaziri et  al. 2019; 
Ascenti et al. 2013).

Table 2 Virtual unenhanced imaging in renal lesion

Virtual unenhanced imaging in renal lesion 
characterization
Provide information similar to true non-contrast
Reliable assessment for the presence of fat, 
hyperdense material or calcification
Excellent correlation of HU measurement with true 
non-contrast exam
Limitations
    •  More than 10 HU variability in measurement of 

some lesions.
    •  Possible suppression of signal of punctate renal 

stones (less than 3 mm).
    •  Lack of HU measurement capability in an older 

generation of rapid switching.
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Another exciting feature of iodine quantifica-
tion is the potential of differentiating clear cell 
carcinoma from other enhancing lesions 
(Pourvaziri et al. 2019; Mileto et al. 2014d). In 
dual-source (dsDECT) approach, an iodine con-
centration threshold of 0.9 mg/ml has been shown 
to distinguish papillary from clear cell renal cell 
carcinoma with sensitivity and specificity of 98% 
and 86%, respectively (Mileto et  al. 2014d). In 
rapid switching platforms (rsDECT), a threshold 
of 2.1 mg/ml distinguished clear cell from other 
enhancing lesions with a sensitivity of 92% 
(Pourvaziri et al. 2019).

Another utility of iodine images is assessing 
tumor response and predicting tumor progression 
after ablative therapy. Ablation zones are wedge 
shape and lack any iodine content (Tan et  al. 

2004; Vandenbroucke et al. 2015). Iodine content 
in ablations zones can be assessed both qualita-
tively and quantitatively on iodine imaging. 
Regions of intermediate enhancement surround-
ing the ablation zones could be noted and are bet-
ter appreciated on iodine imaging (Vandenbroucke 
et al. 2015). However, ring enhancement, such as 
seen in hepatic lesions, is not common in post- 
ablation of renal lesions (Vandenbroucke et  al. 
2015). Iodine quantification has been able to dif-
ferentiate reactive tissue from residual tumor 
after post-radiofrequency ablative treatment 
(Fig. 3) (Li et al. 2013). Dual-energy iodine and 
virtual non-enhanced images have been able to 
predict renal tumors’ progression after ablation 
with 100% sensitivity and 91.5% specificity 
(Park et al. 2014).

a b

c d

Fig. 2 59-year-old male with incidental enhancing 
lesions 5 months apart. (a, b) Axial post-contrast nephro-
graphic phase on dual-source platform (dsDECT) demon-
strates an enhancing lesion in the left kidney. (c, d) Axial 

post-contrast nephrographic phase on dual-layer platform 
5 months later shows an interval increase in the size of 
previously noted enhancing lesion. Note that enhancing 
lesion is better demonstrated on Iodine imaging (a, c)
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Quantitative assessment of iodine concentra-
tion has been used in assessing response to treat-
ment in metastatic renal cell carcinomas. Iodine 
concentration is significantly more sensitive and 
reproducible in determining response to anti- 
angiogenic therapy (Hellbach et al. 2017). Anti- 
angiogenic treatments decrease tumor angiogenic 
activity and perfusion without considerable volu-
metric changes. In assessing the response to 
treatment in metastatic RCC, criteria that use 
changes in attenuation and morphology rather 
than commonly used response evaluation criteria 
in solid tumors or Choi criteria have been shown 
to be more accurate and reproducible (Smith 
et al. 2010). After a successful treatment of meta-
static RCC, there is a significant reduction in the 
enhancement of lesions. However, iodine con-

centration measurement shows significantly 
more relative reduction than measuring the 
Hounsfield unit alone (49.8% vs. 29.5%) 
(Table 3) (Hellbach et al. 2017).

5  Radiation Dose 
Consideration

Historically, one of the hurdles of dual-energy 
CT scan utilization was the concern for a hypo-
thetical increase in radiation dose burden to 
patients. This perpetual increase stems from gen-
erating two datasets, instead of one, from two 
separate tubes with different voltages. First and 
foremost, in comparing two CT protocols, it is 
imperative to take into account a potential vari-

a b c

d e f

Fig. 3 69-year-old male with chronic kidney disease on 
hemodialysis was found to have an enhancing 2.6  cm 
lesion (white arrow in all images) in the lower pole of the 
right kidney. Renal CT protocol with rapid switching 
DECT; (a) Axial post-contrast 65 keV monochromatic 
images demonstrated an enhancing lesion measuring 86 
HU. (b) Axial virtual unenhanced images revealed an iso- 
dense lesion measuring 30 HU in density. Note the hyper-
dense structures IVC filter, calcified plaque in the adjacent 
aorta, and small punctate stone in the right kidney (trian-
gles) (c) Axial material-density iodine images; iodine 
concentration measured 1.9 mgr/ml consistent with 
enhancing lesion. The patient underwent interval micro-

wave ablative therapy. The lower set of images is 1-month 
post-ablation and 5 months after images in the upper row. 
Renal CT protocol with rapid switching DECT demon-
strates. (d) Axial post-contrast 65 keV monochromatic 
images shows a mixed-density 2.5 cm with surrounding 
postprocedural stranding (triangle). (e) Axial material- 
density water image shows hyperdense material in the 
region of the previously described tumor, consistent with 
hemorrhage. (f) Material-density iodine image demon-
strates a lack of internal iodine signal. Iodine concentra-
tion measured 0.08 mgr/ml, consistent with lack of 
enhancement and no residual tumor
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ability of radiation dose measurement, which can 
even vary in the same patient. It has been demon-
strated that the mean coefficient for variance for 
size-specific dose estimates for CTs of the abdo-
men and pelvis may vary with 10.26- mGy 
(Mileto et al. 2017). Second, mounted bodies of 
evidence have disapproved of such concerns 
(Takeuchi et  al. 2012; Grajo and Sahani 2018; 
Shuman et  al. 2014; Lin et  al. 2012; Dubourg 
et  al. 2014). Optimization of DECT protocols 
and advancement in radiation dose Modulation 
have decreased radiation dosage to the level that 
is comparable or even lower than that of SECT 
protocols (Takeuchi et al. 2012; Grajo and Sahani 
2018; Shuman et  al. 2014; Lin et  al. 2012; 
Dubourg et  al. 2014). Currently, many institu-
tions perform renal protocol dual-energy CT scan 
with radiation dose range at the level or below of 
16 mGy, which is the achievable dose recom-
mended by American College of Radiology 
(ACR) (Ascenti et al. 2012; Takeuchi et al. 2012; 
Grajo and Sahani 2018; Kanal et  al. 2017; 
Jepperson et al. 2015). Dose neutrality offers the 
opportunity to perform all genitourinary imaging 
with dual-energy CT (Vernuccio et al. 2018).

Dual-energy CT scan provides several pros-
pects of reducing radiation dosage. Virtual unen-
hanced imaging might obviate the need for a true 
non-enhanced phase and decrease in radiation 
dose up to 50% (Graser et  al. 2010, 2009). 
Iterative reconstruction technique has cut radia-
tion dose up to 30% in abdominal CT scan per-

formed on single energy CT scan. Although 
Iterative reconstruction techniques have been 
implemented successfully to reduce dose reduc-
tion in dual-energy CT scans (Ohana et al. 2015; 
Zhao et al. 2017), more studies are needed to fur-
ther explore iterative reconstruction techniques in 
this regard. The latest generation of reconstruc-
tion techniques implements deep learning tech-
nology (Jensen et  al. 2020; Kim et  al. 2021). 
Implementation of deep learning-based image 
reconstruction has been shown to provide higher 
CNR and lower noise in abdominal CT scans 
(Jensen et al. 2020). Although more studies are 
needed, deep learning reconstructions technol-
ogy offers new horizons for further dose reduc-
tion (Greffier et al. 2020; Racine et al. 2020).

6  Conclusion

In this chapter, we discussed how dual-energy CT 
scan for genitourinary imaging addresses many 
shortcomings of conventional CT imaging. We dis-
cussed the utility of various dual-energy recon-
structions in a vendor-neutral fashion, how they 
compared with conventional imaging. In summary, 
dual-energy imaging in the assessment of renal 
lesions provides a faster, more confident, more 
accurate, and more reproducible evaluation of renal 
lesions without an increase in radiation exposure.
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Abstract

Urolithiasis is a common disease in the devel-
oped world with an incidence as high as 15%; 
furthermore, the risk for a recurrent episode of 
kidney stone disease is as high as 50%. CT has 
become the standard diagnostic tool to detect 
and locate kidney stones. Dual-energy CT 
might increase the role in diagnostic work up 
of suspected kidney stone disease as it can pro-
vide guidance with regards to the type of stone 
detected. While uric acid stones can be reliably 

identified using modern DECT scanners and 
software, evidence for characterization beyond 
uric acid varies. Depending on the scanner 
type used to acquire images different protocol 
and imaging strategies have been suggested. In 
future, the advent of >3-material decomposi-
tion enabled by photon-counting CT might 
further improve in vivo stone characterization.

1  Introduction: Clinical 
Workup in Suspected 
Urolithiasis

Flank pain and hematuria are the most common 
symptoms in patients with kidney stone disease. 
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In the emergency setting, besides history and 
physical examination, ultrasonography is fre-
quently performed as first diagnostic testing in 
suspected urolithiasis. Ultrasonography is par-
ticular helpful in identifying obstructive stones as 
indicated by pyeloureteral dilatation. However, a 
computed tomography scan of the abdomen and 
pelvis represents the diagnostic modality of 
choice in adults with suspected kidney stones dis-
ease (Brisbane et al. 2016; Curhan et al. 2014).

Computed tomography has an excellent sensi-
tivity and specificity in for detection of ureteral 
calculi (>0.95 for both) even when using low- 
dose imaging protocols (Brisbane et  al. 2016). 
Such low dose protocols do not impair diagnostic 
accuracy in non-obese patients, while in patients 
with a body-mass-index <30  kg/m2, smaller 
stones might be missed (Franken et  al. 2018). 
However, the limit of detection has been chal-
lenged by modern image reconstruction algo-
rithms and furthermore, the clinical relevance of 
very small stones may be questioned (Chang 
et al. 2019). Therefore, in clinical routine a low 
dose computed tomography scan is conducted 
even in (moderately) obese patients.

2  Dual-Energy CT in Suspected 
Urolithiasis: Protocol 
Decisions

As elucidated above, scans in suspected urolithia-
sis are preferably conducted using low dose pro-
tocols. According to common understanding in 
this context, this refers to protocols with a com-
puted tomography dose index (CTDI) up to 
5 mGy (Brisbane et al. 2016; Scott Kriegshauser 
et al. 2015). This reference needs to be considered 
when considering DECT to improve stone charac-
terization depending on the system used: In 
sequential scanning, the radiation dose is signifi-
cantly higher as compared to standard acquisition. 
In kVp-switching DECT, low dose examinations 
can be carried out while dose modulation may or 
may not be used depending on generation of sys-
tems in use; this possibly limits the extent of dose 
reduction. In dual source DECT, low dose scan-
ning is possible; however, as standard images are 

obtained by fusion of low and high energy tube 
information in the image domain, some noise is 
introduced. A study by Franken et  al. demon-
strated that in this setting some (particularly 
small) stones (12%) were missed (Franken et al. 
2018). In spectral detector DECT no prospective 
decision toward acquisition of DECT data has to 
be made as information is gathered in every scan; 
however, dual-energy information is available in 
scans conducted with 120 kVp tube voltage, only, 
possibly inappropriate for small patients.

To overcome dose and/or noise restrictions in 
emission-base DECT, different strategies are 
available: Advances in image reconstruction led 
to a relevant noise reduction in blended images 
obtained from dual source DECT. Yet, a proof of 
concept to which extent this allows for improved 
detection of calculi has not been conducted. In 
this context, it needs to be restated, that the rele-
vance of small stones can be clinically questioned 
according to many guidelines; however, in symp-
tomatic patients, the diagnosis of small calculi 
might be of diagnostic value to end the search for 
differential diagnoses. These observations 
account for blended images (representing con-
ventional images), only, and can certainly be 
overcome by not-enabling dual-energy mode.

To combine availability of low dose protocols 
and improved stone characterization by means of 
dual-energy CT, a hybrid approach has been sug-
gested: Here, a standard CT scan without 
DE-mode enabled is conducted first and inter-
preted for presence of stone. In case, that a kid-
ney stone is present, a second DECT scan (with 
higher dose) is conducted in position of the cal-
culi, only. Using this strategy, a reasonable radia-
tion dose can be well achieved (Manglaviti et al. 
2011; Nestler et al. 2019). It needs to be consid-
ered, that this approach might be disruptive to 
standardized workflows and possibly prone to 
errors if the initial reading is faulty.

2.1  Protocol Recommendations

Emission-based DECT: Low dose standard CT 
from upper pole of the kidneys to pelvis (axial, thin 
slices, and coronal 3 mm reconstructions). If stone 
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present additional higher dose DECT acquisition 
over stone (axial, thin slices, further processing 
pending on the vendor provided software solution). 
Detector-based DECT: Low dose from upper pole 
of the kidneys to pelvis (axial, thin slices, and coro-
nal 3  mm reconstructions and further processing 
pending on the vendor provided software solution).

3  DECT-Concepts to Determine 
Stone Composition

The vast majority of stones encountered in vivo 
consist of either calcium-oxalate mono- or dihy-
drate (sometimes referred to as whewellite and 
weddelitte, 70–85%). Followed by uric acid (10–
15%) and struvite (sometimes referred to as 
infect-stones, 5–10%). Cystine, calcium- 
phosphate (brushit), and xanthine are considered 
rare (each <5%) (Große Hokamp et al. 2018).

Standard CT allow for differentiation between 
calcific and non-calcific stones. The vast majority 
of the latter are uric acid calculi which (as rule of 
thumb) exhibit attenuation between 200 and 
400  HU, while calcific stones usually exhibit 
attenuation >600 HU. However, there is a signifi-
cant overlap between the HU of different stone 
types which impairs the ability to securely diag-
nose stone composition based on attenuation 
characteristics in conventional CT.

Stone composition analysis can be improved by 
means of DECT, where attenuation of low and 
high energy photons is separately registered. The 
slope between attenuation of low and high energy 
photons can be understood as a simplified approxi-
mation of the material-specific attenuation coeffi-
cient. Hence, this DECT-slope or its inverse 
(DECT ratio) can be used to characterize a kidney 
stone’s main component. Other mathematical 
operations have been suggested including the so-
called dual-energy index or the spectral coeffi-
cient. Despite being calculated differently, they 
relate to the very same concept (Graser et al. 2008; 
Große Hokamp et  al. 2018). In this context, the 
attenuation characteristics of uric acid need to be 
highlighted as they are quite unique: Here, attenu-
ation of low and high energy photons occurs to a 
similar extent rendering this material well identifi-
able with all available DECT techniques (Fig. 1).

3.1  In Vitro Capabilities for Stone 
Composition

Several groups explored the benefits from DECT 
in assessing kidney stone composition in  vitro. 
Again, most groups used the DECT ratio or - 
index concept to assess stone composition. The 
majority of studies used kidney stones harvested 
from patients undergoing infrared spectroscopy 
or radiograph diffraction analysis to determine 
the standard of reference (Nestler et al. 2019).

One of the earliest studies by Boll et al. inves-
tigated differentiation between a wider variety of 
stones (i.e. calcific, uric acid, cystine, struvite, 
and mixed) using their DECT ratio. They report 
an excellent differentiation between these types 
using a dual source DECT; however, images were 
acquired with a CTDI of 22.4 mGy which appears 
unrealistic for a clinical scan (Boll and Patil 
2009). Similarly, our group more recently inves-
tigated the capability for stone differentiation 
using dual layer DECT comparing low and nor-
mal dose protocols. Here, we reported that using 
a normal dose protocol (CTDI 10 mGy), calcific, 
cystine, struvite, uric acid, and xanthine stones 
can be reliably identified based on their DECT 
ratio. Using, low dose this discrimination was 
rendered unfeasible for calcific and cystine 
stones, while the other stone types remained 
identifiable (Große Hokamp et al. 2018).

3.2  In Vivo Capabilities for Stone 
Composition

Most in  vivo validation in this regard has been 
carried out for uric acid as its DECT ratio is close 
to 1 and therefore clearly different from other 
materials encountered in kidney stone imaging. 
Several groups investigated uric acid versus other 
stones and report excellent results for both, in and 
ex vivo (Franken et al. 2018; Nestler et al. 2018; 
Große Hokamp et al. 2020). For example, Graser 
et al. reported that the dual-energy index can be 
applied both in and ex  vivo to differentiate 
between uric acid and non-uric acid stones; how-
ever, they found an overlap between mixed UA 
and calcified stones (Graser et al. 2008). In line, 
Eiber et al. reported excellent performance of the 
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dual-energy index for differentiating between 
uric acid and non-uric acid stones using dual 
energy index-based assessment on a dual source 
scanner while minor misclassifications occurred 
in mixed UA stones (Eiber et al. 2012). As a mat-
ter of fact, most vendors now provide the so- 
called uric acid maps as a standard reconstruction 
from DECT data which illustrate structures con-
taining uric acid. Commonly, these maps are 
illustrated color-coded and superimposed to the 
conventional gray-scale CT image (Fig. 2).

Beyond this binary differentiation fewer reports 
are available. Mangliaviti et al. reported that using 
a dual source DECT, they were able to differenti-
ate Calcium-oxalate, cystine, and uric acid stones 
with 100% accuracy; however, only stones >5 mm 
in diameter were included in their analysis.

Differences between in vitro and in vivo accu-
racy for stone composition assessment likely result 
from increase in cross scatter and a relative dose 
reduction due to inhomogeneity of the human 
body compared to homogeneous phantoms.

a-1

a-2

b-2

b-1

Fig. 1 Two coronal images of two patients with a uric 
acid stone (a-1) and a calcific, likely calcium-oxalate 
stone (b-1). Attenuation characteristics of low and high 
energy attenuation are illustrated for both stones in the 
lower part (a-2 and b-2) as approximated by virtual 

monoenergetic images of 40–200 keV. Note that uric acid 
shows nearly equivalent attenuation in both low and high 
keV (a-2). Images acquired on a dual layer DECT. Image 
courtesy of Robert P. Reimer, University Hospital Cologne
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4  Advanced Concepts

4.1  Stone Composition

As in any field related to imaging, the advent of 
artificial intelligence holds promise to improve 
stone composition analysis as well. In a recent 
study by De Perrot et  al. it was reported that 
radiomics and machine learning can help to dif-
ferentiate phleboliths from small kidney stones 
which represents a frequent challenge in image 
interpretation. The authors used radiomics fea-
tures to train a machine learning-based classifier 
which allows for accurate differentiation in 85% 
of cases (De Perrot et  al. 2019). Our group 
attempted to use a shallow neural network to 
allow for reliable prediction of the main compo-
nent even in mixed stones. We found that this is 
feasible in an ex vivo setting; however, transla-
tion to in vivo studies has not been demonstrated 
to date (Große Hokamp et al. 2020).

4.2  Other Applications

Composition analysis is not the only possible 
application of DECT in assessment of urolithia-
sis. Lazar et al., for example, investigated if cal-
culi can be assessed in contrast enhanced 
examinations by means of virtual non-contrast 
images. They report that the removal of contrast 

media is feasible in up to 600 HU contrast- 
associated attenuation and that the resulting vir-
tual non-contrast images allow for detection of 
renal calculi with a sensitivity >99% (Lazar et al. 
2020). This might hold benefit in the setting of 
unclear hematuria. In this setting, conducting a 
multiphasic CT examination represents the stan-
dard of care. To rule out kidney stone disease as a 
common reason for hematuria, an unenhanced 
acquisition is generally included in the diagnostic 
workup; however, as suggested by their results, 
this might be overcome due to the high sensitivity 
of virtual non-contrast images if the examination 
is conducted on a DECT resulting in a significant 
radiation dose reduction.

4.3  Future Developments

Photon-counting CT has just become clinically 
available. This technology will likely impact kid-
ney stone imaging from two angles: (1) Higher 
spatial resolution might allow for a more precise 
assessment of stone size. This is of importance as 
treatment decision as of now is solely based on 
stone size and location. Composition, on the other 
hand does not play a leading role in treatment 
decision as of today, despite specific treatment 
options are available for certain stone types (e.g. 
uric acid or struvite). (2) Photon-counting CT will 
likely improve material decomposition and there-

Fig. 2 Small calculi in the right kidney including plotting 
of the DECT ratio as provided by the vendor analysis tool 
(Dual Source DECT). The software deemed this stone to 

be likely made of brushit. Image courtesy of Matthias 
Frank Frölich, University Hospital Mannheim

Urogenital Imaging: Kidneys: Urinary Stones
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fore possibly improve stone characterization. 
With a reliable means for in  vivo composition 
analysis becoming available, targeted therapies 
may gain importance in kidney stone disease.

5  Conclusion

Dual-Energy CT is helpful in assessment of kidney 
stone disease. It allows for reliable differentiation 
of uric acid and non-uric acid stones based on ven-
dor provided reconstructions. Furthermore, a dif-
ferentiation between different types of non- uric 
acid stones (e.g. struvite, xanthine) appears feasible 
according to recent literature. When conducting a 
CT scan with question of kidney stones on an emis-
sion-based DECT, carrying out a low dose conven-
tional scan (DECT-mode disabled) followed by a 
targeted DECT scan on the kidney stone in ques-
tion appears appropriate to reduce radiation dose. 
Future applications include a more detailed stone 
composition analyses using artificial intelligence 
and photon-counting CT as well as reliable stone 
identification on virtual non-contrast images.
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Abstract

Since the advent of dual-energy CT, improve-
ments have been achieved in CT imaging of 
the skeleton. Through reconstruction of a vir-
tual monochromatic energy spectrum and cor-

responding virtual monoenergetic images, 
significant metal artifact reduction can be 
achieved compared to conventional CT, allow-
ing for a more detailed assessment of metal 
implants and surrounding tissue. Furthermore, 
visualization of bone marrow pathologies is 
achieved by creation of virtual non-calcium 
images which enable subtraction of calcium 
from cancellous bone based on three-material 
decomposition. In addition, phantomless bone 
mineral density measurements of trabecular 
bone can be performed with dual-energy CT, 
allowing for opportunistic osteoporosis 
screening in context of routine CT scans, 
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potentially resulting in avoidance of further 
examinations and—particularly for patients 
undergoing regular follow-up CT examina-
tions—significant radiation exposure reduc-
tion. With introduction of photon-counting 
CT, advances regarding all mentioned applica-
tions are expected due to its technical advances 
compared to dual-energy CT.  In addition, 
photon- counting CT may also further facili-
tate visualization of complex and thin skeletal 
structures by providing highest spatial resolu-
tion imaging, as well as bone tumor identifica-
tion and characterization due to improved 
material decomposition compared to dual- 
energy CT.

