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Abstract

Background

Brain computed tomography (CT) is a common exam at most hospitals. However,
artifacts may reduce the diagnostic value of the exam or the pathologic changes may
be hard to visualize in the acute setting. Dual energy CT is an imaging technique
that takes advantage of the fact that the attenuation properties of different tissues are
dependant on the energy level of the x-rays to which they are exposed. Virtual
monoenergetic images (VMIs) may then be created corresponding to images
acquired at a chosen energy level. Therefore, it is theoretically possible to improve
the diagnostic certainty by using the monoenergetic reconstruction that corresponds
to the energy level that best visualizes the tissue of interest.

Methods

We have evaluated images acquired by a dual-layer detector dual energy CT. All
studies (Papers I-1V) have been retrospective and thus included patients who had a
medical indication for the CT exam. We have collected both quantitative image data
(in predefined areas), calculated image quality parameters (such as signal-to-noise
and contrast-to-noise ratio), and performed qualitative analysis by assessment of
images by radiologists. Comparisons have been made between conventional
polyenergetic images and monoenergetic reconstructions at various energy levels.

Results

Paper | showed a small reduction of metal artifacts caused by coils in monoenergetic
images compared to conventional images. In paper Il we showed an improved
diagnostic capacity with the addition of monoenergetic images for assessment of
acute ischemic lesions. The CT angiography study (paper Ill) showed that it is
possible to use a halved dose iodine contrast agent, without affecting the exam
guality, when assessing low energy VMIs instead of conventional polyenergetic
images. In the last project (IV) we found a significant reduction in posterior fossa
artifacts in VMIs compared to Cls.

Conclusion

Monoenergetic images improve the assessment of acute ischemic lesions,
evaluation of the posterior fossa and reduce the required dose of iodine contrast
administered for CT angiographies. They may also possibly reduce intracranial
artifacts by metal implants.
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Thesis at a glance

Study | Aim Methods Results Conclusion

| To quantitatively | Retrospective In artifact affected tissue | There is a small
and qualitatively inclusion of 32 distal to the metal coils significant
investigate the consecutive patients | the mean attenuation reduction of
potential examined with a value decreased with intracranial coil
reduction of DLCT and collection | higher energy level artifact severity
intracranial metal | of mean Hounsfield VMIls. Overall image by monoenergetic
artifacts by coils units (HU) and quality scores were reconstructions
in virtual standard deviation in | significantly higher in with preserved or
monoenergetic predefined locations | VMIs at 60 and 70 keV increased overall
images (VMls) both with and compared to Cls. image quality
by dual-layer without artifacts. compared to
detector CT Qualitative grading conventional
(DLCT) of image quality. images.
compared to
conventional
images (Cls).

1l To evaluate Using a cohort of Tissue contrast between | VMIs may
whether the patients with a normal white and improve the
ability to detect confirmed cortical ischemic grey matter diagnostic ability
acute cortical ischemic lesion, we was higher in VMIs at in by enhancing
ischemic lesions investigated image 40-70 keV compared to tissue contrast
is improved in quality and tissue Cls. The sensitivity for with may improve
DLCT virtual contrast. We also diagnosing acute the radiological
monoenergetic included exams ischemic lesions was accuracy in
reconstructions without lesions to higher when adding assessment of
compared to Cls. | perform tests of VMIs to the assessment. | acute ischemic

diagnostic accuracy. lesions.

1 To investigate Consecutive adult Both quantitatively and Using a halved
whether image patients examined qualitatively VMIs at 40- | dose contrast and
quality can be with a CTA with 60 keV improved image 50 keV
preserved in either full contrast quality. The VMIs at 50 reconstructions
brain CTA with dose or halved keV in the exams the image quality
halved contrast contrast dose with performed with halved is greater
dose by using suboptimal or contrast dose and compared to Cls
VMIs and to optimized timing. HU | optimized timing with full contrast
investigate values were received significantly dose. Using VMIs
whether VMIs collected in higher qualitative ratings | may also
can compensate predefined areas. than the Cls of the increase the
for poor arterial Visual grading of exams performed with number of
enhancement. CTA quality was full contrast dose. diagnostic

performed. examinations.

\% To evaluate Inclusion of patients | The noise levels were Artifacts in the

posterior fossa
artifacts in VMIs
by a spectral
dual-layer
detector CT
compared with
conventional
polyenergetic
images.

with CT brain exams
that had been
assessed as normal.
Measurements and
image parameters
were collected and a
visual grading of
both Cls and VMIs
was performed.

significantly lower in the
posterior fossa in VMIs
260 keV compared to
Cls. VMIs at 60 keV
received the highest
qualitative scores for
overall image quality
and posterior fossa
artifacts.

posterior fossa
are reduced in
VMlIs compared
to Cls with an
improved overall
image quality.
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Popularvetenskaplig sammanfattning

Skiktrontgen (CT) av hjarnan ar en vanlig bilddiagnostisk undersdkning och
exempel pa de fragor som dessa underskningar amnar besvara kan vara rérande
s.k. ischemisk infarkt (infarkt i hjarnan orsakad av en blodpropp), blédning,
svullnad i hjarnvéavnaden eller uppfoljning efter operationer.

Skiktréntgen har manga fordelar, bland annat ar det en relativt billig undersokning
da den gar snabbt att utfora. Skiktrontgen ar ocksa oftast lattillgangligt, dvs finns pa
de flesta sjukhus och kan ofta koras dygnet runt (jamfort med tex
magnetkameraundersdkningar som tar langre tid och ofta ar ytterst begrénsade
utanfor ordinarie arbetstider).

Det finns dock dven nackdelar med skiktrontgen, exempelvis sa kan bildernas vérde
begransas av artefakter (t.ex. streck i bilderna) orsakade av t.ex. metallimplantat
eller det tjocka skallbenet, vilket kan forsvara bedomningen avseende t.ex. sma
blodningar eller ischemiska infarkter. Vid en misstankt infarkt i hjarnan (s.k.
stroke), utfors ofta en skiktrontgen sa fort som mojligt men infarkter orsakade av
blodproppar kan pa en konventionell skiktrontgen vara mycket svara att avgransa i
ett tidigt skede. Syftet med undersokningen blir da snarare att utesluta en annan
orsak till patientens symtom (sa som blddning) och om sadan inte kan pavisas
riskerar diagnosen att bli osaker. En annan nackdel med skiktrontgen ar att i vissa
fall vill man forstarka bilderna med s.k. kontrastmedel vilket ofta utgérs av en
jodbaserad vatska som patienten far via en spruta in i blodomloppet. Denna
jodbaserade vétska kan dock vara skadlig for njurarna, sérskilt for patienter som
redan har en nedsatt njurfunktion sedan tidigare.

Traditionellt baseras skiktrontgenbilder pa hur rontgenstralar med ett spektrum av
olika energier passerar genom ett objekt (en patient) och traffar en detektor, dessa
bilder kan kallas polyenergetiska bilder just eftersom stralarna har manga olika
energier. Bilderna som sedan skapas i en skiktrontgen motsvarar det avbildade
objektets tathet.

Olika vavnadstyper avhildas dock olika val beroende pa stralarnas energi men om
man kan separera stralarna och sortera dem beroende pa dess energi sa kan man
skapa sa kallade monoenergetiska bilder. Beroende pa vad man vill titta pa sa kan
man darefter vélja den monoenergetiska bilden med mest lampad energiniva och
mojligen pa sa sétt forbattra undersokningens diagnostiska kapacitet (dvs hur sakert
rontgenlakaren kan pavisa eller utesluta ett tillstand). Med s.k. ’spektral-CT” eller
“dubbelenergi-CT’ kan sédana monoenergetiska bilder skapas. Som ett exempel pa
detta, s kan avbildningen av jod (som finns i kontrastmedel) forstarkas i
monoenergetiska bilder gjorda pa lagre energinivaer (teoretiskt ca 30
kiloelektronvolt) och mdjligen kan man da sanka méngden kontrastmedel och
darmed spara njurfunktion om man tittar pA monoenergetiska bilder pa ratt niva i

14



stallet for pa de polyenergetiska bilderna (som far en hogre medelenergi &n den som
ar optimal for visualisering av jod).

| den forsta studien ville vi ta reda pa om artefakter fran metallimplantat kan minskas
med hjalp av monoenergetiska jamfort med polyenergetiska bilder. Vi inkluderade
patienter med s.k. coils (metallnystan som anvéands vid behandling av vissa
karlférandringar i hjarnan) som undersokts med spektral-CT. Vi utférde méatningar
i bilderna, bade pa polyenergetiska bilder och i monoenergetiska bilder pa olika
energinivaer. Vi lat ocksa radiologer visuellt bedéma och poangsatta bildkvaliteten
pa de olika sorters bilderna. Resultaten visade att en viss minskning av
metallartefakter kan erhallas i monoenergetiska bilder vilket darmed kan forbéttra
undersokningsvardet for patienter som har behandlats med coils.