Abbreviations

BMD Bone mineral density
BME Bone marrow edema
DEratio Dual-energy ratio
DXA Dual y-ray absorptiometry
HU Hounsfield unit
MARS Metal artifact reduction system
ROI Region of interest
VMI Virtual monoenergetic image
VNCa Virtual non-calcium
VOI Volume of interest

1  Metal Artifact Reduction 
Techniques

1.1  Introduction

Radiologists are frequently faced with the task of 
analyzing metallic prostheses for periprosthetic 
fractures, metallic failure and fracture, liner wear, 
aseptic loosening, infection, particle disease, and 
recurrent tumors after surgery in clinical routine. 
Radiographs are commonly obtained after such 
surgeries, although low sensitivity and specificity 
have been reported (Viano et  al. 2000; Lüdeke 
et al. 1985). MRI is advocated for its superior soft 
tissue detail and sensitivity for bone marrow 
edema (BME), however, distortion due to metal 
artifact remains a significant problem (Suh et al. 

1998). In this context, invasive joint aspiration is 
the definitive test in the setting of suspected 
infection potentially causing complications such 
as joint inoculation in the presence of overlying 
cellulitis (White et al. 2000).

CT has suffered from image degradation 
because of excessive beam attenuation of metal 
implants, that leads to photon starvation, radia-
tion scatter, beam hardening artifact, excessive 
quantum noise, and scatter edge effects (Nicolaou 
et al. 2012; Mallinson et al. 2016). There are spe-
cific methods that can reduce the degree of arti-
fact found on conventional polychromatic CT 
images including optimizing patient position, 
extending attenuation scales, iterative reconstruc-
tion utilization, use of soft tissue filters, and 
increasing the tube voltage or current. These 
approaches can significantly decrease photon 
starvation and beam hardening artifact but can 
come at the expense of increased dose, decreased 
soft tissue definition, and diminished spatial res-
olution (Lee et al. 2007). Hardware and software 
requirements also limit availability and can hin-
der widespread utility.

Dual-energy CT provides new possibilities for 
metal artifact reduction through implementation of 
energy-specific postprocessing by allowing for 
reconstruction of a virtual monochromatic energy 
spectrum and corresponding virtual monoener-
getic image (VMI) series. In this context, the 
higher energy beam (typically set to 140  kV) 
undergoes less attenuation and therefore less beam 
hardening, while the lower energy beam (80–
100 kV) provides superior soft tissue contrast.

1.2  Technical Background

Images created from a dual-energy CT dataset 
can simulate those acquired with a monochro-
matic beam set between 40 and 190  keV.  This 
exceeds the physical range of the beams but is 
achieved by adjusting the weighting value 
between the two datasets when blending the data 
creating the image. The basic principle for metal 
artifact reduction is that monochromatic images 
are created from projection space data, which 
demonstrate a lower susceptibility to beam hard-
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ening artifacts (Nicolaou et al. 2012; Mallinson 
et al. 2016; Yu et al. 2009). In this context, VMI 
allows for reconstruction of dual-energy CT data-
sets at a chosen hypothetical energy level that 
would result from an acquisition with a true 
monoenergetic X-ray beam (Fig. 1).

In clinical routine, these images are readily to 
reconstruct once the data have been processed. It 
is performed by the application of a simple slid-
ing tool on the dual-energy CT workstation that 
allows for the image energy level to be custom-
ized continuously, comparable to window/width 
level adjustment. This helps the reader to opti-
mize the balance between soft tissue detail and 
artifact reduction.

In case of metal implants, VMI keV levels 
between 110 and 146  keV have been demon-
strated to provide best image quality for assessing 
foreign material and surrounding tissue, depend-
ing on implant size and type (Nicolaou et al. 2012; 
Mallinson et al. 2016; Meinel et al. 2012; Bamberg 
et al. 2011; Zhou et al. 2011). Finally, the mono-
chromatic spectrum can also be used to minimize 
noise at the optimal tube voltage energy.

1.3  Literature Overview

There have been several studies evaluating the 
potential of dual-energy CT to reduce metal arti-
facts by application of VMI in the last decade. 
Guggenberger et al. analyzed spine fusion devices 
in phantoms by using single-energy 120- kV CT 
imaging and 140/100-kV dual-energy CT imag-
ing and demonstrated that dual-energy CT pro-
vided both improved image quality and reduced 
metal artifacts (Guggenberger et al. 2012). In this 
context, the optimal dual-energy CT energy range 
was found to be between 124 and 146 keV.

Bamberg et  al. compared reconstructed high- 
energy VMI series derived from dual-source dual-
energy CT images with conventional CT spectra in 
a group of 31 patients with various metallic skele-
tal implants (Bamberg et al. 2011). Subjectively, 
superior image quality was found in 29 of 31 
patients and superior diagnostic quality was dem-
onstrated in 27. Objectively, artifact attenuation 
decreased from 2882 to 2341 Hounsfield units 
(HU). Importantly, several lesions were discern-
able only on high-energy VMI series.

a b

Fig. 1 Metal artifact reduction in dual-energy CT. Case 
of a 67-year-old woman with dorsal spondylodesis in the 
lumbar spine undergoing regular dual-energy CT imag-
ing. Through creation of high keV virtual monoenergetic 

image (VMI) series (b, 130 keV in this case) significant 
metal artifact reduction can be achieved compared to stan-
dard linearly-blended images (a), allowing for better 
assessment of the foreign material and surrounding tissue

Skeletal Imaging: Bones
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Meinel et al. investigated the optimal settings 
for dual-source dual-energy CT evaluation of hip 
prostheses both in phantoms and in 22 patients 
(Meinel et al. 2012). They concluded that the opti-
mum tube voltage settings were 140/100-kV with 
extrapolated energies between 105 and 120 keV, 
providing high image quality in all types of metal 
implants. Moreover, the optimized reconstructions 
demonstrated additional findings unseen on con-
ventional CT images, including disk protraction, 
and osteonecrosis and hardware malposition.

Zhou et al. investigated 47 patients with ortho-
pedic devices in the context of fractures by using 
a dual-source CT system and found that an 
extrapolated tube voltage of 130  keV provided 
optimal and superior images with significantly 
reduced metal artifact compared with conven-
tional 120 kV datasets (Zhou et al. 2011).

Lee et  al. analyzed both phantoms and 26 
patients demonstrating that rapid kilovoltage 
switching dual-energy CT in combination with 
metal artifact reduction software (MARS) 
reduced metal artifacts and improved prosthetic/
periprosthetic assessment/visualization (Lee 
et al. 2007). However, this study advised caution 
in case of titanium implants, as the image quality 
was found to be slightly poorer compared with 
other prosthetic compositions.

In conclusion, there have been several both 
in  vitro and in  vivo studies demonstrating that 
dual-energy CT can significantly reduce metal 
artifacts, improve image quality, and increase 
diagnostic yield when compared with conven-
tional CT imaging. The extrapolated recom-
mended keV levels for VMI series vary between 
110 and 146  keV.  In this context, the optimal 
VMI keV level is likely to depend on the specific 
dual-energy CT system, hardware size and com-
position, the pathologic condition being evalu-
ated, and preferences of the radiologist.

2  Bone Marrow Assessment

2.1  Introduction

With the advent of spectral imaging based on 
dual-energy CT, numerous and noteworthy 
advantages over conventional CT have been dem-

onstrated such as improved material decomposi-
tion. In this context, virtual non-calcium (VNCa) 
imaging has become an increasingly used post-
processing application that allows for subtraction 
calcium from anatomical structures, enabling 
color-coded visualization of bone marrow pathol-
ogies such as BME (Fig. 2) (Pache et al. 2010; 
Booz et al. 2019a, 2020a, b; Frellesen et al. 2018; 
Koch et al. 2021).

Bone marrow pathologies are usually associ-
ated with a reduction of fat component in the tra-
becular bone, replaced by water, hemorrhage or 
cancer tissue depending on the underlying pathol-
ogy. While bone marrow assessment on conven-
tional CT is impeded by the presence of calcium, 
MRI represents the current gold standard tech-
nique for assessing bone marrow disorders 
including traumatic BME but also oncologic and 
inflammatory bone marrow disorders. However, 
due to its limitations in clinical routine such as 
contraindications or limited availability, dual- 
energy CT may be considered a potentially 
cheaper, faster, and more available imaging alter-
native for bone marrow assessment through cre-
ation of VNCa reconstructions. In this context, a 
large body of evidence has demonstrated the 
potential of VNCa imaging to serve as a viable 
imaging alternative to MRI for bone marrow 
assessment in case of MRI contraindications or 
limited availability, particularly in emergency 
setting for traumatized patients.

2.2  Technical Background

Based on three-material decomposition, the 
amount of calcium on dual-energy CT datasets is 
estimated and subtracted from images to highlight 
the anatomical structures that can be covered with 
bone mineral or gross calcifications in VNCa 
reconstructions. In this context, a baseline is made 
connecting CT values of yellow and red marrow 
(Johnson 2012). Target voxels are projected to the 
baseline using the characteristic slope of the 
DEratio of calcium. As the baseline passes close to 
the CT value of water (0 HU for both 100 kV and 
Sn140 kV), the differences among voxels on the 
baseline reflect mainly the water content in the 
bone, with calcium removed. These differences 
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can be visually interpreted, using color-coded 
maps, or quantitatively assessed by means of 
region of interest (ROI) measurements (Booz 
et al. 2020b; Johnson 2012).

Image quality on VNCa datasets is influenced 
by dual-energy CT scanning parameters. Best 
results have been obtained with a DEratio of 
70/150 kV. However, when wide DEratio are not 
recommended because of increase of image 
noise, such as abdomen and pelvis, higher radia-
tion doses help providing optimal image quality 
(Wang et al. 2013). Pitch and rotation time do not 
considerably affect image quality, although spiral 
artifacts can appear when pitch is too low. Color- 
coded VNCa datasets are usually automatically 
processed from raw-data of most of modern dual- 
energy CT platforms, with processing time last-
ing few minutes, showing the potential to be 
time-efficiently used in routine clinical practice 
(Kelcz et  al. 1979; Primak et  al. 2009). Slice 
thickness of 1–2  mm and smoother reconstruc-
tion kernels are recommended and datasets 
should be reformatted along two anatomical 
planes for optimal qualitative evaluation (Booz 
et al. 2020a; Müller et al. 2019).

Technical limitations of VNCa imaging should 
also be taken into account. It has been demon-
strated the inability to accurately visualize minor 
bone marrow alterations directly adjacent to cor-
tical bone due to incomplete masking of the cor-
tex and to spatial averaging. Incomplete 
subtraction of cortical or cancellous bone might 
also occur in case of arthrosis, and in the pres-
ence of gas or severe osteosclerosis, which can 
cause beam hardening artifacts that may limit 
bone marrow assessment. For this reason, any 
user of VNCa imaging should be aware of its 
potential pitfalls (Booz et  al. 2019a, b; Kaup 
et al. 2016).

2.3  Applications in Clinical 
Routine

2.3.1  Spine
MRI and CT are currently considered the diag-
nostic imaging modalities of choice to evaluate 
spine disorders. While CT imaging is indicated in 
trauma setting to detect fracture lines due to its 
excellent spatial resolution, MRI represents the 

a c db

Fig. 2 Bone marrow assessment in dual-energy CT. Case 
of a 62-year-old man with known impression fracture of 
L1 but recently increasing lumbar pain undergoing dual- 
energy CT of the spine. On sagittal conventional grayscale 
CT series (a), the L1 fracture was assessed as being com-
pletely old. Creation of colored sagittal virtual non- 
calcium (VNCa) reconstructions (b) showed signs of bone 

marrow edema (BME) (arrow, green colored area) in L1, 
indicating acute fracture components. Additionally, per-
formed sagittal MRI sequences (c STIR, d T1w) con-
firmed the finding of acute fracture components within the 
fracture resulting in associated traumatic vertebral BME 
(arrow in c)

Skeletal Imaging: Bones
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gold standard technique for evaluation of disks, 
nerves, musculotendinous structures, and bone 
marrow disorders. Moreover, MRI is particularly 
useful to diagnose BME secondary to trauma, 
which allows to assess the chronicity of a fracture 
by the presence of interstitial fluid or potential 
instability. However, MRI access can be limited 
in routinely trauma setting due to its high costs 
and long acquisition times, which require pro-
longed and potentially painful patient positioning 
as previously stated.

Several studies have been carried out to evalu-
ate the diagnostic performance of VNCa recon-
structions to detect acute vertebral fractures 
(Wang et  al. 2013; Kaup et  al. 2016; Petritsch 
et al. 2017). Traumatic BME detection has been 
qualitatively assessed by using color-coded 
images, and quantitatively based on ROI mea-
surements of bone marrow attenuation. When 
vertebral microfractures are present within can-
cellous bone, bone marrow attenuation increases 
since its fatty content is replaced by edema and 
microhemorrhage. Color-coded VNCa recon-
structions show good to excellent results for 
qualitative assessment of vertebral BME, either 
in terms of sensitivity (range: 72–96%), specific-
ity (range: 70–100%), and accuracy (range: 
90–99%) (Wang et  al. 2013; Kaup et  al. 2016; 
Petritsch et  al. 2017; Diekhoff et  al. 2017). In 
addition, quantitative analysis of vertebral BME 
on VNCa datasets has also demonstrated excel-
lent sensitivity, specificity, and accuracy, ranging, 
respectively, between 85% and 96%, 82% and 
90%, and 85% and 91%, with a threshold ranging 
between −80 and 0 HU in these studies.

Promising results have also been carried out 
for diagnosis of sacral insufficiency fracture- 
associated BME, showing high sensitivity and 
specificity (93% and 95%, respectively) for qual-
itative assessment, and values of 85% and 95% 
for quantitative assessment using a cut-off value 
of -43HU (Booz et  al. 2020b). This may allow 
DECT to act as a promising technique to avoid 
misinterpretation of sacral insufficiency fractures 
and their related complications, particularly in 
patients suffering from osteoporosis or diffuse 
bone disease.

The spine represents the most common site of 
bone metastases. Only breast, prostate, and lung 
cancers are together responsible for more than 
80% of cases of metastatic bone disease. 
Contrast-enhanced CT scan is regularly per-
formed in oncologic patients. However, the 
assessment of bone marrow lesions on standard 
CT remains challenging. Therefore, patients with 
high suspicion for bone metastasis frequently 
need to undergo additional imaging, such as 
MRI, scintigraphy, or positron emission tomog-
raphy. The efficacy of VNCa reconstructions to 
detect metastatic spine lesions has been recently 
assessed in several studies using different cal-
cium suppression indices. In particular, the use of 
low- and medium-suppression indices resulted in 
an increase of about 85% concerning the sensitiv-
ity compared to conventional CT, associated with 
a good inter-reader agreement at subjective image 
analysis (Abdullayev et al. 2019). In a study from 
Abdullayev et al. quantitative analysis using low- 
and medium-suppression indices showed promis-
ing results to discriminate between normal and 
metastatic bone, using thresholds of -143HU  
and -31 HU, respectively (Abdullayev et al. 2019).

High diagnostic accuracy of VNCa recon-
structions has also been demonstrated for assess-
ing infiltrative oncologic disease of vertebral 
bone marrow such as multiple myeloma. In this 
context, studies have shown high accuracy of 
VNCa imaging (ranging between 93% and 99%) 
in depicting bone marrow alterations based on 
threshold values ranging between -45HU 
and − 36 HU in objective analyses compared to 
MRI (Kosmala et al. 2017; Wang et al. 2017).

2.3.2  Appendicular Skeleton
VNCa imaging has been shown to be particularly 
helpful to detect subtle, non-displaced hip frac-
tures that might be missed on conventional radio-
graphs or conventional CT, especially in patients 
affected by diffuse skeletal disorders such as 
osteoporosis or Paget’s disease. Different authors 
focused on diagnostic performance of VNCa 
reconstructions to detect pelvic fractures, using 
clinical follow-up as reference standard. In these 
studies, dual-energy CT performed superior 
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compared to standard CT, showing an improve-
ment of sensitivity (>5%) when color-coded 
VNCa images were evaluated (Suh et  al. 2018; 
Burke et al. 2019). Moreover, quantitative analy-
sis with a threshold of −55.3 HU yielded a sensi-
tivity and specificity of 100% and 94%, 
respectively (Jang et al. 2019).

Different rheumatological disorders such as 
axial spondylarthritis and sacroiliitis usually 
require patients to undergo spine and pelvic MRI 
for assessing bone marrow pathologies caused by 
inflammation. In this context, studies have shown 
high diagnostic accuracy of VNCa reconstruc-
tions for assessing inflammatory changes of pel-
vic bone marrow (Wu et  al. 2019; Chen et  al. 
2020; Foti et  al. 2020). Authors concluded that 
dual-energy CT may serve as an appropriate 
imaging alternative in case of MRI contraindica-
tion or limited availability.

Dual-energy CT can complement the informa-
tion provided by conventional CT imaging and 
enhance the diagnostic capabilities of VNCa for 
evaluation of acute knee fractures. In a study by 
Booz et al., qualitative assessment of knee frac-
tures by color-coded VNCa images yielded sensi-
tivity and specificity of 95%, while at quantitative 
analysis these values were 96% and 97%, respec-
tively, using a threshold of −51 HU (Booz et al. 
2020a). Similar results have been shown by Wang 
et al., who proposed a cut-off of −67 HU, yield-
ing a sensitivity and specificity of 81% and 99%, 
respectively (Wang et al. 2019). Compared with 
conventional CT, dual-energy CT has demon-
strated an increase of up to 20% regarding sensi-
tivity to detect fractures, especially for less 
experienced radiologists (Yang et al. 2020).

Several authors have investigated the perfor-
mance of VNCa reconstructions to detect trau-
matic BME in small bones of distal joints such as 
scaphoid and calcaneus (Booz et al. 2019a; Koch 
et al. 2021; Müller et al. 2019). In these studies, 
dual-energy CT was able to highlight traumatic 
BME with high sensitivity and specificity com-
pared to MRI, both for qualitative and quantita-
tive analysis. Additionally, it has been 
demonstrated VNCa imaging also allows for high 
diagnostic accuracy in depicting inflammatory 
bone marrow alterations related to rheumatoid 

arthritis, either in large and small joints, showing 
good qualitative assessment and excellent agree-
ment with MRI (Jans et al. 2018).

3  Bone Mineral Density 
Analysis

3.1  Introduction

Osteoporosis is a common bone disease affecting 
older patient populations, and as such, a great 
deal of work has been done to find noninvasive, 
cost-efficient, safe, and expedient methods for 
the diagnosis. As per current World Health 
Organization guidelines, the reference standard 
for osteoporosis assessment and diagnosis is the 
utilization of dual X-ray absorptiometry (DXA) 
to clinically assess bone mineral density (BMD) 
in conjunction with an evaluation of relevant 
patient risk factors to determine a 10-year frac-
ture risk (Kanis et  al. 2008). The accessibility, 
ease of use and interpretation, short acquisition 
time, high image resolution, stable instrument 
calibration, reliability, and very low radiation 
doses associated with DXA have led to its wide-
spread implementation within this clinical 
setting.

Despite the extensive use of DXA among cli-
nicians globally, there have been several studies 
describing the various shortcomings of this diag-
nostic tool (Bolotin and Sievänen 2001; Bolotin 
2007). DXA is particularly susceptible to image 
distortions secondary to overlying structures, and 
more importantly, distortions secondary to osteo-
degenerative changes of the spine (Bolotin and 
Sievänen 2001; Bolotin 2007; Antonacci et  al. 
1996). Given that the prevalence of osteoporosis 
is highest among older patients in whom degen-
erative change is more common, DXA image dis-
tortions could limit its sensitivity and specificity. 
Moreover, DXA is a two-dimensional imaging 
modality that averages densities throughout the 
entire vertebral body. Given the varying meta-
bolic activity among trabecular and cortical bone 
within the vertebral body, a 3D imaging modality 
confined to areas of high metabolic activity may 
provide more accurate assessment. It has also 
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been proposed that fat content within trabecular 
bone can significantly modify attenuation values, 
creating a source of error when utilizing DXA 
(Genant and Boyd 1977).

Despite these concerns, quantitative CT imag-
ing was initially proposed as a viable modality to 
provide a true volumetric density calculation; 
however, due to reliance on individual phantom 
calibrations preventing opportunistic BMD 
assessment derived from routine CT scans and a 
high effective radiation dose (1–3  mSv), there 
have been concerns which have significantly lim-
ited its widespread utilization (Engelke et  al. 
2008).

In this context, dual-energy CT has been pro-
posed as a viable phantomless alternative for 3D 
volumetric opportunistic BMD assessment based 
on its improved material decomposition com-
pared to conventional CT.  Additionally, dual- 
energy CT can image patients with decreased 
radiation doses when compared with conven-
tional CT, potentially leading to reduced radia-
tion exposure for patients in clinical routine.

3.2  Technical Background

Phantomless dual-energy CT-based volumetric 
BMD assessment requires prior delineation of 
the trabecular volume of interest (VOI) for each 
vertebra, which is either manually or automatic 
determined using specific software depending on 
the approach. For phantomless volumetric BMD 
assessment based on dual-source CT—which 
currently represents the most frequently applied 
dual-energy CT BMD approach in clinical rou-
tine—the data obtained from VOI and the two 
dual-energy CT kV series are used for volumetric 
software-based BMD assessment on the basis of 
material decomposition for each voxel, as ini-
tially described by Nickoloff et al. and applied by 
Wesarg and Wichmann et al. (Fig. 3) (Nickoloff 
et al. 1988; Wichmann et al. 2014; Wesarg et al. 
2012). This algorithm for material decomposi-
tion is based on a biophysical model accounting 
for the five major substances of trabecular bone 
(bone minerals, collagen matrix, water, red mar-
row, and adipose tissue). The following two 

equations are derived by using this model (for 
illustrative purposes we used commonly applied 
80 and 140 keV levels):
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These equations link the intensities Χ80
HU and 

Χ140
HU in the two CT series obtained at tube ener-

gies of 80 and 140 kV to the fraction of the vol-
ume occupied by the matrix material (bone 
mineral + collagen) VTB and the volume of adi-
pose tissue VF. The values for t and g are 0.92 and 
1.02, respectively, whereas the other variables are 
energy related constants. By calculating the mean 
intensity for the trabecular bone in both CT data 
sets, values for VTB and VF can be attained. 
Finally, from VTB the BMD value ρBM (given in 
g/cm3) can be calculated by application of the 
material constants l = 3.06 g/cm3 and λ = 2.11:
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λ
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⋅
+

1

1

V

 
(3)

For assessment of spatial BMD distribution, a 
specific BMD value for each voxel is finally 
obtained.