I den andra studien undersokte vi huruvida tidiga tecken till infarkt orsakad av en
blodpropp (ischemisk stroke) syns battre pa sa kallade monoenergetiska
skiktrontgenbilder dn pa polyenergetiska bilder. Pa traditionella skiktrontgenbilder
ar dessa forandringar namligen svara att avgransa i ett tidigt skede och diagnosen
blir darmed ibland osaker. | studien inkluderade vi patienter dar senare
undersokningar (skiktrontgen eller magnetkamera) bekraftat férekomsten av en
ischemisk skada. Vi kunde da exakt lokalisera det drabbade omradet pa den forsta
skiktrontgenundersokningen (utférd inom 12 h efter insjuknande) och utféra
matningar av vavnadstéthet och brus i bilderna. Vi inkluderade ocksa bilder pa
hjarnor utan ischemisk skada och lat rontgenlékare titta pa alla fallen (bade poly-
och monoenergetiska bilder) och svara pa huruvida det fanns en ischemisk skada
eller inte. Resultaten visade att fler av de positiva fallen (med stroke) kunde
diagnostiseras korrekt med hjélp av monoenergetiska bilder j&mfort med bara
polyenergetiska bilder. Vi hittade ocksa ett generellt lagre signal/brus-forhallande i
de monoenergetiska bilderna jamfort med de polyenergetiska, detta kan tolkas som
en battre bildkvalitet.

| den tredje studien ville vi ta reda pa om det, med bibehallen bildkvalitet, gar att
sénka dosen kontrastmedel i samband med skiktrontgen av hjarnans artarer. Vi
inkluderade patienter som skulle undersokas med en artarinriktad
dubbelenergiskiktrontgen av hjarnan och kérde undersékningar dar vi bland annat
halverade kontrastdosen. Vi utférde matningar av kontrastfyllnaden pa forbestamda
platser i hjarnans kérl och jamforde skillnaden mellan tdthet i kéarlen och
hjarnparenkymet for bade poly- och monoenergetiska bilder. Vi lat ocksa
rontgenlakare granska och poéngsatta bilderna avseende bland annat hur val kérlen
avbildats. Studien visade att det gar att halvera mangden kontrastmedel med
bibehallen, eller till och med forbattrad, bildkvalitet om man anvander
monoenergetiska bilder.

I den fjarde studien, som &r utférd men &nnu inte &r publicerad, ville vi utvardera
artefakter i den bakre delen av skallen (den bakre skallgropen). Dessa artefakter
orsakas av det tdta skallbenet och orsakar streck i bilderna. Vi utférde métningar av
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tathet och brus pa fordefinierade stallen i hjarnan och jamforde sedan de mono- och
polyenergetiska bilderna. Rontgenlédkare fick poangsatta bilderna avseende generell
bildkvalitet, artefakter och hur val det gick att skilja pa olika sorters vavnad i
hjérnan. Studien visar att monoenergetiska bilder har generellt hégre signal/brus-
forhallande (vilket indikerar in lagre artefaktgrad/battre bildkvalitet) och battre
kontrast mellan olika sorters vavnad i hjarnan. Monoenergetiska bilder fick de
hogsta betygen bade avseende artefaktutbredning och generell bildkvalitet.

Resultaten i dessa studier kan forhoppningsvis bidra till en 6kad forstaelse for hur
vi skapar sa bra bilddiagnostiska undersékningar som majligt vilket ar en stor vinst
for bade patienterna och for sjukvarden som en helhet.
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Introduction

The following sections aim to introduce the relevant knowledge behind Paper I-1V
and will therefore introduce the reader to CT physics and technique, measurements
of image quality and, through the clinical perspective, why this can be important for
our patients.

A brief history of computed tomography

In the early 1960s the South African physicist Alan Cormack (Figure 1) published
a mathematical solution to calculate attenuation coefficients in a cylindrical
phantom containing wood and aluminium by measuring parallel transmissions
through the phantom [1, 2]. His main interest for this was in regard to improving the
calculations of radiation doses in radiotherapy which at the time were estimated by
radiographs and calculated as if the patients were homogenous [3, 4]. While
introducing the reader to the lack of knowledge of separating different tissues, using
conventional radiography that was in clinical use at the time, Cormack stated in his
1963 publication:

“It is sufficient to consider the problem in two dimensions, since, if a solution can be
found for two dimensions, the three-dimensional case may be solved by considering
it to be a succession of two-dimensional layers”

However, at the time Cormack’s work gained little response.