Despite dual-source CT-based BMD assess-
ment, similar approaches that allow for phantom-
less volumetric BMD assessment based on other 
dual-energy CT techniques such as dual-layer CT 
and fast kVp switching have been also described 
recently (Li et  al. 2020; van Hamersvelt et  al. 
2017).

3.3  Initial Experience in Literature

Although earliest literature describing the possi-
bility of dual-energy CT for BMD assessment 
was published in the late 1970s and throughout 
the 1980s, only few studies have evaluated the 
potential of phantomless dual-energy CT-derived 
BMD assessment (Mallinson et  al. 2016; 
Nickoloff et al. 1988). In 2012, Wesarg et al. ini-
tially reported promising results using third- 
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generation dual-source CT for phantomless 
volumetric BMD assessment, however, this study 
was limited to exclusively in vitro vertebral body 
analysis (Wesarg et al. 2012). In 2014, Wichmann 
et al. conducted an in vivo analysis of 160 lumbar 
vertebrae and confirmed that 3D visualization of 
trabecular bone could be obtained from routinely 
performed third-generation dual-source CT scans 
(Wichmann et  al. 2014). In another study, 
Wichmann et  al. further evaluated cancellous 
BMD assessment of thoracic and lumbar pedicles 
in a cadaver study and showed high correlation 

between BMD values and pull-out forces 
(Wichmann et al. 2015). In addition, Booz et al. 
have shown that phantomless volumetric BMD 
assessment based on dual-source CT yields supe-
rior diagnostic accuracy for the detection of osteo-
porosis compared to simple HU measurements 
(sensitivity 96% vs. 65%) (Booz et al. 2020c).

Zhou et  al. showed strong correlations 
between dual-energy CT- and quantitative 
CT-derived BMD at both the participant level and 
the vertebral level (adjusted R2  =  0.983–0.987) 
using rapid kVp switching (Zhou et al. 2021). Li 

a b

c d

Fig. 3 Phantomless volumetric bone mineral density 
(BMD) assessment using dual-energy CT.  Phantomless 
dual-energy CT-based volumetric BMD assessment 
requires prior delineation of the trabecular volume of 
interest (VOI) for each vertebra, which is commonly man-
ually determined using specific software depending on the 
approach (a, b). For phantomless volumetric BMD assess-
ment based on dual-source CT the data obtained from VOI 
and the two dual-energy CT kV series are used for volu-
metric software-based BMD assessment on the basis of 

material decomposition for each voxel, as initially 
described by Nickoloff et al. and applied by Wesarg and 
Wichmann et al. (Nickoloff et al. 1988; Wichmann et al. 
2014; Wesarg et  al. 2012). After software-based BMD 
assessment, the results can be color-codedly visualized 
(osteoporotic BMD, red; normal BMD, blue) for 12 zones 
in each vertebra (c) with corresponding volumetric BMD 
values. Additionally, freely rotatable colored 3D visual-
ization of the trabecular BMD distribution is feasible fur-
ther facilitating the analysis (d)
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et al. demonstrated in a phantom study that BMD 
can be accurately measured either by using rapid 
kVp switching dual-energy CT or quantitative 
CT with even smaller bias using dual-energy CT 
(Li et al. 2020). Hamersvelt et al. evaluated the 
possibility of accurate BMD quantification using 
dual-layer spectral CT and showed strong linear 
correlations (R2 ≥ 0.970, P < 0.001) to DXA (van 
Hamersvelt et al. 2017). Additionally, Roski et al. 
found high correlations between BMD values 
derived from dual-layer spectral CT and those 
from quantitative CT by analyzing 174 vertebrae 
in 33 patients (Roski et al. 2019).

However, no data have been published that 
directly evaluate the potential of this technique 
for fracture prediction and identification of 
patients at risk. In addition, cost-effectiveness 
studies are missing to date. Nevertheless, dual- 
energy CT and its phantom BMD application 
represent a promising advance in the assessment 
of osteoporosis.

4  Future Innovations

With the advent of photon-counting CT, it has 
been demonstrated that this new technique allows 
for improved spatial resolution, higher contrast- 
to- noise ratio and substantial radiation dose 
reductions compared to conventional and dual- 
energy CT (Willemink et al. 2018).

High-spatial resolution is essential for imag-
ing of thin or complex skeletal structures such as 
the temporal bone. Small structures such as the 
auditory ossicles are inadequately depicted on 
low resolution images. Leng et  al. applied a 
research full-body photon-counting CT system to 
scan the cadaveric temporal bone of a swine at a 
high-spatial resolution (Leng et  al. 2016). 
Photon-counting CT allowed for clear visualiza-
tion of crucial anatomic structures, such as the 
stapes superstructure, while reducing the radia-
tion dose compared with high-spatial resolution 
conventional CT, which uses a removable comb 
that blocks up to three-quarters of the incident 
photons. Additionally, visualization of complex 
fractures of small bones (e.g. of the wrist) can 
potentially be further improved by using high- 

spatial resolution photon-counting CT compared 
to conventional CT systems.

Moreover, it has been shown that photon- 
counting CT enables improved material decom-
position even compared with dual-energy CT 
(Willemink et al. 2018). In this context, photon- 
counting CT may be used to reconstruct sharper 
and more detailed VNCa images, potentially 
allowing for more accurate evaluation of BME 
without the need for MRI. In addition, improved 
material decomposition may also further improve 
volumetric BMD assessment as well as provide 
new opportunities for bone tumor identification, 
visualization and characterization.

Finally, photon-counting CT potentially 
allows for improved evaluation of metal implants 
and associated prosthesis loosening due to 
reduced beam hardening artifacts, lack of elec-
tronic noise, and higher spatial resolution. In this 
context, metal artifact reduction algorithms that 
rely on the multiple energy bins of photon- 
counting CT have been already proposed show-
ing promising initial results (Nasirudin et  al. 
2015).

5  Conclusion

In the last 10  years, dual-energy CT has been 
shown to provide additional clinically relevant 
information compared to conventional CT in sev-
eral musculoskeletal applications. Greatest expe-
rience exists in bone marrow assessment using 
VNCa imaging to date, particularly for trauma, 
but also for inflammatory and oncologic bone 
marrow pathologies. In addition, dual-energy CT 
can significantly improve assessment of metal 
implants through reduction of artifacts using 
VMI at high keV levels. Furthermore, phantom-
less opportunistic volumetric BMD assessment is 
provided, potentially resulting in avoidance of 
further examinations in context of routine CT 
scans and significant radiation exposure reduc-
tion, particularly for young patients undergoing 
regular follow-up CT examinations. With the 
advent of photon-counting CT, advances regard-
ing all mentioned applications are expected due 
to its technical advances compared to dual-energy 
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CT.  In addition, photon-counting CT may also 
further facilitate visualization of complex and 
thin skeletal structures by providing high-spatial 
resolution imaging as well as bone tumor identi-
fication and characterization due to improved 
material decomposition.
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Abstract

Imaging of gouty arthritis was one of the first 
clinical indications for dual-energy computed 
tomography (DECT). The course of this auto-
inflammatory disease is characterized by the 

development of soft tissue tophi of uric acid, 
which can specifically be detected by 
DECT. The highly innovative imaging modal-
ity is in continuous competition with estab-
lished tests like arthrocentesis or 
ultrasonography for advanced, atypical cases 
of gout. Here, DECT benefits from its highly 
standardized scanning and evaluation process 
and at the same time provides additional infor-
mation from conventional CT and virtual non- 
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calcium images. While it is less sensitive for 
very early gouty arthritis, it has gained an 
important role in the diagnostic process and 
also has a unique ability to assess the disease 
burden and therapy response. This chapter 
summarizes the pathogenesis of gouty arthri-
tis and the clinical indications, protocols, and 
image interpretation of DECT in these patients 
and provides clinical examples to illustrate its 
different applications.

1  Pathogenesis and Clinical 
Presentation

- or: why birds suffer from gout but not 
dolphins.

Uric acid is the end product of purine meta-
bolic pathways in the human body and usually 
eliminated by the kidneys. However, its solubility 
limit is far lower than that of its precursors, hypo-
xanthine and xanthine (Schett et  al. 2015). 
Species like birds or humans that cannot process 
uric acid to the more soluble allantoin are at risk 
of uric acid crystal precipitation within joints and 
soft tissues. Interestingly, also early ancestors of 
birds shared this condition, and some fossilized 
Tyrannosaurus bones show typical gouty ero-
sions (Rothschild et al. 1997).

Gout is the most common inflammatory joint 
disease in the western world with a prevalence of 
1–4% (Kuo et al. 2015) and has been increasing 
over recent years (Zhu et  al. 2011). Men are 
more often affected than women. However, post-
menopausal women may sometimes develop 
gout and then suffer even more severely. A 
genetic predisposition, cultural habits, and kid-
ney function play a role in the development of 
the disease as well as purine-rich food, alcohol, 
and diet sodas (Choi et  al. 2004a, b; Choi and 
Curhan 2008). All of these aspects should be 
taken into account when treating gouty arthritis. 
Gout is a systemic disease with several meta-
bolic and cardiovascular comorbidities (Zhu 
et  al. 2012). Therefore, early detection of its 
musculoskeletal manifestations is crucial for a 
swift treatment initiation.

Unlike autoimmune diseases such as rheuma-
toid arthritis, gout is a so-called autoinflamma-
tion with a typical immune response (Ziegeler 
et al. 2020b). Patients experience sudden attacks 
of pain with redness, swelling, and stiffness that 
decline within 7–10 days. Changing attack loca-
tions with asymptomatic intervals are common, 
while later stages are characterized by polyartic-
ular manifestations without complete symptom 
relief between acute episodes (Parathithasan 
et al. 2016). Gouty tophi can manifest in several 
locations in the joint capsule, surrounding soft 
tissues and regions with increased mechanical 
stress such as entheses, ligaments, bursae or ear 
helix (Wright and Pinto 2003). Most commonly 
affected are the joints of the lower extremities, 
especially the first metatarsophalangeal joint.

2  Diagnostic Options

In the vast majority of cases, no advanced diag-
nostic testing is necessary. When a patient pres-
ents with typical clinical signs and symptoms 
(podagra), at most a laboratory test for determi-
nation of uric acid in serum is indicated 
(Underwood 2006). However, as gouty arthritis is 
so common, many patients have uncharacteristic 
clinical presentations. In such cases of suspected 
but unproven gout, arthrocentesis is the standard 
of reference for diagnosis. Here, polarization 
microscopy depicts the birefringent crystals in 
the joint fluid (see Fig. 1) (Phelps and McCarty 
Jr. 1966). However, in clinical practice, the sensi-
tivity of this test is reduced in symptom-free 
intervals, and rheumatologists use aspiration cau-
tiously, fearing its complications (Neogi et  al. 
2015; Taylor et al. 2016). For this reason, imag-
ing plays an essential role in the diagnosis of 
atypical forms.

Imaging in gouty arthritis has three aims: to 
establish the diagnosis by demonstrating typical 
bone changes or uric acid depositions and to 
exclude differential diagnoses, to assess the joint 
for subsequent arthrocentesis, and to monitor the 
response to treatment. To ascertain the diagnosis, 
usually, a high-resolution cross-sectional imag-
ing method, namely arthrosonography or dual- 
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energy computed tomography (DECT), is 
needed. Only advanced stages show typical 
“punched-out” erosions, sometimes more distant 
from the joint, and periosteal reactions and faint 
gouty tophi in radiography (Buckley 1996). 
However, radiography can depict differential 
diagnoses such as osteoarthritis or calcium pyro-
phosphate deposition disease. It is also a readily 
available tool for follow-up examinations.

Arthrosonography is well-suited to detect ear-
lier stages of gouty arthritis by directly demonstrat-
ing uric acid crystals in the joint fluid (so-called 
double-contour sign) or tophi (Thiele and 
Schlesinger 2007). It can also be used for planning 
a joint aspiration or to guide the needle during this 
intervention (Grassi et  al. 2001). Finally, arthro-
sonography can also demonstrate acute arthritic 
inflammation, which, however, is not specific to 
gouty arthritis (Chowalloor and Keen 2013).

Magnetic resonance imaging (MRI) can also 
demonstrate active inflammation in the course of 
gouty arthritis. Nevertheless, these changes do 
not help in distinguishing gout from other inflam-
matory joint diseases (Cimmino et al. 2011). As 
conventional MR sequences cannot depict the 
bony surface directly, it is less well suited to 
assess erosions and their morphology than ultra-
sound and CT (Ulas, Diekhoff et al. 2019). It also 
fails to demonstrate uric acid depositions and can 
only detect large tophi. Therefore, it is inferior to 
DECT when it comes to establishing the diagno-
sis (Schumacher et al. 2006).

3  Dual-Energy CT

CT vendors have developed several methods to 
perform dual-energy or spectral imaging that can 
be used to image gouty arthritis patients. The 
direct demonstration of uric acid tophi with high 
sensitivity and specificity and the excellent repro-
ducibility with standardized protocols favor 
DECT over other imaging methods in gout and 
earned it the first indication in clinical guidelines 
(Neogi et al. 2015). While the detection of tophi 
with a two-material decomposition algorithm is 
at the core of DECT imaging in gout, it provides 
further information about bone destruction and 
even active inflammation, when applied 
correctly.

3.1  Physics: Two-Material 
Decomposition

DECT allows the differentiation of two objects 
with similar X-ray attenuation (e.g., calcium 
phosphate and uric acid) when their effective 
atomic number Zeff is sufficiently different. To 
accomplish this, information about the attenua-
tion of high and low energy X-rays is needed. 
Thus, most CT machines apply two different 
X-ray spectra (tube voltages) and compare the 
attenuation. While materials with high Zeff (e.g., 
calcium or iodine) exhibit greater attenuation at 
low energy compared to high energy scans, this 

Fig. 1 Microscopic views of uric acid crystals. The needle-shaped crystals in conventional microscopy (left) are nega-
tively birefringent in polarization microscopy (right). The material was obtained by surgical tophus excision
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effect becomes less pronounced with decreasing 
Zeff and is reversed for molecules with very small 
atoms, such as hydrogen and carbon. This behav-
ior is measured by the dual-energy index or gra-
dient, which is relatively specific for a certain 
material and, thus, allows its distinction from 
others, even if they have the same attenuation in 
conventional CT (Diekhoff et al. 2015).

DECT in gout utilizes the relatively low Zeff of 
uric acid together with its relatively high CT den-
sity when present in sufficiently high concentra-
tion to specifically detect tophi. Figure  2 
illustrates the postprocessing algorithm graphi-
cally. However, as soft tissues such as muscles 
and ligaments show similar Zeff but lower density, 
a threshold must be established to eliminate 
false-positive detection. Nonetheless, this thresh-
old decreases the sensitivity for early tophi with 
low uric acid concentrations (see Fig. 3).

3.2  Clinical Indications for DECT

Whenever atypical gouty arthritis is suspected in 
a patient, choosing the proper diagnostic test is 
key to establish the diagnosis. The measurement 
of serum uric acid can point in the right direction 

but is controversial as some patients with ele-
vated levels will never develop gout and it can be 
normal even during an acute attack (Campion 
et  al. 1987; Rymal and Rizzolo 2014). While 
arthrocentesis is the diagnostic gold standard, it 
is often not performed in clinical practice.

DECT is reported to show high sensitivity and 
specificity in the search for gouty arthritis. It also 
provides all information of a conventional CT 
scan such as erosions or other soft tissue calcifi-
cations and is, therefore, well-suited for differen-
tial diagnoses. However, DECT has limited 
sensitivity in early stages of the disease as it 
relies on the presence of tophi (Bongartz et  al. 
2015). On the other hand, tophi have been 
reported in patients with asymptomatic hyperuri-
cemia (Wang et al. 2018), pointing out that ear-
lier stages of gouty arthritis (beginning with 
hyperuricemia and acute arthritis in contrast to 
established tophaceous disease) might not reflect 
the clinical reality, and a new system is warranted 
(Dalbeth and Stamp 2014).

Studies show that joint aspiration can prove 
gout in DECT-negative patients but might also be 
negative, for several reasons, when DECT dem-
onstrates tophi (Notzel et  al. 2018). Therefore, 
when available, the less invasive test should be 
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Fig. 2 Principles of two-material decomposition. The 
software distinguishes two materials, e.g., bone and uric 
acid, according to their dual-energy index by applying a 
detection threshold. Every voxel above the threshold and 

above the line is characterized as uric acid tophus. At the 
same time, the software tool takes other parameters such 
as proximity to bone into account

T. Diekhoff



319

performed first and, if negative, followed by joint 
aspiration if the diagnosis is still suspected. 
While its diagnostic accuracy is similar to that of 
arthrosonography, DECT might be less sensitive 
in early disease (Shang et al. 2020). Ultrasound, 
on the other hand, can capture some findings 
(e.g., double-contour sign or synovitis) that are 
hidden from DECT but is hard to standardize 
and, therefore, less suited for follow-up examina-
tions. To date, ultrasonography and DECT can be 
regarded as equivalent for the diagnosis and 
should be used according to their availability and 
the experience of the interpreter (Ramon et  al. 
2018). While arthrosonography and DECT are 
still regarded as second-line imaging after radi-
ography, both are gaining in importance and can 
establish the diagnosis also in earlier disease.

3.3  Scan Protocols

Details of the DECT protocol depend on the ven-
dor, the patient and the joint. Modern machines 
support automated tube current settings and 
 modulation during the scan to optimize image 
quality and radiation exposure. For systems that 
allow individual adjustment of tube currents in 
high and low energy scans, a similar image qual-
ity of both datasets is desirable—usually the ratio 
of mAs between high and low energy spectra is 
best between 1:2 and 1:4 for gout imaging. The 
tin filter, which is available for some systems, 
optimizes the X-ray spectrum and should be 
applied whenever possible.

It is well known that in patients with gouty 
arthritis joints can be painful and swollen but 

Fig. 3 Threshold adjustment. A patient with tophaceous 
gouty arthritis underwent DECT of the right foot. The 
same scan was reconstructed applying a conventional 
threshold (left) and a lowered threshold (right). While 

more and larger tophi are depicted (arrows), there are also 
more artifacts, leading to false-positive detection in toe 
nails and tendons (arrowheads)
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exhibit no proof of tophi in imaging whereas 
asymptomatic joints show definite positive find-
ings. Therefore, the regions to be scanned need 
careful consideration. In clinical practice, a pro-
tocol has become established that covers the cur-
rently painful joints and both feet and ankles, as 
they are most commonly affected (Huppertz et al. 
2014). This approach offers the highest chance of 
finding tophi.

The lower extremities can be scanned in 
supine position. The knees can easily be imaged 
in extension or light (10–20°) flexion. Both 
ankles and forefeet are usually imaged in one 
scan in firm plantar flexion to minimize artifacts. 
To accomplish this, flexion of the knee, supported 
by a bolster, can be helpful so that the patient can 
rest his or her soles on the table. Positioning is 
less complex with the patient prone and the 
arches of the feet resting on the table. For all 
scans, it is useful to place the legs as close as pos-
sible together and in the middle of the gantry to 
ensure high resolution through a small field of 
view and to reduce possible artifacts. In some 
cases, it can be appropriate to image only one 
foot. Then, the other leg should be placed outside 
the beam path, e.g., by bending the knee as much 
as possible.

For the upper extremities, the patient is usu-
ally in prone position with the arms elevated 
over the head. Both hands and wrists can be 
scanned simultaneously or separately. Note that 
a simultaneous scan in a larger field of view 
will decrease the spatial resolution, which is 
not of advantage in the small structures of the 
frist and finger joints. With some machines, it is 
possible to image one hand/wrist comfortably 
with the patient standing beside the table or 
behind the gantry. If this maneuver includes a 
table movement, a secure rest of the arm on the 
table is desirable and can be achieved by using 
a sandbag or straps. The elbow is sometimes 
harder to image. Machines with enough z-axis 
coverage allow the scanning without table 
movement and a patient standing behind the 
gantry and reaching into the scanner. For other 
systems, prone positioning of the patient with 

the arm elevated and sideways flexion of the 
head might be an alternative. Under no circum-
stances should hands or elbows be scanned rest-
ing on the abdomen or besides the patient, as 
this will result in unnecessarily high radiation 
exposure and a severe loss of image quality. 
Furthermore, it is crucial never to place the 
joint in a way that the whole forearm is in the 
beam path.

There are only a few reports on gout imaging 
of the axial skeleton (Gibney and Murray 2020). 
Here, the protocol should use a sufficiently large 
amount of radiation to ensure optimal image 
quality. Especially the low energy scan is critical 
as increased image noise might lead to more 
false-positive detections. As DECT cannot use 
conventional methods to cope with obese patients 
(e.g., use of higher tube voltage), an optimal 
image quality can only be achieved with an 
increase in tube current and rotation time.

3.4  Contrast Media

In most patients with gouty arthritis, imaging can 
be performed without administration of contrast 
medium. However, recent studies suggest that 
contrast-enhanced CT (Diekhoff, Ulas et  al. 
2019) or DECT (Fukuda et  al. 2017) depicts 
acute soft tissue inflammation and, therefore, 
enhances the diagnostic capability of a DECT 
scan (see Fig.  4). Nonetheless, it is unclear 
whether tophus enhancement might distort the 
effective Z of a voxel sufficiently to interfere with 
two-material decomposition. Therefore, contrast 
medium should be used with caution.

In the search for active soft tissue inflamma-
tion like synovitis or enthesitis, the iodinated 
contrast medium should be administered at a 
 volume of 1 ml/kg of body weight followed by a 
sufficient amount of saline solution. Three min-
utes after contrast medium injection, inflamma-
tory soft tissue already shows enhancement while 
contrast medium diffusion into joint effusion is 
still minimal. Therefore, this is the best timepoint 
for imaging.
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3.5  Image Reconstruction

It is recommended to reconstruct standard, con-
ventional CT images in a sharp bone kernel and 
medium soft tissue kernel and to generate appro-
priate multiplanar reformations. Either 
70–75 keV monochromatic or 120 kV-equivalent 
weighted average images come closest to a stan-
dard CT. When no automated reconstruction of 
these images is possible, reconstruction of the 
base scans is also fine. Using the high energy 
scan for soft tissue reconstructions results in bet-
ter visualization of gouty tophi (as uric acid 
attenuates slightly more in high energy scans) 
and low image noise. Bone kernel reconstruc-
tions can be done from either the low energy scan 
(which will result in better contrast at the expense 
of image noise) or the high energy scan. The lat-
ter might be preferable for the axial skeleton.

Depending on the particular settings of the CT 
machine, secondary reconstruction of the gout 
images using two-material decomposition and 
virtual non-calcium (VNCa) images using three- 
material decomposition is done automatically, on 
the CT console, a stand-alone workstation or a 
cloud-based software. Examples are given in 
Fig. 5. For gout images, some software applica-
tions have an option to eliminate certain artifacts, 
e.g., from beam hardening or toe nails, directly 
during the reconstruction process. This is espe-
cially important when measuring and reporting 
the total tophus volume. Whenever possible, iter-
ative reconstruction or artificial intelligence 
reconstruction that reduces the image noise 
should be applied (Diekhoff et al. 2018).

When DECT is performed with contrast 
medium administration additional iodine maps 
will depict regions of soft tissue enhancement.

Fig. 4 Synovitis in DECT iodine maps after contrast 
medium injection. The iodine map (left) demonstrates 
contrast enhancement at the wrist and the second metacar-
pophalangeal (MCP) joint, indicating acute soft tissue 

inflammation. Synovitis is confirmed by arthrosonogra-
phy (right), which shows hypoechoic soft tissue swelling 
and increased perfusion in the power Doppler mode. The 
patient was later diagnosed with rheumatoid arthritis
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3.6  Image Interpretation

The interpretation of color-coded images gener-
ated with the two-material decomposition algo-
rithm, highlighting gouty tophi in green or red, is 
fairly straightforward (Huppertz et al. 2014). The 
unequivocal presence of tophi in a typical loca-
tion confirms the diagnosis with high specificity 
(Choi et al. 2009). Nevertheless, especially small 
tophi should be confirmed in standard CT images 
and typical artifacts should be considered. 
Artifacts include physiological soft tissues with 
high density, e.g., toe nails or calluses at the heel, 
atherosclerotic plaques, or tiny calcifications 
(Choi et al. 2012; Christiansen et al. 2020). Beam 
hardening on the bone surface can also lead to 
false-positive detection. However, those are easy 
to identify and there are some robust software 
solutions for this problem. Very tiny tophi of only 
a few voxels in size within ligaments or menisci 
should not be overestimated.

Conventional CT reconstructions require care-
ful attention. They contain the most information 
and are assessed for erosions and soft tissue 
depositions. Depending on the concentration of 
uric acid, gouty tophi can be visible in conven-
tional CT images while they are not highlighted 
in gout images due to their low uric acid concen-

tration or secondary calcification (see Fig.  6) 
(Lee et  al. 2019). Furthermore, morphology of 
the tophi is important and careful consideration 
can help to prevent false-positive findings 
(Ziegeler et  al. 2020a). Especially in gout- 
negative cases, CT can confirm or rule out dif-
ferential diagnoses such as osteoarthritis, calcium 
pyrophosphate deposition disease or septic 
arthritis.

VNCa images provide useful additional infor-
mation. In case of severe inflammation, they 
delineate the underlying osteitis (Jans et  al. 
2018). When gout cannot be proven with DECT, 
the presence of bone marrow lesions can identify 
joints for further diagnostic examination such as 
arthrocentesis or ultrasonography. Notably, 
VNCa reconstructions do not subtract the gouty 
tophi so that they become even more conspicuous 
compared to standard CT images (see Fig. 5).

3.7  Report: What Information 
to Include

It is not easy to make recommendations on what 
a radiology report should contain as findings and 
structure have to consider the needs of the radi-
ologist and referring physicians. However, there 

Fig. 5 Reconstructions from DECT. Bone kernel recon-
struction depicts erosions and other bone pathologies. 
Soft tissue kernel reconstruction shows gouty tophi. 
VNCa reconstructions are used to search for bone marrow 
lesions and two-material decomposition uric acid images 
are used to identify gouty tophi. Note that tophi are less 

well depicted in bone kernel reconstructions (arrow) com-
pared to the other images. Tophi are not subtracted in 
VNCa images, occasionally resulting in their superior 
visualization compared to soft tissue or uric acid images 
(arrowheads)
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is a certain minimum of information that should 
be provided. The report should state concisely 
and clearly whether the scan confirmed the sus-
pected diagnosis of gouty arthritis by unequivo-
cal depiction of uric acid depositions, is 
compatible with gout (i.e., changes are sugges-
tive but tophus is not definitely confirmed), is 
normal or a differential diagnosis is more likely. 
The tophus volume is an important marker for the 
disease and the confidence of findings and should 
be included. Also worth mentioning are erosions 
and other arthritis findings as well as active 
inflammatory bone marrow lesions detected in 
VNCa reconstructions.

3.8  Issues Regarding Tophus 
Density and Radiation 
Exposure

The analysis threshold selected for the two- 
material decomposition algorithm depends on the 
density of the soft tissues that might cause false- 
positive detections (e.g., tendons) and image 
noise. Therefore, the sensitivity of DECT for the 

detection of gouty tophi and their volume will 
improve with increasing radiation exposure and 
the use of noise-reducing software and recon-
structions. The lower the threshold, the lower the 
detectable concentrations of uric acid (see Fig. 3). 
With established DECT protocols currently in 
use, uric acid concentrations between 30% and 
40% can be detected (Diekhoff et al. 2018).

3.9  DECT for Follow-Up

DECT offers the unique option to quantify tophus 
volume and, thus, the disease burden of a patient. 
This is not only helpful in assessing the severity 
of gout in an interindividual comparison but also 
allows intraindividual follow-up after initiation 
of dietary measures or treatment (see Fig. 7) (Sun 
et  al. 2015). Interestingly, the development of 
tophi and recurrence under therapy is not well 
understood. For example, it has been reported 
that, while treatment induces tophus resorption, 
new tophi form on different joints or in different 
sites (Zhang et al. 2017). Also, measurement of 
uric acid volume might not fully capture the dis-

Fig. 6 False-negative tophus. A patient with suspected 
gouty arthritis shows no tophus after two-material decom-
position in DECT.  The conventional CT image (here 

135 kVp source data) depicts faint uric acid depositions 
(arrows) that are confirmed by ultrasonography
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ease burden as tophi might vary in uric acid con-
centration (Kotlyarov et  al. 2020). Therefore, 
further advances in software development and 
clinical studies are needed before DECT can be 
recommended for regular follow-up in gout 
patients.

4  Case Discussions

4.1  Case 1: Patient with Acute 
Wrist Arthritis

A 70-year-old male patient presented to the 
emergency department with acute onset of 
severe wrist pain, redness, and swelling. MRI 
showed severe inflammation with synovitis, 
peritendonitis, and tenosynovitis of the wrist. 
In addition, some hypointense structures at the 

triangular fibrocartilage complex were seen. 
Clinically, septic arthritis, acute pseudogout, 
and gout were possible differential diagnoses. 
DECT confirmed the presence of uric acid 
tophi, and a corresponding treatment was 
started. However, after 6 weeks, there was only 
mild resolution of symptoms. A follow-up 
DECT scan demonstrated an increase in uric 
acid depositions and a switch in medical treat-
ment was indicated. The images are presented 
in Fig. 8.

Conclusion MRI often fails to demonstrate 
gouty tophi and cannot differentiate between uric 
acid and calcium pyrophosphate depositions. 
DECT is a noninvasive tool to establish the diag-
nosis and its quantitative measurements can be 
used for follow-up and monitoring the response 
to treatment.

Fig. 7 Follow-up of a 
patient with gouty 
arthritis. A patient with 
gouty tophi underwent 
DECT for primary 
diagnosis before starting 
treatment. Three weeks 
later, he presented with 
worsening of pain and 
treatment failure was 
suspected. Whereas the 
three-dimensional 
reconstructions of the 
two scans do not show 
an unequivocal tophus 
reduction, the volume 
measurements and mass 
calculations confirm a 
treatment response. 
Treatment was 
continued and additional 
analgesics administered
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4.2  Case 2: Chronic Pain 
of the Feet

An 82-year-old female patient suffered from 
occasional pain at the hands and feet that had per-
sisted for several years. Her family physician sus-
pected gouty arthritis and treated correspondingly. 
As she still suffered several episodes of mild to 
moderate pain every year despite drug treatment 
and diet, she presented to a rheumatologist. The 
DECT scan shows no uric acid depositions 
besides a typical toe nail artifact. However, the 
standard CT reconstructions prove erosions on 
the first metatarsal head with sclerotic rims and 
overhanging edges, typical of gouty arthritis. 
Images are shown in Fig. 9.

Conclusion Standard CT images are important 
to establish the diagnosis in the absence of uric 
acid depositions. They display structural lesions 
and gouty tophi that do not reach the threshold in 
two-material decomposition.

4.3  Case 3: Pain of the First MTP 
Joint

A 41-year-old male patient presents in the outpa-
tient rheumatology clinic with redness and swell-
ing of the first metatarsophalangeal joint on the 
left side. He reports a one-year history with sev-
eral episodes of mild to moderate pain with exac-
erbation a few days before presentation. He had 

Fig. 8 70-year-old patient with wrist arthritis. MRI 
shows severe inflammation with synovitis of the wrist but 
misses the uric acid tophi (arrow). CT confirms the soft 
tissue depositions that are characterized as gout by two- 

material decomposition (arrows). Follow-up demonstrates 
progression of the depositions (arrows) that was quanti-
fied by volumetric measurements. Also, other joints such 
as knee and ankles showed a progress of tophi
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no history of joint disease and was otherwise 
healthy as well.

Radiography was already performed by the 
referring physician and fairly unremarkable. 
The rheumatologist suspected gouty arthritis; 
however, the diagnostic criteria were not ful-
filled and further proof was needed to establish 
the diagnosis. Therefore, a DECT scan was 
ordered.

DECT did not show any tophus formation, 
and the CT source images were unremarkable. 
However, VNCa images showed acute bone mar-
row lesions (osteitis) of the first metatarsophalan-
geal joint, indicating severe inflammation. Hence, 
an additional arthrosonography was performed, 
which confirmed synovitis and gouty arthritis by 
showing a double-contour sign. The images are 
presented in Fig. 10.

Conclusion DECT may fail to demonstrate uric 
acid depositions in very early gouty arthritis. 
However, it provides crucial information on 
active inflammation, even when performed with-
out contrast medium. Therefore, it can pave the 
way to further diagnostic tests or suggest other 
possible differential diagnoses.

4.4  Case 4: Patient with Knee Pain

A 52-year-old construction worker was referred to 
undergo an MRI examination for severe knee pain. 
He had complaints for several years but was not 
able to schedule an appointment because he was 
traveling to construction sites. MRI showed inflam-
matory arthritis with soft tissue depositions, highly 
suggestive of severe gouty arthritis. A DECT scan 

Fig. 9 Gouty arthritis without tophi. In this chronic case 
of gouty arthritis, standard CT reconstructions in bone 
kernel show typical erosions (arrow) at the first metatarsal 

head. However, two-material decomposition fails to dem-
onstrate tophi. A false-positive toe nail artifact is present 
(arrowhead)
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was obtained and demonstrated gouty tophi at 
knees, feet, ankles, and elbows (see Fig. 11). The 
DECT scan was completed in less than 15 minutes 
with a total radiation exposure of less than 1 mSv 
and gave an easy overview of the disease burden.

Conclusion In severe cases, DECT is not needed 
to establish the diagnosis. However, it confirms 
uric acid tophi with high specificity, gives an 
excellent overview of the disease burden, and is 
faster than other imaging methods.

Fig. 10 41-year-old patient with pain. DECT and CT do 
not show any uric acid deposition. VNCa reconstructions 
from the DECT scan, however, reveal active inflammation 
on the first MTP joint (arrows) when compared to the con-

tralateral side. The diagnosis of gouty arthritis was later 
confirmed by ultrasonography (US) with demonstration 
of active synovitis (arrowheads) and a double-contour 
sign (arrow)
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4.5  Case 5: Patient 
with Rheumatoid Arthritis

A 52-year-old physician treated himself for sev-
eral years for rheumatoid arthritis. For some 
time, he sensed several rheumatic nodes on both 
elbows that worsened over the last months. A 
rheumatologist to whom he finally presented 
ordered a DECT scan. While several joints 

showed unequivocal tophi, the bursa olecrani was 
filled with calcified and uric-acid-positive struc-
tures (see Fig. 12). Surgery confirmed the pres-
ence of severe gouty arthritis.

Conclusion Calcified tophi might be misclassi-
fied by DECT. In those cases, DECT can be false- 
negative and underestimate the total amount of 
uric acid.

Fig. 11 Severe gouty arthritis. MRI already shows soft 
tissue depositions, consistent with advanced gouty arthri-
tis. While DECT was not needed to establish the diagnosis 

in this patient, it provided an excellent overview of the 
total disease burden. Here, the software color-codes left 
and right side differently
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5  Summary

DECT is a robust, sensitive, and specific tool to 
assess gouty arthritis and its differential diagno-
ses. When used correctly and with consideration 
of artifacts and possible false-positive and false- 
negative findings, it can establish the diagnosis, 
elucidate differential diagnoses, and monitor 
treatment. The field of DECT in gouty arthritis 
has undergone some changes during the last 
years. While previously only color-coded uric 
acid tophi were considered to be relevant, more 
recently, grayscale conventional CT images and 
VNCa reconstructions have found their way into 
clinical practice. Furthermore, the benefit of con-
trast medium administration is currently being 
investigated and may be useful in identifying soft 
tissue inflammation. Providing a multiparametric 
overview in patients with suspected gouty arthri-

tis, DECT has earned its prominent place in cur-
rent rheumatology guidelines.
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Abstract

In radiation oncology, CT imaging is of cru-
cial importance for consistent and accurate 
delineation of target and organ-at-risk struc-
tures as well as for highly precise treatment 
planning and prediction of the deposited dose. 
Even though the potential benefit of dual- 
energy CT for those purposes was identified 
early, its implementation in clinical practice is 
still in an early stage. Here, we want to give an 
overview of current and potential future appli-
cations of dual-energy CT in the field of radia-
tion oncology. Since the next generation of 
X-ray computed tomography with a photon- 
counting detector technology is rising at the 
horizon, we also want to give an outlook on 
radiotherapeutic applications that will benefit 
or even become possible for the first time with 
this technological evolution.

1  Introduction: Dual-Energy 
CT in Radiotherapy: 
From First Idea to Clinical 
Application

Nowadays, radiotherapy is an important treat-
ment technique in oncology, being applied either 
alone or together with surgery or chemotherapy 
in about every second cancer patient (Borras 
et al. 2015). In most cases, high-energy external 
photon beams of several Megavolt (MV) are used 
to locally maximize the dose deposition to the 
target while at the same time minimizing the 
damage of the surrounding normal tissue 
(Baumann et  al. 2016). Alternatively, beams of 
high-energetic particles, mostly protons but also 
carbon ions, are used. In general, particle beams 
lead to a better dose sparing of normal tissue due 
their well-defined maximum of dose deposition 
shortly before stopping in the patient. In contrast 
to photons, they possess no or negligible dose 
deposition “behind” the tumor target.

In both photon and proton therapy, an accurate 
prediction of interactions of the therapeutic beam 
with patients’ tissue and thereby precisely planning 

of the dose deposition in the target and normal tis-
sue is crucial. For this purpose, X-ray computed 
tomography (CT) is the common imaging tech-
nique in external beam radiotherapy. However, CT 
is not only used for predicting the physical dose 
deposition but is needed for several tasks in the 
radiotherapeutic treatment chain. The clinical 
workflow in radiation oncology (RO) relies on a 
well-coordinated interaction of a multitude of pro-
cesses guided by imaging: Therapy decision before 
and adaptation during the course of treatment, 
organ and tumor segmentation, treatment planning, 
and dose calculation as well as patient immobiliza-
tion and motion handling. Dual- or multi-energy 
CT offers potential benefits compared to classical 
single-energy CT (SECT) in general but also spe-
cifically for the individual tasks which have differ-
ent requirements on CT imaging.

The idea of the application of dual-energy CT 
in radiotherapy is anything but new. In his epoch- 
breaking publication introducing the first clinical 
X-ray CT scanner in 1973 (Hounsfield 1973), 
Godfrey Hounsfield not only introduced the basic 
idea of dual-energy CT (DECT) by using two CT 
scans with different tube voltages, but he also 
mentioned its potential use for improved tissue 
characterization, especially the effective atomic 
number. Only 4  years later, Michael Goitein, a 
Boston-based pioneer of the translation of proton 
therapy in clinical application saw its potential 
for improved treatment planning in proton ther-
apy (Goitein 1977).

Due to the different relative contributions of 
photoelectric effect and incoherent/coherent scat-
tering, the two CT scans contain partly comple-
mentary attenuation information of tissues. The 
basic idea is that two different quantities can be 
obtained from two CT scans with different ratio of 
the two main interaction processes of kilovoltage 
(kV) X-rays. Such tissue parameters are typically 
the relative electron density (RED) and effective 
atomic number (EAN), which characterize the 
photoelectric effect and incoherent/coherent scat-
tering. Especially in proton or particle therapy, 
exact knowledge of tissue parameters is crucial to 
accurately predict the particles stopping behavior 
and thereby the dose  deposition. As the stopping 
behavior and dose deposition are extremely sensi-
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tive to the traversed tissue, the application of 
DECT in particle therapy seems utmost promis-
ing already since the very beginning of CT imag-
ing. Despite these clear conceptual benefits, it 
took until 2015 as DECT was first used for clini-
cal treatment planning in proton therapy 
(Wohlfahrt et al. 2017) probably due to the lack of 
practical hardware and software solutions in the 
decades before and challenges in data processing, 
e.g. its increased noise level.

Although the main motivation for deploying 
DECT in radiation oncology is currently the 
improvement of proton treatment planning 
(Paganetti et  al. 2020; Wohlfahrt and Richter 
2020), several other potential use cases are dis-
cussed and investigated including (van Elmpt 
et al. 2016):

• Improvements in tumor and organ 
segmentation;

• Direct calculation of relative electron density 
for photon treatment planning;

• Tissue classification, e.g. as input for Monte 
Carlo transport calculations;

• Improvement of image quality including metal 
artifact reduction and variable image 
contrast;

• Virtual subtraction of contrast agent informa-
tion to generate a virtual non-contrast and 
contrast-enhanced dataset from only one sin-
gle DECT scan;

• Functional imaging.

In the following, we want to give an overview 
on these different applications in radiation oncol-
ogy and also evaluate the different DECT tech-
niques for RO-specific applications. Furthermore, 
the potential benefit of RO applications from 
photon-counting CT technology will be 
illuminated.

2  Dual-Energy CT Techniques 
in Radiation Oncology

The various clinically available DECT acquisi-
tion techniques enabled by single-source CT 
scanners:

• consecutive (dual-spiral mode) (Chap. 3),
• split-beam filter in scan direction (twin-beam 

mode) (Chap. 3),
• dual-layer detector (dual-layer mode) (Chap. 

4),
• fast tube-voltage switching (fast-kVp mode) 

(Chap. 5),
• slow tube-voltage switching (slow-kVp mode) 

(Chap. 6).

and dual-source CT scanners (Chap. 3) open up 
new possibilities to reduce uncertainties in the 
overall radiotherapeutic chain. However, they 
also add a new layer of complexity in the deci-
sion process which CT equipment might be best 
suited for the type and range of clinical applica-
tions used preferably in the respective radiother-
apy institution. Hence, an individual optimization 
of CT scan and reconstruction settings together 
with a careful weighing of technical benefits and 
limitations of each method are essential. To reli-
ably obtain accurate and precise quantitative 
measures from DECT, the overall image quality 
is an important prerequisite for material decom-
position, because even small differences between 
CT numbers in the low- and high-energy CT 
dataset can be amplified in the highly sensitive 
post-processing algorithms. The following tech-
nical criteria are distinctive features of the vari-
ous DECT acquisition techniques, which 
considerably influence the DECT image quality 
and thus affecting the performance of clinical 
tasks from delineation to treatment planning and 
adaptive dose delivery.

2.1  Spectral Separation

The overlap of the low- and high-energy X-ray 
spectrum characterizes the gain of independent 
attenuation information for material 
 differentiation. No spectral overlap would be 
ideal, because fully disjunct material attenuation 
properties are gathered. In general, a high spec-
tral separation facilitates accurate and precise 
material decomposition and can better tolerate 
image noise. It also defines the capability to reli-
ably classify two materials with only a slightly 
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different spectral attenuation behavior, e.g. low 
iodine concentrations in contrast-enhanced 
DECT scans.

DECT acquisition techniques with indepen-
dent adjustment of their X-ray tube configura-
tions (dual-source, dual-spiral, slow-kVp) 
achieve a high spectral separation by selecting 
the lowest and highest available tube voltage. The 
spectral overlap can be further decreased by add-
ing an extra filter material for the high-energy CT 
scan (dual-source, dual-spiral). Since a perfect 
voltage modulation following a rectangular func-
tion is technically challenging in fast-kVp mode, 
the original X-ray spectra are partly mixed in the 
transition period resulting in a reduced spectral 
separation. The use of a single tube voltage with 
two different filters in scan direction (twin-beam) 
or an energy discrimination at detector level 
(dual-layer) also show an inferior spectral separa-
tion (McCollough et al. 2020).

A quantitative determination of material 
parameters required for dose calculation (elec-
tron density and stopping power) or tumor delin-
eation in low-contrast regions (concentration 
contrast agent) benefit from an increase in spec-
tral separation. The assessment whether a spec-
tral separation is sufficient depends on the 
purpose of the respective clinical task as well as 
the targeted accuracy and precision.