Also in the 1960s, the English electrical engineer Godfrey Hounsfield (Figure 1)
worked on differentiation of different tissues by data from a set of angles in a two-
dimensional model (initially a 3 x 3 grid in 1967). Despite little support and
engagement by radiologists at the time (the belief seemed to be that the image
quality never could be sufficient), Hounsfield carried on his work and met the
British neuroradiologist Dr James Ambrose who demonstrated some of the common
neuroradiological exams at the time, after which Hounsfield stated, “/ can do much
better than that”. Their collaboration led to the first clinical CT brain exam
performed in October 1971 at the Atkinson Morley Hospital in England. The
reconstructions of the 80 x 80-pixel exam took twenty minutes per image slice but
clearly visualized the suspected frontal lobe tumour in the patient’s brain [4-7]. The

21



CT was displayed at the annual RSNA (Radiological Society of North America)
meeting in 1972, and the production of this first clinical CT machine (The EMI
Mark | scanner) started the same year with machines being set up in the USA and
in the UK [4, 8, 9]. Hounsfield kept on his work on improving CT long after this.

Alan Cormack and Godfrey Hounsfield shared the Nobel Prize in Physiology or
Medicine in 1979 for their contributions in the development of the computer-
assisted tomography. In his Nobel Laureate lecture Cormack described that many
years after his publications he had found out that the mathematical problem had
already been solved in 1917 by the Austrian physicist Johann Radon (the Radon
transform) who thus actually was the first to lay the mathematical foundation (the
Radon transform) of the CT technique [10]. Johann Radon should therefore also be
given due credit, even though Cormack came up with his solution unknowingly of
Radon’s 1917 publication. Many others who contributed have not been mentioned
but there are several in depth descriptions of the development of the CT available
[3,4,7,11,12].

Figure 1.

Allan M. Cormack in 1984 (left) and Godfrey N. Hounsfield in 1975 (right). The picture of Allan Cormack
is distributed under the CC-BY 3.0. http://creativecommons.org/licences/by/3.0

The picture of Godfrey Hounsfield is considered public domain by The National Library of Medicine and
to the authors knowledge under no copyright.

Since the first computed tomograph was introduced, the technique has been ever
evolving. The first CT similar to currently used models, with a simultaneously
rotating tube and detector came in 1975 and since then two major developments in
CT technology will be briefly mentioned.
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First, the “spiral technique” with a continuously rotating gantry while, at the same
time, moving the patient through the x-ray beam was introduced in 1989 and
drastically reduced the scan times and hence, reduced motion artifacts.

Second, multidetector-rows were introduced around the 2000s and successively
increased total detector width and thereby increased the scanned area per gantry
rotation to now up to about 16 cm. This also resulted in a major reduction of scan
time [12, 13].

Some more current developments include dual energy CT and photon counting
detectors. The principles of dual energy CT is described in the next section.

CT physics and technique

What are x-rays?

Generally, atoms have a neutral charge in their natural state i.e. the number of
protons is the same as the number of electrons. However, atoms may be ‘ionized’
(positively or negatively charged) if, for example, enough energy is deployed in one
of the electrons so that it is removed from the atom (which then becomes positively
charged). The electrons can also jump to outer shells if the appropriate amount of
energy is deployed — the electron is ‘excited’.

X-rays are electromagnetic waves, small, moving energy units (photons), just like
visible light but with higher energies and hence shorter wavelengths (Figure 2). X-
rays are widely used in medical imaging, were first discovered by Wilhelm Réntgen
in 1895 [14] and have been increasingly used since conventional radiography,
fluoroscopy and thereafter CT have been introduced.

X-rays may be created by rapid acceleration of electrons from a cathode to an anode
(negatively and positively charged respectively) by placing a high potential between
them (usually around 120 kV). The electrons can cause either ionization or
excitation in the material (usually wolfram) in the anode, this creates empty spaces
in the electron shells. These spaces that are then filled out by electrons from outer
shells and the difference in energy is released as electromagnetic radiation called
characteristic x-rays. The accelerated electrons can also interact with the nucleus of
the wolfram atoms, which results in a course change and deceleration of the
electrons, in this process energy is released as breaking radiation (bremsstrahlung).
[15, 16].
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Figure 2.

lllustration of the electromagnetic spectrum depending on energy level. X-rays have high energies
(compared to visible light) at approximately 0,1 to 200 kiloelectron volts (keV). Image created in
biorender.com.