2.2  Temporal Coherence

A short or ideally no time interval between acqui-
sitions of low- and high-energy X-ray attenua-
tions ensures a temporal coherence of the DECT 
data collection. It reduces the impact of motion- 
induced anatomical changes or varying concen-
trations and tissue distributions of contrast agents 
over time. This is a crucial prerequisite to enable 
projection-based algorithms for material decom-
position and advanced physical corrections, e.g. 
of beam hardening, based on spectral X-ray 
information.

DECT in dual-layer mode has an almost per-
fect temporal coherence. A high temporal 
coherence is also guaranteed by fast voltage 
alteration within 0.5 ms (fast-kVp) or simulta-

neous acquisition of DECT projections with 
90° offset (dual- source), however, resulting in a 
temporal shift of at least 66 ms (quarter of rota-
tion time). The time offset in twin-beam and 
slow-kVp mode is at least one rotation time. 
Due to an additional time delay for tube adjust-
ments in slow-kVp mode, the temporal coher-
ence is further reduced. The lowest temporal 
coherence is present in dual- spiral mode, 
because the consecutive high-energy CT scan is 
delayed by the scan time as well as additional 
time lags for tube adjustment and potential 
couch movements. Despite that deformable 
image registration can reduce the impact of 
anatomical changes, the dual-spiral mode is 
currently recommended for static tumors only. 
Contrast-enhanced dual-spiral DECT scans are 
restricted to late phase with an almost stable 
distribution of contrast agent.

A high temporal coherence ensures accurate 
DECT-based material differentiation in non- 
static imaging situations. A stable patient immo-
bilization or breath-hold techniques can further 
help to mitigate body motion.

2.3  Spatio-Temporal Resolution

The temporal resolution is characterized by half 
of the rotation time and thus depends on the 
respective CT scanner capabilities in general.

The spatial resolution is mainly influenced by 
focal spot size, slice collimation, and number of 
X-ray projections. All DECT modes except for 
fast-kVp can exploit the full CT scanner capabili-
ties. In fast-kVp mode, a large focal spot is used 
and the projections per rotation need to be divided 
in a ratio of 65:35 to increase exposure times for 
low-energy projections, because the tube current 
cannot be changed so fast. Due to the reduced 
number of projections per energy, the spatial res-
olution is deteriorated.

A high spatio-temporal resolution is intended 
at tissue transitions with high density gradients to 
prevent edge blurring, which can lead to a poten-
tial loss of attenuation information and thus devi-
ations in quantitative results relevant for dose 
calculation.
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2.4  Cross-Scattering

An impact of cross-scatter radiation on the detec-
tor signal is present in dual-source and dual-layer 
mode and can be partly mitigated in post- 
processing algorithms. An insufficient correction 
could result in a systematic bias in the assessment 
of material parameters.

2.5  Imaging Dose

DECT can be performed with the same total dose 
as required for SECT while enabling more post- 
scan flexibility without compromising image 
quality (Wohlfahrt et al. 2017). Standard CT dose 
reduction techniques, such as tube current modu-
lation, can be also applied in all DECT modes 
except for fast-kVp due to limitations in current 
tube technology. In dual-layer mode, the noise 
ratio between low- and high-energy CT data 
directly follows from the design of the two detec-
tor layers and is thus optimized for specific scan 
conditions.

Imaging dose becomes even more important 
in an adaptive radiotherapy workflow relying on 
continuous quantitative CT imaging during the 
course of treatment for an early detection of ana-
tomical changes and tumor response assessment. 
With the use of iterative image reconstruction, 
the image noise can be clearly reduced to still 
guarantee a good performance of material char-
acterization at lower CT doses.

2.6  Field of View

All DECT modes except for dual-source acquire 
DECT information in a scan field of view of at 
least 500 mm. The DECT field of view in dual- 
source mode is restricted to maximal 350  mm 
due to limitations in detector space within the CT 
gantry. This currently hampers the use for treat-
ment planning in the thoracic, abdominal, or pel-
vic region and a proper coverage of immobilization 
devices.

2.7  Respiratory

A time-resolved (4D) respiratory acquisition is 
not yet available in clinical routine for the recent 
DECT techniques. Only stable respiratory phases 
realized by a breath-hold approach can be con-
sidered. In first proof-of-concept studies, the 
clinical feasibility of 4D DECT has been demon-
strated (Ohira et al. 2018; Wohlfahrt et al. 2018), 
however, confirmation for a broad variety of 
motion amplitudes and frequencies is desired.

The image quality of DECT acquisitions 
depends on a multitude of technical parameters 
and needs to be optimized for the various pro-
cesses in the complex radiotherapeutic workflow. 
Clinical applications in radiation oncology desire

• a highly accurate and precise calculation of 
quantitative material parameters for dose calcu-
lation enabled by a good spectral separation,

• a large scan field of view to cover the entire 
patient and all necessary immobilization 
devices,

• a time-resolved respiratory CT acquisition for 
moving targets to estimate tumor motion as 
well as optimize the treatment plan and dose 
delivery,

• lowering the dose for CT acquisitions during 
the course of treatment to still ensure an image 
quality for a reliable assessment of material 
parameters.

However, since none of the recent techniques 
can fully satisfy all requirements, more explor-
atory clinical studies are needed to generate evi-
dence under clinical conditions and balance pros 
and cons of the respective techniques.

3  Tumor and Organ 
Segmentation

The main aim of segmentation in radiation oncol-
ogy is a reliable delineation of the clinical target 
volume, encompassing the tumor region with an 
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additional clinical safety margin covering micro-
scopic tumor spread and tumor motility, as well 
as surrounding organs at risk as input for the 
patient-specific treatment planning process.

The benefits of DECT associated with an 
improved tissue differentiation are commonly 
employed in diagnostic oncological imaging to 
increase diagnostic efficiency and efficacy 
(Agrawal et al. 2014). Typically, various datasets 
with different image contrasts are generated from 
DECT after acquisition and then jointly used to 
improve tumor visibility and thus detectability 
(Forghani and Mukherji 2018). Depending on the 
selected energy of DECT-derived virtual monoen-
ergetic image (VMI) datasets, the soft tissue con-
trast and tissue enhancement of contrast agents 
(low energy from 40 to 60 keV) can be increased 
or metal artifacts (high energy from 120 to 
200 keV) can be reduced (Fig. 1). The distribu-
tion and tissue enrichment of contrast medium 
obtained by a DECT-based material decomposi-
tion is an additional indicator to differentiate 
between tumor invasion and ossification. A reli-
able quantification of contrast medium in ana-
tomical structures and tumors could potentially 
even serve as biomarker for an early assessment 
of therapy response (Fukukura et al. 2020).

Based on the clinical experience and evidence 
gathered in diagnostic radiology within the last 
two decades and the gradual implementation of 
DECT in radiation oncology, the above- 
mentioned DECT applications also seem to be 
promising for radiotherapeutic purposes. Their 
integration in the radiotherapeutic workflow 
enables an individual assessment of the optimal 
usage and potential benefit for tumor and organ 
segmentation. The number of clinical studies in 
radiation oncology is still scarce, which demon-
strate that an increased tissue contrast or a combi-
nation of image representations of different tissue 
characteristics can translate into an improved 
delineation accuracy and reduced intra- and inter- 
observer variability (Wohlfahrt et  al. 2018; 
Wohlfahrt et  al. 2019). A multitude of explor-
atory studies are needed in future to comprehen-
sively evaluate the clinical usability for different 
tumor entities and tumor stages as well as elabo-
rate on potential improvements for radiation 

oncology. Joint efforts in collaborative trials 
between diagnostic radiology and radiation 
oncology could be worth aspiring to generate evi-
dence in patient cohorts monitored in a standard-
ized approach covering diagnosis, therapy 
preparation, course of treatment, and follow-up. 
This can contribute to encourage a more wide-
spread routine use of DECT for tumor and organ 
segmentation in radiation oncology.

In addition to an anatomical representation of 
the patient, functional information of organs can 
be considered as an important input for treatment 
planning and foster its individualization by incor-
porating information on the patient’s condition. 
In active and well-functioning regions within 
organs, the dose could be proactively reduced. 
Such areas with the potential of dose sparing can-
not only be identified with magnetic resonance 
imaging (MRI) or positron-emission tomography 
(PET), but also with the help of DECT.  For 
example, the distribution of active bone marrow 
can be derived from a native DECT scan 
(McGuire et al. 2011) and the lung function can 
be obtained from the iodine distribution of a 
contrast- enhanced DECT scan (Bahig et  al. 
2017).

4  Treatment Planning 
and Dose Calculation

With the input of tumor and normal tissue seg-
mentation, as well as case-specific dose prescrip-
tions to the target and organ-specific tolerance 
doses for healthy tissues according to clinical 
guidelines, the dose distribution is optimized in a 
multi-step process to achieve a homogeneous dis-
tribution of the prescribed dose in the target vol-
ume while minimizing the dose to critical healthy 
anatomical structures. This optimization process 
aims at reaching a high tumor control while at the 
same time minimizing radiation-induced 
 toxicities in healthy tissues. The calculation of 
the physical dose deposition based on the indi-
vidual anatomy and tissue properties as well as 
the setup of the radiation beam is a core element 
in this process. For this purpose, the voxelwise 
image information from CT and in some cases 
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Fig. 1 The reconstruction of virtual monoenergetic 
image (VMI) datasets with different energies from dual- 
energy CT can contribute to enhance the tissue contrast 
for tumor and organ segmentation (low energies) or partly 
mitigate image artifacts caused by metallic implants (high 

energies). For severe metal artifacts, the application of a 
dedicated metal artifact reduction technique can be bene-
ficial to improve the visual image impression. Adapted 
from (Wohlfahrt 2018)
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from MRI, have to be converted in physical quan-
tities needed for dose calculation of the treatment 
beam, namely RED for photon therapy and pro-
ton stopping-power ratio (SPR) for proton 
therapy.

An uncertainty in the CT-based prediction of 
the respective material parameter has a direct 
impact on the accuracy of the dose calculation. 
This effect is particularly pronounced in proton 
therapy (Fig.  2), since protons stop at a certain 
depth in the patient and deposit their maximal 
energy shortly before within the so-called Bragg 
peak, followed by a steep distal dose fall-off to 
zero dose deposition behind the stopping posi-

tion. A slight change in the predicted stopping 
behavior of the traversed tissue will result in a 
change of the proton’s stopping position causing 
severe changes in the local dose deposition. In 
contrast, in photon therapy, the variation of dose 
deposition over the beam’s penetration depth is 
much smaller, resulting in a much smaller depen-
dency on the predicted tissue parameter.

The standard procedure for the voxelwise con-
version of CT information (CT number, CTN) 
into a parameter required for treatment planning 
(RED, SPR) is the use of a heuristic stepwise lin-
ear correlation function, a so-called Hounsfield 
look-up table (HLUT). The HLUT can be derived 
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Fig. 2 Impact of a 3.5% deviation in electron-density 
(photon therapy, a) and stopping-power (proton therapy, 
b) prediction on the clinical dose distribution of an exem-
plary brain-tumor patient case. Severe dose differences 

distal to the target region are visible in proton therapy, 
whereas only a small change in the proximal dose distri-
bution is noticeable for photon therapy
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from CT scans of tissue-equivalent materials 
with known RED/SPR properties (experimental 
HLUT calibration) or from the elemental compo-
sition of tabulated human tissues (Woodard and 
White 1986) combined with a theoretical predic-
tion of the scanner-specific CT numbers of those 
non-available tissue samples (stoichiometric 
HLUT calibration).

Despite its broad use in photon and proton 
therapy, the HLUT approach has several general 
limitations (Wohlfahrt and Richter 2020). Tissues 
with similar CTN but different RED or SPR can-
not be distinguished. Since non-tissue materials, 
e.g. implants, are often not covered by the HLUT 
due to different elemental composition, severe 
deviations can occur for them. Moreover, a 
HLUT is per definition not patient-specific and 
thus cannot consider the intra- and inter-patient 
variability in the conversion from CTN to RED 
or SPR, which can arise from variations in tissue 
composition (e.g. different calcium content in 
bones).

In the following, the benefit of DECT for dose 
calculation is discussed for photon and proton 
therapy consecutively.

4.1  Photon Therapy

The physical dose deposition of high-energetic 
MeV photons in tissue is dominated by incoher-
ent scattering, which depends only on the relative 
electron density of tissue. The most obvious ben-
efit of DECT is that the only quantity needed for 
MV photon dose calculation, the electron den-
sity, can be directly derived from the two scans 
with very high accuracy. This is possible, because 
the influence of the photoelectric effect, that also 
depends on EAN, can be eliminated by a specific 
weighted superimposition of the DECT scans. In 
this case, it is a weighted subtraction of the low- 
energy CT image, possessing a higher influence 
of photoelectric effect, from the high-energy CT 
image. This results in an image contrast charac-
terized by incoherent scattering, which only 
depends on RED.  Several DECT-based imple-
mentations of RED determination have been 
introduced and their methodological uncertainty 

has been confirmed to be far below 1% (Möhler 
et  al. 2017). Interestingly, some of those algo-
rithms are even mathematically equivalent 
(Möhler et al. 2018). Ultimately, by implement-
ing such a DECT-based direct RED determina-
tion in photon treatment planning, the HLUT 
approach would be completely discarded together 
with the associated disadvantages. This leads to 
reduced dose calculation uncertainties and a bet-
ter consideration of non-tissue materials. 
However, this has not yet become broad clinical 
practice, probably due to a rather small sensitiv-
ity of the photon dose calculation to RED uncer-
tainties and practical limitations of DECT 
techniques (limited field of view or the chal-
lenges in the presence of motion).

Another application of DECT with an even 
higher clinical impact is the ability to virtually 
remove the influence of the injected contrast 
agent in tissue from CT images. This allows for 
the generation of quasi-native CT datasets from 
contrast-enhanced DECT acquisitions, the so- 
called virtual non-contrast (VNC) datasets. 
Hence, instead of acquiring a contrast-enhanced 
CT scan to support tumor delineation and a native 
CT scan required for dose calculation, only the 
contrast-enhanced DECT scan is needed with the 
VNC approach. This reduces the imaging dose 
by 50%, eliminates potential registration inaccu-
racies between native and contrast-enhanced CT 
images, and also reduces the time of the patient 
on the CT couch. First investigations showed that 
VNC-based dose calculation does not lead to 
clinically relevant dose differences compared to 
dose calculation on native CT scans (Noid et al. 
2021). However, a decrease of the CTN in bones 
has been noticed, indicating the need for further 
optimization of the VNC approach towards better 
differentiation between dense bone and iodine 
contrast.

4.2  Proton Therapy

For proton therapy, the dose deposition is charac-
terized by the so-called stopping-power ratio 
(SPR) of the tissue, which mainly depends on 
RED but also on the mean excitation potential 
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(MEP) of the tissue. The SPR, which is the stop-
ping power of the material divided by the stop-
ping power of water, can be described as product 
of RED and a term called relative stopping num-
ber (RSN), which includes the MEP as exclusive 
tissue parameter.

As already described in the previous section, 
RED can be directly derived from DECT with 
very high accuracy. Even though DECT imaging 
allows for determining two tissue parameters, 
MEP cannot be directly obtained from DECT, 
because it does not directly affect the photon 
interactions in CT imaging. Hence, a heuristic 
conversion from EAN, which is a common sec-
ond tissue quantity determined from DECT, 
towards MEP or RSN is needed. Even though 
this step is associated with all disadvantages of a 
heuristic conversion as discussed for the HLUT 
approach, its influence on the overall SPR predic-
tion is very limited: The variability of RSN in 
human tissues only contributes to roughly 5% of 
the overall SPR variability in those tissues 
(Möhler et al. 2016), whereas the remaining 95% 
are caused by RED variations. Consequently, the 
impact of the remaining uncertainty in the EAN- 
to- RSN or EAN-to-MEP conversion on the SPR 
uncertainty is highly suppressed.

In the past decade, about two dozen of algo-
rithms have been proposed to realize a direct 
DECT-based SPR prediction (DirectSPR) 
(Wohlfahrt and Richter 2020). Most of them are 
image-based and use the analytical SPR calcula-
tion as described above, but also machine learn-
ing approaches or completely empirical 
parametrizations as well as projection-based SPR 
calculation have been proposed. Even though a 
correct and robust algorithmic parametrization is 
important, other factors in the implementation of 
a DirectSPR approach are also crucial to fulfill 
the high requirements on accuracy and precision 
and need to be considered as well:

• The optimization of the CTN constancy for 
different scanning conditions by appropriate 
beam hardening correction;

• The comprehensive calibration of the approach 
also including different beam hardening 
 conditions or even introducing an object-size 
dependent calibration;

• The application of sophisticated noise reduc-
tion approaches, as especially EAN datasets 
can introduce a high noise level in the RSN/
MEP and subsequent SPR images.

Those characteristics of a DirectSPR imple-
mentation ultimately define the accuracy of SPR 
prediction in a real-world clinical scenario. In 
general, the accuracy of RED and EAN datasets 
generated in applications designed for diagnostic 
purposes do not necessarily satisfy the require-
ments needed for SPR prediction in proton ther-
apy. Hence, certain CT manufacturer start to 
provide dedicated PT implementations for SPR 
prediction with optimized image post- processing. 
This includes a sophisticated noise-suppression 
algorithm over the full image post-processing 
chain, which reduces the noise in SPR datasets 
by roughly a factor of 2 with respect to the classic 
convolution of the high- and low-energy CT scan. 
The selection of a size-dependent calibration for 
each individual axial CT slice is another benefit 
for an SPR calculation directly integrated in the 
CT software. Such an integration can be seen as a 
paradigm shift, as so far the CTN-to-SPR conver-
sion has been calibrated by each proton center 
individually and then applied within the treat-
ment planning system. In 2019, the first clinical 
implementation of DirectSPR for proton treat-
ment planning has been realized (Wohlfahrt and 
Richter 2020) and medical products have recently 
become available for the whole workflow from 
generating SPR datasets to TPS import and pro-
cessing. Still, the method is far away from broad 
clinical application despite the great interest in 
the PT community (Taasti et  al. 2018). 
Nevertheless, it has been shown that the accuracy 
of range prediction in treatment planning can be 
improved from 3.5% of the absolute range to 2% 
or even less in specific geometries (1.7% for 
brain-tumor treatments) (Peters et al. 2022). This 
results in a reduction of the safety margin by 35% 
and thus a relevantly decreased integral dose as 
well as dose to organs at risk, as shown in Fig. 3 
for a representative patient case.

For both treatment modalities, Monte Carlo 
dose calculation is becoming more and more 
popular as their calculation speed has improved. 
Since those algorithms require the elemental 
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material composition for each CT voxel, DECT 
can also be used for an improved material assign-
ment. The implementation of direct RED and 
SPR prediction is also fully compatible with 
highly accurate particle transport calculations of 
Monte Carlo algorithms (Permatasari et al. 2020).

5  Potential of Photon-
Counting CT in Radiation 
Oncology

Within the last two decades, substantial progress 
in research and development of a new CT detec-
tor technology has been made to potentially over-
come limitations in current CT imaging by 
translating from common energy-integrating 
solid-state scintillation detectors to photon- 
counting semiconductor detectors in future 
(Chap. 7). Photon-counting CT always allows for 
spectrally resolved multi-energy CT acquisitions 
in the full scan field of view with a high spectral 
separation, perfect temporal coherence, and high 
spatio-temporal resolution. Due to a threshold- 
based signal read-out of photon-counting detec-
tors, electronic noise can be suppressed and thus 
a lower image noise or a further dose reduction as 
well as a higher CT number stability can be 

achieved. In combination with an almost constant 
detector sensitivity, even for low-energy X-rays, 
the soft tissue contrast as well as the contrast 
enhancement after contrast agent administration 
can be further improved (Flohr et al. 2020). The 
selection of more than two energy bins for CT 
reconstruction even enables multi-material 
decompositions and differentiation of multiple 
contrast agents with different attenuation charac-
teristics (k-edge imaging) (Chap. 8). Since the 
energy discrimination is realized on detector 
level, the spectral information is perfectly 
aligned, not hampered by motion-induced ana-
tomical changes, and can thus be used for 
projection- based material decomposition and 
physics-based artifact correction, e.g. beam 
hardening.

These advantages of a photon-counting CT 
system also tackle current restrictions of the vari-
ous dual-energy CT techniques as described 
above (Table  1). With photon-counting CT, a 
high spectral separation, good quantitative per-
formance in low-dose scenarios, no limitation in 
field of view and time-resolved respiratory spec-
tral CT acquisition are feasible. The technical 
advances might then also potentially translate 
into clinical benefits in the radiotherapeutic 
chain:
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(OncoRay, Dresden)

Dual-Energy CT in Radiation Oncology



344

Ta
bl

e 
1 

C
om

pa
ri

so
n 

of
 s

pe
ct

ra
l C

T
 im

ag
in

g 
en

ab
le

d 
by

 v
ar

io
us

 d
ua

l-
en

er
gy

 C
T

 te
ch

ni
qu

es
 a

nd
 p

ho
to

n-
co

un
tin

g 
C

T
 c

on
ce

rn
in

g 
te

ch
ni

ca
l s

pe
ci

fic
at

io
ns

 a
nd

 s
pe

ci
fic

 a
pp

lic
a-

tio
ns

 in
 r

ad
ia

tio
n 

on
co

lo
gy

 (
R

O
)

D
ua

l-
so

ur
ce

 C
T

 
w

it
h 

E
ID

Si
ng

le
-s

ou
rc

e 
C

T
 w

it
h 

E
ID

P
ho

to
n-

co
un

ti
ng

 C
T

du
al

- 
sp

ir
al

sl
ow

- 
kV

p
fa

st
-k

V
p

du
al

-l
ay

er
tw

in
-b

ea
m

Te
ch

ni
ca

l 
sp

ec
ifi

ca
ti

on
Sp

ec
tr

al
 s

ep
ar

at
io

n
V

er
y 

hi
gh

V
er

y 
hi

gh
H

ig
h

M
ed

iu
m

L
ow

H
ig

h

Te
m

po
ra

l c
oh

er
en

ce
H

ig
h

L
ow

M
ed

iu
m

H
ig

h
Pe

rf
ec

t
M

ed
iu

m
Pe

rf
ec

t
Sp

at
io

-t
em

po
ra

l 
re

so
lu

tio
n

Fu
ll 

ca
pa

bi
lit

ie
s

Fu
ll 

ca
pa

bi
lit

ie
s

L
im

ite
d 

ca
pa

bi
lit

y 
im

pa
ir

ed
 s

pa
ti

al
 

re
so

lu
ti

on

Fu
ll 

ca
pa

bi
lit

ie
s

Fu
ll 

ca
pa

bi
lit

ie
s 

su
pe

ri
or

 s
pa

ti
al

 
re

so
lu

ti
on

C
ro

ss
 s

ca
tte

r
Y

es
N

o
Y

es
N

o
N

o
Im

ag
in

g 
do

se
In

di
vi

du
al

 tu
be

 
cu

rr
en

t m
od

ul
at

io
n

In
di

vi
du

al
 tu

be
 

cu
rr

en
t m

od
ul

at
io

n
N

o 
tu

be
 c

ur
re

nt
 

m
od

ul
at

io
n

T
ub

e 
cu

rr
en

t m
od

ul
at

io
n

T
ub

e 
cu

rr
en

t 
m

od
ul

at
io

n 
 

le
ss

 n
oi

se
 a

t s
am

e 
do

se
Fi

el
d 

of
 v

ie
w

L
im

ite
d 

up
 to

 
35

0 
m

m
Fu

ll
Fu

ll

R
O

-r
el

ev
an

t 
ap

pl
ic

at
io

n
T

im
e-

re
so

lv
ed

 
re

sp
ir

at
or

y 
im

ag
in

g
Fe

as
ib

le
 w

ith
 p

ha
se

 
m

at
ch

in
g 

in
 

po
st

-p
ro

ce
ss

in
g

Fe
as

ib
le

 w
ith

 p
ha

se
 m

at
ch

in
g 

in
 

po
st

-p
ro

ce
ss

in
g

N
o 

lim
ita

tio
n

Fe
as

ib
le

 w
ith

 p
ha

se
 

m
at

ch
in

g 
in

 
po

st
-p

ro
ce

ss
in

g

N
o 

lim
ita

tio
n

C
on

tr
as

t-
en

ha
nc

ed
 

im
ag

in
g

M
ul

ti-
ph

as
e 

(a
rt

er
ia

l 
&

 v
en

ou
s)

L
im

ite
d 

to
 la

te
 o

r 
de

la
ye

d 
ph

as
e

M
ul

ti-
ph

as
e 

(a
rt

er
ia

l &
 v

en
ou

s)
L

im
ite

d 
to

 la
te

 o
r 

de
la

ye
d 

ph
as

e
M

ul
ti-

ph
as

e 
(a

rt
er

ia
l &

 
ve

no
us

) 
 

m
ul

tip
le

 c
on

tr
as

t a
ge

nt
s

T
is

su
e 

se
gm

en
ta

tio
n

Im
pr

ov
ed

 c
om

pa
re

d 
to

 S
E

C
T

Im
pr

ov
ed

 c
om

pa
re

d 
to

 S
E

C
T

Su
pe

ri
or

 s
pa

tia
l 

re
so

lu
tio

n,
 c

on
tr

as
t a

nd
 

no
is

e
Pr

oj
ec

tio
n-

ba
se

d 
m

at
er

ia
l 

de
co

m
po

si
tio

n

N
o

N
o

Y
es

Y
es

N
o

Y
es

C. Richter and P. Wohlfahrt



345

• Improved tumor and organ segmentation due 
to a higher spatial resolution, less noise, and 
increased image contrast,

• Reduction of uncertainties in treatment plan-
ning and dose calculation with a further 
improved quantitative prediction of material 
parameters by projection-based material 
decomposition and physics-based corrections,

• More frequent quantitative image guidance 
during the course of treatment enabled by 
dose reduction to better support the patient- 
specific adaptive workflow with continuous 
therapy response and toxicity assessment,

• Increased flexibility in contrast agent adminis-
tration and CT acquisition of different contrast 
phases.

In summary, photon-counting CT could facili-
tate the widespread clinical implementation of 
spectral CT in radiation oncology potentially 
leading to relevant improvements in the field of 
radiation oncology imaging.

6  Conclusion

For CT industry, radiation oncology is definitely 
only a niche market. As the vast majority of CT 
scanners are used for diagnostic radiology, the 
development of CT innovations initially focuses 
on use cases in radiology, just as it was the case for 
dual-energy CT and is the case for photon- counting 
CT.  Still, radiation oncology can greatly benefit 
from those technologies, if explored and tailored 
to the specific needs of RO applications. Improved 
accuracy of proton therapy by DECT- based treat-
ment planning is probably the most prominent 
example along this line. Without any doubt, the 
further exploration of dual- and multi- energy CT 
for improved tumor and organ segmentation, dose 
reduction and its expansion towards time-resolved 
imaging has high potential to relevantly contribute 
to an advanced radiation therapy of tomorrow.
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Abstract

The spectral sensitivity of spectral detectors is 
adding a whole new dimension to the data and 
this will soon lead to images obtained with 
lower radiation dose, in shorter times, and 
bearing greater diagnostic significance. Image 
quality is just one aspect of the rapid evolution 
enabled by modern technologies: through 

automation, the clinical histories of the 
patients and their individual characteristics are 
going to become even more relevant in the 
determination of the investigation parameters, 
while the automated algorithms based on tech-
niques from the field of artificial intelligence 
will increasingly benefit from the knowledge 
embedded in billions of archived images. 
Advancements in the fields of image analysis 
and radiomics will soon be able to supply the 
radiologists with a growing number of robust 
and standardized indicators, seamlessly inte-
grated into clinical devices and information 
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systems. This chapter summarizes four of the 
main current research areas: the improvement 
of the scan conditions, the optimization of the 
applications of contrast media, new methods 
for image reconstruction and quality assess-
ment, and the increasing use of “hidden data” 
and quantitative imaging biomarkers, includ-
ing radiomics, machine learning, and artifi-
cial/augmented intelligence.

1  Introduction

Despite being firstly demonstrated in the 1970s, 
CT is still an evolving technology with a lot of 
potential for improvement on the hardware (as 
demonstrated by the recent introduction of PCCT 
(see Chap.20)), software, and post-processing 
side. Generation after generation, CT scanners 
haven been able to provide more and better 
images. At the same time, the continuous prog-
ress of computer science has enabled an incredi-
ble research effort in the field of software-based 
image analysis, aiming to provide more informa-
tion that can be used in the diagnostic process.

In addition to the hardware and image analysis 
domains, there are other areas where innovation 
can have a significant impact on the efficiency of 
the diagnostic process, not necessarily aimed at 
improving the quality of the resulting images, but 

also at reducing the scan time or the dose 
absorbed by the patient.

We present here an overview of four of these 
research areas (Fig. 1): the improvement of the 
scan conditions, the optimization of the applica-
tions of contrast media, new methods for image 
reconstruction and quality assessment, and the 
increasing use of “hidden data” and quantitative 
imaging biomarkers, including radiomics, 
machine learning (ML), and artificial/augmented 
intelligence (AI).

2  Future Advancements 
in Scanning Techniques 
and Image Reconstruction

Compared to the years when CT was introduced, 
there is nowadays much more awareness from the 
public regarding the biological effects of radia-
tion. While the use of CT in the last decades has 
emerged to become standard practice, a growing 
proportion of the research effort has been dedi-
cated to dose optimization. However, despite the 
introduction of dose registers and dedicated ini-
tiatives, dose levels used in modern radiology are 
still hugely different across countries and institu-
tions. A recent multinational study based on two 
million CT scans found a four-fold range of 
effective dose for a standard abdominal CT with 
a 17-fold range for high-dose CT (Smith- 

HARDWARE & SOFTWARE

Automated voltage and crrent selection
Patient position and scan current optimization
Patient-optimized contrast protocols

Al-based reconstruction algorithms

Standardization of quality indicators

Radiomics
Opportunistic screening
Distributed learning

DIAGNOSIS, THERAPY MONITORING, PROGNOSIS

IMAGE ANALYSIS

IMAGE METRICS

RECONSTRUCTION

ACQUISITION

Fig. 1 Summary of the 
different levels of a CT 
investigation and the 
relative topics discussed 
in the chapter
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Bindman et al. 2019). After adjusting for patient 
characteristics, the major source of dose variation 
was attributed to institutional choices regarding 
scan parameters. These findings strongly suggest 
that the measured differences do not originate 
from limitations of CT technology, but rather 
from the lack of consistent and shared standards 
regarding its applications.

The most promising way to achieve the neces-
sary homogenization is by means of automated 
procedure optimization and automated evalua-
tion metrics. Standardized algorithms could soon 
enable a complete customization of the scan 
parameters in order to minimize the absorbed 
dose depending on the device and patient charac-
teristics. At the same time, novel and standard-
ized metrics will provide an objective evaluation 
of the image quality in terms of the actual effec-
tiveness of the diagnostic process.

2.1  Automated Voltage 
and Current Optimization 
Techniques

Several techniques have been successfully estab-
lished in order to limit dose levels in CT imaging 
by taking into account patient characteristics in a 
standardized fashion, the most common ones 
being automatic tube current modulation (ATCM) 
and automatic tube voltage selection (ATVS). 
The underlying concept is based on the acquisi-
tion of low-dose images of the patient, called 
scout images, which enable the calculation of the 
actual size of the patient and the approximated 
attenuation profiles. The extracted data and the 
user settings are then used to optimize the scan-
ner parameters in order to minimize the patient 
dose while reaching the required imaging 
performance.

ATCM works by modulating the current along 
all three axes depending on the inhomogeneities 
in the attenuation; in particular, the current will be 
lower than the average settings along directions 
where the scout images showed a stronger attenu-
ation, allowing to achieve dose reduction factors 
up to 68%. ATVS, on the other hand, combines 
the estimation of the attenuation profile along the 

z-axis with a user-provided parameter represent-
ing the desired contrast-to-noise value (CNR). 
The software then determines the tube voltage 
which minimizes the radiation dose while reach-
ing the requested CNR (Winklehner et al. 2011). 
The dose reduction potential of this technique has 
been reported to be between 13% and 77% 
(Niemann et  al. 2013; Papadakis and Damilakis 
2019; Winklehner et al. 2011; Yu et al. 2013).

The dose reduction potential of voltage and 
current optimization could be further boosted by 
the introduction of AI algorithms. As an example, 
AI models could be trained on large datasets of 
patients, and the acquisition of scout images 
could be replaced by an automated selection of 
voltage and current based on simpler patient 
characteristics and the type of examination.

2.2  Automated Patient 
Positioning and Scan Length 
Optimization

Within the process of homogenization of scan 
procedures, a fundamental factor which should 
be taken into account is patient positioning. Not 
only can patient off-centering directly impact 
image quality and radiation dose (Euler et  al. 
2019; Filev et al. 2016; Kaasalainen et al. 2019; 
Li et  al. 2007; Schmidt et  al. 2020; Toth et  al. 
2007; Habibzadeh et al. 2012; Toth et al. 2007) 
but it can also affect other aspects of the scan pro-
cedure; as an example, both ATCM and ATVS 
suffer from patient malpositioning (Euler et  al. 
2019; Filev et al. 2016; Gudjonsdottir et al. 2009; 
Kaasalainen et al. 2019; Marsh and Silosky 2017; 
Matsubara et  al. 2009; Saltybaeva and Alkadhi 
2017; Schmidt et al. 2020; Winslow et al. 2018) 
because off-centering leads to magnification 
effects of the scout images.

Even when the patient is perfectly placed on 
the table, further optimization of radiation dose 
can be achieved by automated planning of the 
scan range. An excessive scan range in up to 80% 
of thoracoabdominal CT scans was recently 
observed by Zanca et  al. (2012), a finding that 
varied substantially among institutions (Schwartz 
et al. 2018).

The Future of Spectral CT: Radiomics and Beyond
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The use of three-dimensional cameras based 
on infrared light, in combination with dedicated 
AI algorithms, has been investigated to address 
both these issues. The optimization of the patient 
positioning can be achieved by measuring the 
body contour of the patient in order to create a 
virtual representation, which then can be used to 
calculate the optimal table height. This method 
proved to significantly improve patient centering 
for CT of the chest and abdomen compared with 
manual positioning using the built-in laser sys-
tem (Booij et  al. 2019; Saltybaeva et  al. 2018). 
By using a similar setup of infrared lights and 3D 
cameras in combination with AI algorithms, it 
was also possible to estimate the appropriate scan 
ranges in order to minimize unnecessary radia-
tion dose (Colevray et al. 2019). In a few more 
years, the task of correctly positioning the patient 
could be completely automated and performed 
by the CT device itself instead of being manually 
encoded into the protocol parameters.

2.3  A Novel Image Quality Metric: 
The Detectability Index

A successful diagnosis is undoubtedly the true 
goal of a CT scan, and in principle, any potential 
improvement resulting from a change in the scan 
parameters should be measured against its real 
impact on the effectiveness in the diagnostic pro-
cess. This is unfortunately not completely possi-
ble, given the fundamental role played by the 
human factor, and researchers have reverted to 
use simpler but more measurable and reproduc-
ible indicators like image contrast.

The administered dose level, or more specifi-
cally its reduction, has become one of the most 
used metrics in the field, given its fundamental 
importance in terms of patient safety. The radia-
tion dose alone, however, does not guarantee the 
quality of a CT scan. On the contrary, the con-
tinuous search for lower radiation dose carries 
the risk of worsening the actual detectability of 
lesions, and therefore negatively impact the 
patient outcome. It is clear that the effort to 
reduce the dose of the administered radiation has 
to be balanced by the need to maintain the diag-

nostic accuracy. Currently, the quality assess-
ment of CT images still relies heavily on direct 
evaluation by radiologists, preventing a complete 
and reproducible standardization of the process.

The answer to this issue can be found, when 
radiation dose and other acquisition parameters 
can be formally linked with image quality and 
diagnostic accuracy. This approach is called task- 
based image quality assessment and represents a 
paradigm shift in the evaluation of CT image 
quality. Images are assessed based on their per-
formance with respect to a specific diagnostic 
task and not the quality perceived by a human 
observer (Samei et  al. 2019). The detectability 
index d’ has been recently proposed and vali-
dated in clinical studies as a promising task-based 
image quality metric (Smith et al. 2017; Solomon 
et  al. 2015). One study has shown that d’ can 
reflect lesion detection and image quality 
 perception for clinical CT scans with hepatic 
metastases (Cheng et al. 2020). When consider-
ing the recent developments of Spectral CT, a 
standardized metric like d’ constitutes a highly 
interesting tool to perform studies aimed at inves-
tigating the energy dependence of both new and 
existing techniques.

Further work will be needed before these indi-
cators can be officially integrated into dose man-
agement workflows. Nevertheless, d’ and 
comparable metrics represent the first steps of a 
necessary patient outcome-centric approach to 
the standardized benchmark of radiation dose.

2.4  Advancements in Contrast 
Media Applications

2.4.1  Patient-Optimized Contrast 
Media Protocols

The K-absorption edge of iodine is 33.2 keV, a 
value approximately located at the lower bound-
ary of the X-ray energy range used in CT.  In 
proximity of the K-edge, the energy absorption 
due to photoelectric effect increases abruptly; for 
this reason, lowering the tube voltage results in 
higher attenuation by iodinated contrast media 
and produces stronger features in the images. The 
main consequence in CT angiography is the pos-
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sibility to administer lower volumes of contrast 
media while preserving the usual image quality 
(Lell et al. 2017; Martens et al. 2019; Schindera 
et al. 2009; Winklehner et al. 2011). When com-
bined with ATVS, this technique allows to mini-
mize the radiation dose received by the patient.

The use of ATVS provides another possibility 
to reduce the contrast media by increasing the 
tube current (Hendriks et al. 2018; Higashigaito 
et al. 2016). While in this case the dose reduction 
potential of ATVS is not fully exploited, the 
quantity of contrast agent can be personalized for 
each individual patient (Higashigaito et al. 2016) 
which can be of particular importance when deal-
ing with patients with reduced kidney functional-
ity (Nijssen et al. 2019).

Further possibilities to reduce the amount of 
contrast media and the radiation dose may come 
from future studies exploring the energy dimen-
sion of the scan parameters enabled by modern 
DECT and PCCT technology, for example, by 
investigating the impact of dual-energy scanners 
and Virtual Monoenergetic Images (VMI) (Grant 
et  al. 2014; Husarik et  al. 2015; Skawran et  al. 
2020).

2.4.2  Patient-Optimized Contrast 
Media Timing

As usual in the CT domain, when performing a 
contrasted CT angiography, the scan duration 
should be reduced to the necessary minimum. 
However, this task is made more difficult by the 
simultaneous effort of minimizing the quantity of 
contrast agent, as discussed before. Optimizing 
the scan timing is therefore an essential technique 
to reduce radiation dose without compromising 
image quality or the quantity of contrast agent.

To reduce the overall scan duration, two main 
methods are commonly employed in CT angiog-
raphy. The most common technique is bolus 
tracking, in which the scan initiates when the 
contrast enhancement on a predefined vessel 
reaches a predefined threshold value. An alterna-
tive is the test bolus technique; in this method, a 
small test bolus of contrast medium (10–20 ml) is 
used to assess the cardiovascular circulation of 
the specific patient before the main scan is per-
formed (Mahnken et al. 2007). Due to the addi-

tional test bolus injection, bolus tracking 
technique is usually preferred as it needs less 
contrast media and a simpler, shorter scan proce-
dure (Bae 2010). It is not immune from draw-
backs, though: bolus tracking uses a fixed trigger 
delay to start a scan after the attenuation thresh-
old is reached, and optimizing this delay for each 
patient and examination would add considerable 
complexity to the procedure.

Efforts to introduce automation in this area 
have already been made. A contrast enhancement 
prediction (CEP) algorithm was recently pre-
sented (Korporaal et  al. 2015). This algorithm 
incorporates population-averaged blood circula-
tion characteristics and could be used for real- 
time prediction of the scan delay with performance 
comparable with the traditional approach. The 
introduction of AI algorithms in the field of CT 
angiography will help to further tailor the scan 
parameters to each specific patient, leading to 
further reduction of absorbed radiation dose.

2.5  Reconstruction Techniques

The traditional filtered back projection is still 
regarded as the reference technique for CT image 
reconstruction. However, in recent years, several 
vendors have introduced different hybrid and 
model-based iterative reconstruction (IR) algo-
rithms. Many of these IRs are optimized for a 
specific application and each of them features its 
own advantages and trade-offs in terms of image 
quality (principally SNR), reconstruction speed 
and dose reduction. Radiation dose reductions up 
to 76% have been reported, depending on the 
body region and the reference dose (Willemink 
et al. 2013). Chest CT and CT angiography have 
been found to particularly benefit from IR (Den 
Harder et al. 2015a, b), while in the case of low- 
contrast tasks in abdominal CT the benefits are 
reported to be lower (Jensen et al. 2018; Schindera 
et al. 2013) and there could even be a worsening 
of the examination yield when IR is used to 
achieve high-dose reductions (Schindera et  al. 
2013).

AI-driven image reconstruction techniques, 
often called deep learning reconstruction or res-
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toration (DLR), have recently showed great 
potential. A DLR is constituted by a DL model 
which is trained using the physics of the CT scan-
ner and the scanned object (i.e., the patient), as 
well as a large sample of clinical CT images. 
Depending on the training, the model can then be 
used for image denoising or to predict missing 
information. Convolutional neural networks 
(CNNs) trained on low-dose CT images have 
been shown to have the potential to generate full- 
dose CT images (Wolterink et al. 2017) and early 
clinical studies have reported improved image 
quality compared with IR for abdominal CT 
(Akagi et al. 2019) and coronary CT angiography 
(Liu et al. 2020; Tatsugami et al. 2019). In situa-
tions when sparse-sampling CT techniques must 
be employed and fewer projections are purposely 
acquired, DLR can be used to generate this miss-
ing information, with the potential net effect of 
reducing radiation dose while limiting the loss in 
image quality (Dong et  al. 2019; Racine et  al. 
2020). Based on the same principle of predicting 
missing information, DLR can also be used to 
decrease streaking artifacts from metal implants 
(Gjesteby et al. 2019; Liang et al. 2019). Another 
study has shown the potential for DL to generate 
high-resolution images from low-resolution 
images in chest CT (Umehara et  al. 2018). 
Another phantom study reported superior image 
noise, spatial resolution, and task-based detect-
ability of DLR compared with IR (Higaki et al. 
2020). Finally, DLR has been successfully 
applied to improve X-ray scatter estimation, 
which is essential to improve image quality 
(Jiang et al. 2019; Maier et al. 2019).

One of the most important features introduced 
by spectral CT is the possibility to use the energy 
information to separate different materials; how-
ever, this new aspect of image reconstruction 
requires sophisticated algorithms and a precise 
physical model. CNNs have the potential to cir-
cumvent this complexity, and they have already 
been applied to Multimaterial Decomposition 
(MMD) (Chen and Li 2019) and K-edge imaging 
(Zimmerman et al. 2020).

All these findings indicate great potential for 
deep learning techniques to provide substantial 
improvements in terms of dose reduction, image 

quality, and reconstruction time. However, CNNs 
are still considered “black boxes” with the power 
to alter the image data in an unpredictable way. 
The absence of an a priori analytical model for 
the predictions typical of DL techniques implies 
a certain degree of risk that algorithms based on 
unsupervised learning might add or subtract 
structures and lesions from images, leading to 
wrong diagnoses with potentially severe conse-
quences for the patients. The quantity and variety 
of training data play by definition a major role in 
the process of determining this prediction model; 
the current practice is to train CNNs on small and 
properly sampled image data, commensurate to 
the level of complexity encountered in the clini-
cal routine clinical. Further effort will be needed 
to address all the safety concerns and to enable a 
successful implementation of DLRs in the clini-
cal practice.

3  The Hidden Potential 
of Underutilized Data

Due to its advantages and the continued improve-
ments of the underlying technology, CT has 
enjoyed an emerging popularity in the clinical 
workflow. Not only the use of CT has continu-
ously increased since its introduction, but the ten-
dency has even accelerated during the last 
decades (Bly et al. 2015; Le Coultre et al. 2016; 
Mettler et al. 2009; Pola et al. 2018). Several bil-
lions of images are generated every year, cover-
ing a vast variety of diseases and population 
characteristics. Most of the datasets represent a 
complete 3D reconstruction for a specific organ 
or an entire body region and potentially consti-
tutes valuable data for countless studies; how-
ever, the extraction of useful data by trained 
human experts represents a huge bottleneck and 
just a minority of the available information is 
actually extracted and used during the clinical 
diagnostic process. Moreover, data is usually 
locally stored in the so-called data silos: data 
from each institution can hardly be shared out-
side the boundaries of the local IT infrastructure, 
mainly due to ethical, regulatory, and privacy 
concerns. These restrictions severely limit the 
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amount of data available to each AI research proj-
ect, and ultimately limit the exploitation of its 
potential. The recent evolution of AI applications 
to medical imaging aims to address both issues.

3.1  Radiomics

One emerging variant of using underutilized data 
is radiomics. Radiomics represents a quantitative 
approach to medical imaging, which aims at 
enhancing the existing clinical data by means of 
advanced mathematical and/or statistical analysis. 
The concept of radiomics, which has most broadly 
been applied in the field of oncology, is based on 
the assumption that biomedical images contain 
information of disease-specific processes that are 
imperceptible by the human eye (Mannil et  al. 
2018) and thus not accessible through traditional 
visual inspection of an image (and, as a conse-
quence, are underutilized). Through mathematical 
extraction of the spatial distribution of signal- 
intensities and pixel-interrelationships, radiomics 
quantifies this textural information (Castellano 
et al. 2004; Tourassi 1999) (also known as texture 
analysis). Hence, differences in image intensity, 
shape or texture can be quantified by means of 
radiomics, thus overcoming the subjective nature 
of image interpretation. An exemplary radiomics 
workflow for spectral CT data is shown in Fig. 2.

Since radiomics represents “big data,” analy-
sis methods from the field of AI such as ML are 
usually used to generate knowledge out of these 
data. As a consequence, radiomics is of high 
interest in order to enhance existing diagnostic 
processes with additional, quantitative data. In 
addition, radiomics—combined with advanced 
modeling - might be a valuable tool in providing 
prognostic information in various diseases.

Radiomic analysis in general can be per-
formed on medical images from all available 
modalities. When it comes to spectral CT, how-
ever, the potential additive diagnostic and prog-
nostic value of spectral CT data with their 
additional quantitative information on the energy- 
dependent attenuation changes in various tissues 
(Al Ajmi et al. 2018) is of high interest in order to 
improve predictive models in radiomics studies.

While the number of publications on radiomics 
in CT imaging has risen exponentially over the 
last few years, only very few proof-of-concept 
studies applying radiomic analyses on spectral 
CT datasets have been published so far. However, 
it is to be expected that more and more studies 
exploring the additive diagnostic potential of the 
spectral information and radiomics will appear.

Already in 2013, the first application of tex-
ture analysis on spectral CT data has been 
reported by Depeursinge et  al. (Depeursinge 
et al. 2013). They had noticed that the wealth of 

Clinical Question Spectral CT Imaging Image Segmentation Radiomics Data Analysis

Spectral CT scanner

Iodine Map
VMIs

2D ROI

3D VOI

Shape

Intensity / Histogram

Texture (
”
Texture Analysis”)

Filters, e.g., wavelet

Manual
Semi-automated
Automated (DL)

Therapy / Prognosis

Fig. 2 Exemplary radiomics workflow for Spectral 
CT.  Schematic illustration of the entire patient journey 
including image acquisition, two- or three-dimensional 

image segmentation, radiomic feature extraction, and 
data-driven patient-specific diagnostic or prognostic 
assessment
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the recently introduced spectral CT 4D data (i.e., 
the 3D image series obtained for every X-ray 
energy level between 40 and 140  keV) was 
mostly discarded by clinicians in clinical routine 
and that clinicians used only the single-energy 
images at 70 keV during diagnostic workup. The 
group proposed a self-developed computerized 
multiscale rotation-covariant texture analysis of 
spectral CT data for local pulmonary perfusion 
assessment in patients with acute pulmonary 
embolism. This rotation covariant texture analy-
sis was aimed at allowing subtle characterization 
of directional vascular morphological changes 
associated with acute pulmonary embolism. In 
their small proof-of-concept study in 19 patients 
with acute pulmonary embolism and 8 controls, 
they demonstrated the feasibility of their 
approach and an improved diagnostic accuracy of 
the multiscale texture analysis model over the 
standard 70 keV approach (area under the curve 
[AUC] in receiver operating curve [ROC] analy-
sis 0.85 vs. 0.77, respectively).

Further studies reporting the application of 
radiomics in spectral CT imaging have been pub-
lished over the last 3 years. The time gap from 
2013 to 2018 might be due to the now increasing 
availability of easily applicable and—at least to 
some extent—commercially available radiomics 
software, whereas previous approaches had been 
self-developed and self-programmed.

Radiomics has been applied in several differ-
ent settings, such as to classify histopathology of 
benign parotid tumors (Al Ajmi et al. 2018), to 
predict lymph node metastasis in head and neck 
squamous cell cancer (Forghani et al. 2019), pap-
illary thyroid cancer (Zhou et al. 2020), and gas-
tric cancer (Li et  al. 2020a, b), to predict 
microsatellite instability in colorectal carcinoma 
(Wu et al. 2019), for differentiating benign and 
malignant liver lesions (Homayounieh et  al. 
2020), to classify renal clear cell carcinoma (Han 
et  al. 2021), and to assess biopsy-proven liver 
fibrosis (Choi et al. 2020). Four of these studies 
(two from the same group) additionally investi-
gated the additive potential of the spectral infor-
mation (i.e., multi-energy virtual monoenergetic 
reconstructions) as compared to the clinically 

often used single-energy datasets (in this case 
65  keV) (Al Ajmi et  al. 2018; Forghani et  al. 
2019; Han et al. 2021; Li et al. 2020a, b). In the 
example of classifying the histopathology of 
benign parotid tumors, classification accuracy 
increased from 75% using the 65 keV monoener-
getic dataset to 92% when multi-energy datasets 
were used (Al Ajmi et  al. 2018). It has to be 
noted, that in general, patient populations in these 
studies were relatively small, ranging from 42 
(Al Ajmi et al. 2018) to 204 (Li et al. 2020a, b).

Although there has not been published any 
study so far on the prognostic value of combining 
the spectral information with radiomics, the 
potential of radiomics combined with the infor-
mation on the energy-dependent attenuation 
changes in the tissue for assessment of treatment 
response, outcome prediction, and risk assess-
ment is huge. It is to be expected, that first studies 
will become available in this field within the next 
months and years.

3.2  Machine Learning 
for Diagnosis

Besides the traditional, “hand-crafted” radiomics 
approach, where individual features are extracted 
from a drawn region or volume of interest in an 
image and then fed into some sort of ML algo-
rithm for the respective classification task or pre-
dictive modeling, techniques from the ML 
spectrum also can be directly applied on the 
images. While such computer vision tasks have 
been applied broadly on standard CT images, a 
deep learning algorithm based on spectral CT 
images has been reported only for the task of 
body composition analysis (Zopfs et al. 2020), as 
further discussed in the section “opportunistic 
screening.” The diagnostic potential of these 
approaches is yet to be determined and is 
expected to be an important research topic for the 
following years.

Interesting applications recently have been 
reported for ML techniques in combination with 
low and high keV virtual monoenergetic images 
(without the use of radiomics or computer vision 
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tasks). Große Hokamp and colleagues used ML 
and spectral CT images to facilitate renal stone 
characterization (Große Hokamp et al. 2020) in a 
recently published ex  vivo study. They showed 
that even in compound stones the main compo-
nent could be reliably determined using spectral 
datasets combined with an ML approach. The 
identification of the main stone components 
thereby was independent of the dose protocol 
used for image acquisition.

ML-based CAD systems for a) determination 
of preoperative invasion depth of gastric cancer 
(Li et al. 2015) and b) for distinguishing pancre-
atic mucinous cystic neoplasms from serous oli-
gocystic adenomas (Li et al. 2016).

3.3  Opportunistic Screening

By enabling a greater extent of the available data 
to be processed in a fully automated way (either 
using radiomics or techniques from the field of 
ML, DL, and computer vision), AI can bypass the 
current bottleneck in the extraction of relevant 
information from images. Several different anal-
yses of CT images could be conducted in back-
ground, while at the same time, the radiologist 
continues to focus on the investigation which 
originally motivated the scan. The additional 
information could be immediately accessed to 
help the diagnostic process or just be stored for 
later use. This strategy goes under the name of 
opportunistic screening.

One key feature potentially provided by AI 
algorithms is the automated quantification of dif-
ferent human tissues, also called body composi-
tion analysis. The ability to quantitatively 
discriminate the different tissues could enable 
cost-effective opportunistic screening and risk 
stratification, thus maximizing the effectiveness 
of CT scanning performed for other indications. 
Early studies have shown promising results for 
cardiovascular risk stratification with automated 
assessment of coronary artery stenosis (Hong 
et  al. 2019), automated Agatston score calcula-
tion (Cano-Espinosa et al. 2018), and epicardial 

fat quantification (Commandeur et al. 2018). In 
addition, the assessment of skeletal muscle mass, 
visceral adipose tissue, and bone mineral density 
may provide prognostic information for the gen-
eral population as well as for patients with 
comorbidities (Burns et al. 2020; Cano-Espinosa 
et al. 2018; Dabiri et al. 2019; Lee et al. 2017; 
Wang et  al. 2017; Weston et  al. 2019). Very 
recently, the first deep learning algorithm based 
on spectral CT images has been reported for the 
task of body composition analysis (Zopfs et  al. 
2020).

Another AI field under rapid development is 
segmentation. Automated segmentation of organ 
size and volume may allow to determine 
population- specific size percentiles with greater 
precision. The combination of AI-automated 
analysis with access to data from multiple 
geographically- distributed datacenters would 
provide a unique opportunity to correlate disease 
and patient outcome with body composition on a 
regional or even global scale.

3.4  Distributed Learning

In order to fully exploit the potential of oppor-
tunistic automated image analysis, advance-
ments to individual AI algorithms must be 
complemented by improvements in the way 
data is stored and accessed between different 
data centers, with special attention to the topics 
of data governance and privacy issues. 
Federated learning (FL), also called distributed 
learning, has recently emerged as an effective 
paradigm to balance data access with protection 
of sensible information (Li et  al. 2020a, b; 
Rieke et al. 2020). With FL the patient data is 
actually never transferred outside of the origi-
nal institution; instead, the analysis process 
occurs locally, and only the resulting model 
characteristics are shared. For many AI algo-
rithms, the possibility to access data from mul-
tiple institutions could finally provide sufficient 
data to enable the transition from research to 
clinical practice.
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4  Limitations of Radiomics 
and Artificial Intelligence

Although radiomics, ML, DL, and all abovemen-
tioned techniques have been shown to exhibit a 
huge potential for diagnostic, prognostic, and 
predictive purposes, the field is facing several 
challenges. One of the most important limitations 
in the field of radiomics is the often poor repro-
ducibility of radiomic studies due to lack of stan-
dardization, insufficient reporting or limited open 
source code and data. The lack of proper valida-
tion with the subsequent risk of false positive or 
negative results limits translation to clinical prac-
tice (Chalkidou et al. 2015). As detailed above, 
current radiomics studies in the field of spectral 
CT represent first and small proof-of-concept 
studies based on retrospectively collected data, 
whereas prospective randomized controlled stud-
ies are required in the future to confirm the value 
of radiomics (van Timmeren et al. 2020).

In most radiomic studies, imaging protocols, 
including acquisition- and reconstruction set-
tings, usually are not controlled or standardized. 
Various studies have demonstrated the high 
impact of these technical settings on radiomic 
features or attempted to minimize their influence 
by eliminating features that are sensitive to these 
variabilities. A summary can be found in van 
Timmeren et  al. van Timmeren et  al. (2020). 
While the Image Biomarker Standardization 
Initiative (IBSI) (Zwanenburg et  al. 2020; 
Zwanenburg et al. 2016) has made some effort to 
achieve better standardization of radiomics, only 
sparse information is available when it comes to 
the robustness of radiomic features computed 
from spectral CT. Nevertheless, it is crucial, that 
future radiomics studies in spectral CT adhere to 
these guidelines (which was not the case in nearly 
all of the abovementioned studies).

Apart from the variations in scanners and set-
tings, radiomic feature values are also influenced 
by patient variabilities, e.g. geometry, which 
impact the levels of noise and presence of arti-
facts in an image (Mühlberg et al. 2020).

ML and DL techniques are highly “data hun-
gry.” For an ML model to be robust, it may 
require millions of observations to reach accept-

able performance levels (Halevy et  al. 2009). 
This lies in contrast to the usually small patient 
cohorts used in diagnostic studies, especially in 
cases with rare diseases. ML algorithms have a 
large number of parameters to train, and the train-
ing typically involves a lot of randomness. This 
poses unique challenges to the reproducibility of 
trained algorithms (Beam et  al. 2020; Hutson 
2018). As a consequence, the interpretation of a 
reported model performance should be under-
taken with caution, since it may be over- 
optimistic, especially in the lack of external 
validation (Liu et al. 2019; Park and Han 2018).

5  Outlook

It is to be expected that an increasing number of 
studies will come out, underlying the potential of 
the abovementioned techniques especially from the 
field of AI and radiomics. The spectral sensitivity 
of the new detectors is adding a whole new dimen-
sion to the data and this will soon lead to images 
obtained with lower radiation dose, in shorter 
times, and bearing greater diagnostic  significance. 
Image quality is just one aspect of the rapid evolu-
tion enabled by modern technologies: through 
automation, the clinical histories of the patients and 
their individual characteristics are going to become 
even more relevant in the determination of the 
investigation parameters, while the automated 
algorithms will increasingly benefit from the 
knowledge embedded in billions of archived 
images. Advancements in the fields of image anal-
ysis and radiomics will soon be able to supply the 
radiologists with a growing number of robust and 
standardized indicators, seamlessly integrated into 
clinical devices and information systems.

Most of the improvements presented in this 
chapter are likely to take a few years, if not a decade, 
to make their way to the clinical workflow; some of 
them may even be replaced by newer techniques 
before they reach full maturity. In the meantime, the 
evolution of detectors and the advancements of 
Computer Science will continue to provide even 
more data and new methods to process it, soon fol-
lowed by applications to X-ray imaging.

The future of Spectral CT is now!
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1  Introduction

Photon-counting detector computed tomography 
(PCD-CT) is an emerging technology and repre-
sents the next milestone in CT developments. 
Compared to conventional energy-integrating 
detectors in which an indirect conversion tech-
nology is used to detect incident photons, PCD 
technology uses semiconductors that directly 
convert X-ray photons to an electrical signal. 
This generated signal includes the energy infor-

mation of every individually detected photon 
enabling intrinsic spectral imaging in every CT 
scan.

The clinical benefits of PCD-CTs are the elim-
ination of classical electronic noise (Yu et  al. 
2016; Sartoretti et al. 2020; Sartoretti et al. 2021; 
Symons et  al. 2018; Flohr et  al. 2020a; Ferda 
et  al. 2021), a higher spatial resolution (Flohr 
et al. 2020a; Leng et al. 2016; Pourmorteza et al. 
2018; von Spiczak et  al. 2018; Mannil et  al. 
2018), reduction of metal artifacts (Do et  al. 
2020; Zhou et  al. 2019), improved iodine 
contrast- to-noise ratio (CNR) (Symons et  al. 
2018; Flohr et  al. 2020a; Gutjahr et  al. 2016a; 
Schmidt 2009; Symons et al. 2019), and improved 
radiation dose efficiency (Symons et  al. 2019; 
Alkadhi and Euler 2020; Leng et  al. 2018). 
Simultaneous multi-energy acquisition at a single 
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X-ray tube potential also permits new ways of 
advanced data processing. The energy of every 
transmitted photon is allocated between multiple 
energy thresholds, called bins, leading to energy- 
based attenuation profiles of tissue. This allows, 
for example, for the simultaneous detection of 
one or more k-edge contrast agents. The specific 
visualization of exogenous contrast agent enables 
single-scan multiphase imaging demonstrating a 
new way of functional imaging (Tao et al. 2019; 
Si-Mohamed et al. 2019; Symons et al. 2017a). 
In addition, virtual non-contrast reconstructions 
can be computed obviating the need for addi-
tional non-enhanced scans thus substantially 
reducing the radiation dose of the examination 
(Alkadhi and Euler 2020; Tao et al. 2019; Symons 
et  al. 2017a; Leng et  al. 2019). PCD-CT offers 
new options for material decomposition and 
quantification. For example, this novel imaging 
technique is capable of quantifying bone mineral 
density from localizer radiographs (Nowak et al. 
2021), assessing the macrophage burden in ath-
erosclerotic plaques using gold nanoparticles 
(Si-Mohamed et  al. 2021) and differentiating 
between blood and iodine (Riederer et al. 2019) 
or between calcium pyrophosphate and hydroxy-
apatite deposits (Stamp et al. 2019).

In April 2021, we got the first worldwide 
PCD-CT system for full clinical use installed in 
our radiology department. In this chapter, we 
briefly explain the technical aspects of PCD-CT 
and present our first experience with this new CT 
system with benefits highlighted with several 
clinical case examples. For a detailed description 
of the underlying physical principles of PCD-CT 
please refer to Chap. 6.

2  Technical Specifications

Current medical CT systems use energy- 
integrating detectors (EID) in which the incident 
photons are converted into an electrical signal 
during a two-step detection process. The EID 
consist of a scintillation crystal attached to a pho-
todiode made of semiconducting material. 
During the detection process, the incident X-rays 
first strike the scintillation crystal and generate 

secondary visible light photons. These are 
absorbed by the photodiode and are converted 
into an electrical signal. The intensity of the gen-
erated electrical signal depends on the amount of 
incident photons and is proportional to the total 
energy deposited during a measurement interval. 
Based on their detection principle, these detec-
tors are called “energy-integrating detectors” and 
do not provide energy-resolved signals. The EIDs 
are separated by thin, optically intransparent col-
limator blades to prevent optical cross-talk (Flohr 
et al. 2020a; Alkadhi and Euler 2020; Leng et al. 
2019; Willemink et al. 2018; Flohr et al. 2020b).

Significant progress in the fields of detector 
materials, electronics and software allowed the 
development of PCD-CTs during the last few 
years. In 2021, Siemens Healthineers, Forchheim 
(Germany), presented the world’s first PCD-CT 
for full clinical use, the NAEOTOM Alpha, her-
alding a new era of CT imaging.

The underlying principle in PCD-CT is the 
use of a semiconductor diode capable of directly 
converting the incident photons into an electrical 
signal. Research focused on cadmium telluride 
(CdTe), cadmium zinc telluride (CdZnTe), and 
silicon (Si) as semiconductor material. Between 
the cathode at the top of the thick layer of semi-
conductor material (1.4–30  mm depending on 
material) and the pixelated anode at the bottom a 
strong electric field is applied. During imaging 
the incident photon is absorbed in the photocon-
ductor and creates an electron-hole pair. The 
electrons are immediately attracted by the anode 
and induce short currents of a few nanoseconds 
(10−9 s). The height of the voltage pulse is directly 
proportional to the amount of absorbed charge 
and is counted when exceeding a defined energy 
threshold level. The strong electrical field 
between the cathode and the pixelated anode 
obviates the need for collimator blades and 
increases geometrical dose efficiency. Moreover, 
current pulses are counted only when exceeding a 
preset energy threshold level, set above the elec-
tronic noise level, but lower than pulses gener-
ated by striking photons reducing electronic 
noise in the generated images. By defining sev-
eral threshold levels, PCD can assign the incom-
ing photons to precise energy bins, thus 
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generating energy-based attenuation profiles of 
tissue (Tao et  al. 2019; Leng et  al. 2019; 
Willemink et al. 2018; Flohr et al. 2020b).

Current challenges with PCD-CT systems are 
cross-talk and pile-up. Due to physical effects a 
single incident photon may be erroneously regis-
tered in two different detectors referred to as 
cross-talk. If the photon is absorbed at the border 
of neighboring PCD charge sharing may occur 
during which the generated charge is detected by 
more than one PCD with only part of the original 
energy registered in each. In addition, secondary 
photons may be generated during the absorption 
process in the PCD, or because of Compton scat-
ter or in the form of fluorescent X-rays. These 
secondary photons diverge randomly and can be 
registered in neighbored detectors. Cross-talk 
deteriorates the image’s spatial resolution and 
contrast-to-noise ratio as well as its energy reso-
lution. During medical imaging, PCD need a fast 
read-out of the incident photons. If consecutive 
photons hit the PCD too closely in time, the elec-
trical pulses will superimpose on each other, a 
phenomenon called pulse pile-up. Pule pile-up 
impairs image noise and measured signal as less 
photons contribute to the image and influences 
energy resolution (Flohr et  al. 2020a; Alkadhi 
and Euler 2020; Tao et al. 2019; Willemink et al. 
2018; Flohr et al. 2020b).

The NAEOTOM Alpha is the world’s first 
dual-source PCD-CT system for full clinical use 
and was installed in April 2021 at our Department 
in the University Hospital Zurich, Switzerland. 
This system uses cadmium telluride (CdTe) as 
semiconductor material. The X-ray tubes can be 
operated at voltages up to 140 kVp, the tube cur-
rent can be set to values between 10 and 1300 mA 
and the shortest rotation time of the system is 
0.25  s. Further technical specifications of this 
system can be found in Table 1. The PCD con-
sists of sub-pixels, the so-called S1-pixels, mea-
suring 0.2 × 0.2 mm2. Figure 1 depicts the precise 
detector layout. 2 × 2 sub-pixels form a “macro- 
pixel,” the so-called M4-pixel, measuring 
0.4 × 0.4 mm2. The detector provides two energy 
thresholds per sub-pixel. The sub-pixels can be 
combined and read-out with different weightings 
(Table  2). In standard mode 144 macro-pixels 

with a z-coverage of 57.6  mm and a spectral 
image acquisition considering two energy levels 
is used. Applying the ultra-high-resolution mode, 
UHR mode, 120 pixels measuring 0.2 × 0.2 mm2 
with a z-coverage of 24 mm and a spectral image 
acquisition considering two energy levels are 
used. A third research mode is available using 96 
macro-pixels and differentiating between four 
energy thresholds.

3  Cardiovascular Imaging

The first-generation dual-source PCD-CT scanner 
has the advantages of a third-generation dual- 
source CT with high temporal resolution (gantry 
rotation time 0.25  s, temporal resolution 66  ms) 
and fast volume coverage (high pitch with 
737  mm/s). In addition, the PCD-CT system 
offers—through inherent multi-energy capabili-
ties—the possibility of direct reconstruction of vir-
tual monoenergetic images, virtual non-iodine (i.e. 
non-enhanced) images, iodine maps, and of virtual 

Table 1 Technical specifications of first-generation dual- 
source photon-counting CT

Detector type 2 × 6 cm photon-counting detector, 
equipped with four energy thresholds

Rotation time 0.25 s
Temporal 
resolution

66 ms

Scan speed 737 mm/s
Tube type 2 × VECTRON tubes
Power 2 × 120 kW
Bore size 82 cm

0.151 mm

M4
S1z 0.176 mm

at iso-center

Fig. 1 Photon-counting detector layout of the 
NAEOTOM Alpha, Siemens Healthineers, Forchheim, 
Germany

Photon-Counting CT: Initial Clinical Experience
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non-calcium images from each dataset (Figs. 2 and 
3). Also, the multi-energy option opens the door to 
the potential application of new contrast media in 
cardiovascular CT imaging (Mergen et al. 2022).

Symons et al. (2019) showed in their study in a 
calcium phantom, in ex vivo human hearts, and in 
asymptomatic volunteers the potential of PCD-CT 
to improve the image quality of coronary artery 
calcium scoring with the potential to reduce radia-
tion dose at a constant image quality. In another 
study, Symons et al. (2018) included asymptomatic 

subjects for imaging of the major arteries of the 
head and neck with PCD-CT and found an 
improved image quality of carotid and intracranial 
arteries along with fewer artifacts as compared to 
conventional single-energy CT with energy-inte-
grating detectors. In that study, a head phantom 
was used to validate iodine concentration measure-
ments in PCD-CT showing an excellent correlation 
between actual and measured iodine concentra-
tions and in addition a higher CNR in iodine maps 
compared with non-spectral PCD-CT images.

Table 2 Acquisition modes of the NAEOTOM Alpha, Siemens Healthineers, Forchheim, Germany

Detectors Detector size z-coverage
Standard mode 1376 M4—pixels 144 × 0.4 mm 57.6 mm
Ultra-high-resolution 
(UHR) mode

2752 S1—pixels 120 × 0.2 mm 24 mm

Research mode 1376 M4—pixels 96 × 0.4 mm 38.4 mm

a b c

Fig. 2 Cardiac photon-counting detector CT in a 53-year- 
old male patient with atypical chest pain. (a) Transverse 
reformation of a virtual monoenergetic image at 45 keV 

and (b) at 65 keV. (c) shows corresponding iodine map 
from material decomposition

a b c d

Fig. 3 Photon-counting CT angiography of the chest and 
abdomen in a 69-year-old male patient after endovascular 
repair. (a) Maximum intensity projection of virtual 
monoenergetic images at 190 keV and (b) 3D cinematic 
rendering of the same dataset show the prosthesis without 

artifacts. (c) Transverse axial images at the level of the 
kidneys showing a partially calcified abdominal aneurysm 
before and (d) after calcium subtraction (virtual non- 
calcium image)
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Sartoretti et al. (2020) investigated the poten-
tial of a preclinical prototype PCD-CT scanner 
with a tungsten-based contrast medium for 
carotid artery imaging using a human ex  vivo 
specimen with the aim of differentiating between 
the contrast-enhanced lumen and the calcified 
vessel wall. Authors could show that PCD-CT 
employing the multi-energy bin option in combi-
nation with tungsten as contrast medium enabled 
an improved carotid artery imaging with respect 
to lumen and plaque visualization as well as 
image noise. In another study, Sartoretti et  al. 
(2021) systematically evaluated the potential of 
PCD-CT for investigational contrast media for 
subtraction of calcified plaques in a small vessel 
phantom. Five contrast media with iodine, bis-
muth, hafnium, holmium, and tungsten at equal 
mass concentrations were tested, and authors 
found that contrast maps with tungsten and, to a 
lesser extent, with hafnium yielded superior 
image noise properties and improved vessel 
lumen visualization including an improved sub-
jective image quality as compared with the refer-
ence standard with iodinated contrast media. 
Si-Mohamed et  al. (2021) performed k-edge 
imaging with a prototype PCD-CT system using 
both iodinated contrast media and gold nanopar-
ticles to detect and quantify the macrophage bur-
den within the atherosclerotic aortas of rabbits 
in  vivo. Authors found that PCD-CT imaging 
with gold nanoparticles allowed for the noninva-
sive evaluation of both molecular and anatomic 
information of atherosclerotic plaques. 
Dangelmeier et al. (2018) evaluated in an ex vivo 
phantom study simulating an abdominal aortic 
aneurysm a mixture of iodine and gadolinium 
and could show that PCD-CT was able to differ-
entiate the distributions within different compart-
ments filled with iodine, gadolinium and with 
calcifications.

The potential of higher spatial resolution of 
PCD-CT deserves further note. In a phantom 
study, Mannil et al. (2018) included 18 different 
coronary stent types, filled with iodinated con-
trast media, and imaged in different orientations 
with a prototype PCD-CT scanner. At matched 
CT scan protocol settings and identical image 
reconstruction parameters, the PCD system 

yielded superior in-stent lumen delineation of 
stents as compared to conventional scans with 
energy-integrating detectors. These results could 
be further improved when using dedicated sharp 
tissue convolution kernels yielding superior qual-
itative and quantitative image characteristics of 
the in-stent lumen (von Spiczak et al. 2018).

Our first study included 40 patients who 
underwent clinical PCD-CT angiography of the 
thoraco-abdominal aorta and who had a previous 
CT angiography on a conventional EID-CT sys-
tem with automatic tube voltages selection (Euler 
et al. 2021). Radiation dose at both CT scanners 
was kept intentionally at the same level. We 
found that high-pitch PCD-CT angiography of 
the aorta with reconstruction of virtual monoen-
ergetic images at 40 and 45 keV resulted in a sig-
nificantly higher contrast-to-noise-ratio, an effect 
which was pronounced in overweight patients. 
This indicates the potential for further radiation 
dose and/or contrast media volume reductions 
with PCD-CT.

4  Abdominal Imaging

Dual-energy CT has shown beneficial applications 
in abdominal imaging in the last decades with 
improvements in, e.g., lesion detection or conspi-
cuity (Shuman et  al. 2014; Darras et  al. 2019), 
lesion characterization (Nagayama et  al. 2020), 
tumor treatment response monitoring (Parakh 
et  al. 2018; Jiang et  al. 2017; Aoki et  al. 2016), 
evaluation of liver parenchyma (Marri et al. 2021; 
Elbanna et  al. 2020), detection of gallstones 
(Uyeda et al. 2017), or urinary stone characteriza-
tion (Zheng et  al. 2016; Habashy et  al. 2016). 
However, dual-energy CT exams commonly have 
to be prospectively ordered and protocolled, par-
ticularly on the widely prevalent scanners using 
fast kVp-switching or dual-source dual-energy 
CT.  The introduction of PCD-CT improves the 
workflow of CT protocolling because spectral 
information is available from each image acquisi-
tion and can be retrospectively accessed and 
reconstructed if needed. This saves time and 
resources for CT protocolling and improves stan-
dardization. This holds great potential to improve 
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the characterization of incidental lesions, avoid 
additional imaging, and decrease patient anxiety. 
Spectral imaging is automatically available in the 
standard scan mode, the so-called Quantum Plus 
mode, with a collimation of 144 × 0.4 mm and cur-
rently utilizing two energy levels .

Classic post-processing options, e.g., virtual 
non-contrast reconstructions (Sartoretti et al. 
2022a), iodine maps (Fig. 4), liver iron or fat frac-
tion estimation as well as characterization of kid-
ney stones or gout are available on PCD-CT and 
might benefit from the improved spectral separa-
tion provided by the novel detector. First preclini-
cal studies have indicated improved 
characterization of small urinary stones of less 
than 3 mm as compared to dual-energy EID-CT 
(Marcus et  al. 2018). In addition to these tradi-
tional options, the vendor has introduced the rou-
tine use of virtual monoenergetic images (VMIs) 
as the routine diagnostic reading series (Fig. 5).

VMIs-energies (in keV) are optimized based 
on the desired imaging task and body region (e.g., 

55 keV to improve contrast in vascular imaging 
and 60  keV to improve CNR in parenchymal 
imaging). Our first study included 39 patients 
who underwent clinical abdominal PCD-CT in 
the portal venous phase who also had a foregoing 
abdominal CT on a conventional EID-CT system 
with automatic tube voltages selection 
(Higashigaito et al. 2021). Radiation dose between 
systems was intentionally kept constant. Results 
indicated that PCD-CT with reconstruction of 
VMI at 50 keV yielded significantly higher con-
trast-to-noise-ratio in various abdominal organs 
and vessels as compared to EID-CT. Another 
recent study showed that image quality of portal-
venous phase PCD-CT is further improved by 
applying the new iterative reconstruction tech-
nique of the scanner (i.e., quantum iterative recon-
struction) (Sartoretti et al. 2022b).

In addition, the reconstruction of polychro-
matic images, the so-called T3D images, is avail-
able. These images are reconstructed by using the 
data of the lowest energy threshold at 20 keV in a 
conventional, non-spectral image reconstruction 
and aim to emulate the image perception of a 
conventional polychromatic image at 
120 kV. Compared to EID-CT, PCD-CT has the 
advantage to decrease image noise at low X-ray 
photon flux by excluding electronic noise 
(Willemink et al. 2018). This potentially benefits 
imaging at very low radiation doses and in large- 
sized patients.

PCD-CT has the unique capability to dis-
criminate among different contrast agents, e.g., 
iodine, gadolinium, and bismuth (Tao et  al. 
2019; Ren et al. 2020). This enables simultane-
ous multi-contrast agent imaging (Si-Mohamed 
et  al. 2019; Symons et  al. 2017a; Willemink 
et  al. 2018). This in combination with a split-
bolus injection and virtual non-contrast imag-
ing could be used to transform traditional 
three-phase exams on traditional EID-CT 
(unenhanced, arterial, portal venous phase) to a 
single-phase acquisition on PCD-CT 
(Willemink et  al. 2018). To date, however, 
multi-contrast imaging on PCD-CT has been 
limited to animal models due to the current off-
label use of different contrast agents in CT 
imaging of humans.

Fig. 4 Iodine map of the right liver lobe showing a hem-
angioma with increased iodine concentration measured at 
the lesion’s periphery (4.5  mg iodine per mL) as com-
pared to the normal liver parenchyma (2.5 mg iodine per 
mL). With PCD-CT, the reconstruction of iodine maps has 
become available from each scan
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5  Lung Imaging

CT has a fundamental role in noninvasive imag-
ing of the chest. Within a single breath-hold, CT 
enables the acquisition of isotropic, high- 
resolution images providing detailed anatomic 
information about thoracic disease. Inherent 
opportunities of the PCD-CT, such as availability 
of spectral data, ultra-high-resolution imaging, 
and reduction of image noise may further improve 
this technique (Flohr et  al. 2020a; Willemink 
et al. 2018).

In the last two decades evolution of scanner 
technology and iterative image reconstruction 
have led to an improvement in diagnostic quality 
of chest CT while being able to reduce radiation 
dose and noise levels. In contrast to energy- 
integrating detector CT images, the fraction of 
lower energy photons contributing to PCD-CT 
images is higher due to the photon binning pro-
cess (Farhadi et al. 2021). Moreover, the exclu-
sion of high-energy photons in monoenergetic 
image reconstruction further improve image con-
trast and CNR in PCD-CT compared to energy- 
integrating detector CT (Symons et  al. 2019). 
Cadaver studies (Gutjahr et al. 2016a) as well as 
first patient experience with a single-source, full 
field-of-view PCD-CT have shown significantly 
lower image noise with PCD-CT compared to 

energy-integrating detector CT (Ferda et  al. 
2021). Symons et al. showed in a study with 30 
asymptomatic volunteers that PCD-CT chest CT 
images have an approximately 20% higher CNR 
of lung nodules compared to conventional 
energy-integrating detector CT (Symons et  al. 
2017b). Lower noise levels may facilitate radia-
tion dose reduction with PCD-CT, which may be 
especially beneficial in lung cancer screening 
examinations or follow-up chest CT. Comparable 
to the use of tin filtration on a dual-source chest 
CT, the application of tin filters may further lower 
noise levels with the potential for radiation dose 
reduction (Martini et al. 2015).

As stated above, the photon-counting detector 
enables the possibility to scan with an ultra-high- 
resolution mode, with 120 pixels measuring 
0.2 × 0.2 mm2. In contrast to an energy-integrated 
detector, there is no need for a mechanical sepa-
ration of detector cells (Flohr et  al. 2020a). 
Bartlett et al. (2019) as well as Ferda et al. (2021) 
showed an improved visualization and delinea-
tion of third-, fourth- and fifth-order bronchi 
using ultra high-resolution lung PCD-CT with a 
1024 image matrix reconstruction compared to 
conventional chest EID-CT (Fig. 6). As a draw-
back, increased spatial resolution is inherently 
accompanied by increased noise or the need for 
higher radiation doses to maintain noise levels of 

Fig. 5 Axial virtual monoenergetic CT images at differ-
ent energies of a 55-year-old male patient with an intrahe-
patic cholangiocarcinoma of the left liver lobe. Note the 

substantially increasing CT attenuation of the ring 
enhancement of the lesion with decreasing keV level
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c d

a b

Fig. 6 Comparison of photon-counting detector CT 
images (PCD-CT; left column) and conventional energy- 
integrating detector CT images (EID-CT; right column). 
The upper row shows images of a 46-year-old female 
patient with mixed connective tissue disease and basal 
predominant lung fibrosis. The left image (a) was acquired 
with a dual-source PCD-CT (NAEOTOM Alpha, 
Siemens); tube voltage, 100  kV with tin filtration; 
CTDIvol, 0.68 mGy; Kernel, BI64; Matrix 512 × 512), the 
right image (b) was acquired with a single-source EID-CT 
(SOMATOM Edge Plus, Siemens); tube voltage, 100kV; 

CTDIvol, 1.25  mGy; Kernel, Bl64; Matrix 512  ×  512). 
The bottom row shows images of an 83-year-old female 
patient with systemic sclerosis. The left image (c) was 
acquired with a dual-source PCD-CT (NAEOTOM Alpha, 
Siemens); tube voltage, 100  kV with tin filtration; 
CTDIvol, 0.51 mGy; Kernel, BI64; Matrix 512 × 512), the 
right image (d) was acquired with a third-generation, 
dual-source EID-CT (SOMATOM Force, Siemens); tube 
voltage, 100  kV; CTDIvol, 1.70  mGy; Kernel, Bl64; 
Matrix 512 × 512). Note the improved spatial resolution 
of PCD-CT despite of lower radiation doses
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images with lower spatial resolution. Future 
research may show whether improved evaluation 
of the morphology of lung nodules and lung 
masses may improve differentiation between 
benign and malignant as well as characterization 
of lesions and outweigh the potential drawbacks.

In our experimental study using an anthromor-
phic chest phantom containing various sized pul-
monary nodules we found that image quality of 
PCD-CT was superior to EID-CT while showing 
comparably lower image noise (Jungblut et  al. 
2021).

Directly counting the energy of an incident 
photon, PCD-CT can be utilized for material 
decomposition of tissues with equal densities but 
different elemental composition (Flohr et  al. 
2020a). Spectral information may help to amplify 
subtle attenuation differences as well as the distri-
bution of enhancement for detection and charac-
terization of lung nodules and tumors (Chae et al. 
2010). In chest imaging, material decomposition 
is frequently used in the evaluation of pulmonary 
vessels in patients with suspected acute or chronic 

thromboembolism. The calculation of iodine 
maps may assist in detecting subsegmental perfu-
sion defects (Fig. 7). Masy et al. have shown that 
dual-energy CT-derived iodine maps for the 
assessment of lung perfusion show excellent 
agreement with V/Q scintigraphy in diagnosing 
chronic thromboembolic pulmonary hypertension 
with a kappa of 0.8 (Masy et al. 2018). In their 
study, the combination of CT pulmonary angiog-
raphy and iodine maps enabled to correctly diag-
nose all patients with chronic thromboembolic 
pulmonary hypertension (Masy et  al. 2018). 
Furthermore, spectral information in CT pulmo-
nary angiography may enable the reduction of 
contrast media by providing low keV monoener-
getic images with improved contrast attenuation 
(Meier et al. 2016). Using dual- energy CT, Meier 
et al. could show that CT pulmonary angiography 
is feasible with only 6 g of iodine corresponding 
to 15 ml of contrast media at a concentration of 
400 mg iodine/ml (Meier et al. 2016).

CT pulmonary angiography is especially sus-
ceptible to the transient interruption of contrast 

a b

Fig. 7 Images of a 43-year-old female patient with 
chronic thromboembolic pulmonary hypertension under-
going photon-counting detector CT pulmonary angiogra-
phy. Maximum intensity reconstruction of iodine-weighted 
images (a) illustrates the sudden change of caliber of a 

subsegmental branch of the posterobasal segmental artery 
(green arrow) and rarefication of subsegmental arteries of 
the apico-posterior segment of the left lung (blue arrow). 
The iodine map (b) illustrates the corresponding segmen-
tal perfusion defects
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inflow from the superior vena cava due to the 
increase of intrathoracic pressure by patients tak-
ing a deep breath before scan initiation. In these 
cases, advanced monoenergetic reconstructions 
may help to increase the attenuation of pulmo-
nary arteries compared to single-energy scans 
and avoid unnecessary repetition of CT studies in 
patients with suboptimal opacification of pulmo-
nary arteries.

6  Skeletal Imaging

The novel PCD-CT system offers various bene-
fits in musculoskeletal imaging such as the con-
stant availability of spectral information or the 
higher spatial resolution of bone structures using 
(UHR) mode.

The main advantage of PCD-CT in musculo-
skeletal imaging is the constant availability of 
spectral information. Spectral information from 
PCD-CT can be used for various advanced imag-
ing processing application similar to dual-energy 
CT. In musculoskeletal imaging, numerous dual- 
energy applications are already well established, 

such as monosodium urate detection in gout 
arthropathy, detection of bone marrow edema in 
fractures or metal artifact reduction using virtual 
monoenergetic images (Rajiah et  al. 2019). In 
theory, PCD-CT enables perfect spectral separa-
tion which would result in superior performance 
of those applications compared to dual-energy 
CT. However, in practice, spectral separation of 
PCD-CT is impaired by various effects such as 
K-escape, charge sharing or detector polarization 
(Gutjahr et  al. 2016b; Taguchi and Iwanczyk 
2013). So far, only limited literature is available 
about the performance of PCT-CT in musculo-
skeletal imaging. Stamp et al. were able to detect 
monosodium urate with PCT-CT using a proto-
type scanner in a cadaver finger. Recently, Zhou 
et  al. demonstrated the superior metal artifact 
reduction capability of PCD-CT using tin filter in 
combination with high-energy threshold com-
pared to EID-CT (Zhou et  al. 2019). Our first 
clinical experience of PCD-CT in musculoskele-
tal imaging is limited to virtual non-calcium 
imaging and gout detection. Using virtual non- 
calcium imaging, we were able to reliably detect 
bone marrow edema adjacent to fractures (Fig. 8).

a b c d

Fig. 8 Photon-counting detector CT of the lower extrem-
ity of a 28-year-old male patient in coronal (a) and sagittal 
plane (b) with corresponding virtual non-calcium images 

in coronal (c) and sagittal (d) plane. Note the bone mar-
row edema (white arrow) adjacent to the fractures
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Another promising advantage of PCD-CT is 
the so-called ultra-high-resolution (UHR) mode. 
High spatial resolution of CT plays a crucial role 
in the assessment of delicate osseous structures 
such as the incudo-mallear joint in the temporal 
bone. Spatial resolution in conventional EID-CT 
is limited due to the larger size of the detector cell 
and the requirement of septa between each cell. 
To overcome this limitations, spatial resolution in 
EID-CT can be improved by using an additional 
attenuation comb filter in front of the detector 
which reduces the detector aperture but also 
decreases dose efficiency of EID (Leng et  al. 
2015). In contrast, PCD is equipped with smaller 
detector cells (0.2 × 0.2 mm2) and has no require-
ment for septa or attenuation comb which results 
in higher spatial resolution and higher dose effi-
ciency compared to EID.  In temporal bone CT, 
higher spatial resolution and higher dose effi-
ciency of prototype PCD-CT compared to 
EID-CT has been already demonstrated (Zhou 
et al. 2018; Rajendran et al. 2020). For example, 
Zhou et  al. demonstrated a substantially better 
delineation of the anatomy of the temporal bones 
of ten cadavers scanned on PCD-CT with UHR 
mode compared to EID-CT using identical radia-
tion dose (Zhou et al. 2018) and Rajendran et al. 
demonstrated a radiation dose reduction of 
greater than 80% in temporal bone CT using 
PCD-CT compared to EID-CT maintaining simi-
lar image quality (Rajendran et al. 2020).

7  Conclusions

Our initial experience with the first PCD-CT sys-
tem for full clinical use shows promising results 
in several clinical application fields. The low 
electronic noise and high spatial resolution 
improve diagnostic accuracy especially in cardio-
vascular, lung, and musculoskeletal imaging. The 
superior iodine CNR is particularly valuable in 
abdominal imaging depicting lesions of paren-
chymatous organs as well as in cardiovascular 
imaging increasing vessel attenuation. Large 
potential of PCD-CT lies in the intrinsic spectral 
imaging properties in every CT scan enabling 

material decomposition and quantification. This 
feature allows for the identification of contrast 
media and the computation of virtual non- 
contrast reconstructions or iodine maps. 
Moreover, precise material characterization is 
capable of identifying the composition of, e.g., 
urinary stones or differentiating between crystal 
arthropathies. Feasibility of CT imaging simulta-
neously using different k-edge contrast agents or 
targeted nanoparticles has already been proved in 
experimental studies but is yet to be assessed in 
clinical studies. Undoubtedly, this new imaging 
approach will reveal previously unseen informa-
tion and offer a new dimension of functional 
imaging.

In conclusion, PCD-CT will push the bound-
aries of future CT imaging and opens new, cur-
rently unpredictable areas of application.
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