X-rays that are used in medical imaging mainly consist of braking radiation and
characteristic x-rays at a spectrum of different energies [17]. X-rays have energies
of about 0,1 to 200 kiloelectron volts and the maximum energy of the x-rays depend
on the peak potential (peak kilovoltage, kVp) of the x-ray tube.

When the x-rays then reach the patient, they can either: pass through unaltered,
interact with electrons in the atoms in the tissue causing ionization or excitation, or
collide with electrons in the tissue which results in a loss of energy and an altered
course of the x-ray.

As we know, ionization or excitation results in the production of characteristic x-
rays - this process is called the photoelectric effect and in this case all of the photon’s
energy is lost. The course change and loss of energy is called Compton scatter (or
the Compton effect). The type of interaction that is predominant, the photoelectric
effect or Compton scatter, depends on the energy of the X-rays, the atomic numbers
within the tissue and, the electronic density of the tissue. The photoelectric effect is
highly energy dependant (more predominant in lower energies) and dependant of
the atomic number of the tissue (with higher atomic numbers within the tissue the
higher the proportion of the attenuation will be due to the photoelectric effect).
Compton scatter is less energy dependant (occurs at energies > 50 keV) compared
to the photoelectric effect but dependant on the electronic density of the tissue
(which in turn is dependent on the atomic number and number of atoms within a
volume) [15, 17-19]). In turn, the energy spectrum of the x-rays depends on the peak
tube potential (kVp) used in the x-ray source. These differences are the key to dual
energy CT imaging.
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These interaction between the x-rays and the tissues in the patients together cause
an attenuation of the x-ray spectrum when passing through the object, this means
that an altered number of x-rays, with an altered spectrum of energies, reach the
detector where they are registered after being converted to visible light.

The absorption values in each image element (voxel) are measured in Hounsfield
units (HU) which corresponds to the tissue’s density normalized against the
attenuation of water (0 HU) and air (-1000 HU) [20].

The components of a modern CT

The x-ray tube (source) is made up of a cathode and an anode, and when a high
potential is placed between them x-rays are created in the anode as described in the
previous section. After the x-rays have been produced, collimators focus the x-rays
in the patient’s length axis (‘Z-axis’) and limit the size of the x-ray field thus
determining how many of the detector rows that are used. Filters are placed through
the x-ray beam to remove x-rays with insufficient energy to contribute to image
data, these low energy x-rays would otherwise only add on the radiation dose to the
patient (the skin dose).

The detector usually has an anti-scatter grid which consists of parallel lines of high-
density material (such as lead) to filter out the x-rays that come towards the detector
at too low angles, these x-rays are created by scattered radiation from the patient
and reduce image quality (Figure 3).

m X-ray tube
/N \\;/)
Filter —_—

Moo Collimator

Anti-scatter /

grid L. Detector
Figure 3.

lllustration of some essential components in a CT: The x-ray tube in which the x-rays are produced,
one or more filters to customize the x-ray beam, a collimator to limit the x-ray field, an anti-scatter grid
preventing scattered radiation of reaching the detector and, the detector which registers the incoming
x-rays. Image created in biorender.com.
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Standard detectors (Figure 4) are currently made up of one layer of a scintillator, a
crystal layer made of for example gadolinium oxysulfide, in which the incoming x-
rays are converted into visible light. Surrounding each detector element are
reflective walls placed to reduce scatter between detector elements. The visible light
created in the scintillator is then detected by photodiodes in the bottom of the
detector, is then either directly converted into a digital signal or is first transferred
into an electric signal which is then converted to a digital signal. Current detectors
have detector elements with an area of about 0,5x0,5 mm and detectors are made up
of multiple rows of detector elements (usually 64 rows in a 4 cm (Z-axis) detector).
How these elements are configured is part in determining the minimal slice
thickness, and the total detector width limits how long a volume of the patient can
be scanned in one rotation [17, 21-23].

Photons

Light reflectors l l% l l

between detector

Detector

Scintillator layer
converting x-ray
photons to visible
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Layer of
photodiodes
converting light
to an electric
signal

Figure 4.

lllustration if the components of a standard CT detector. The x-ray photons are converted to visible light
when hitting the scintillator layer, the light remains in the specific detector element since the sides of
the element is made up of a light reflective material. The light is transformed into an electric signal via
photodiodes at the bottom of each detector element. Image created in biorender.com.

Dual energy CT

“Two pictures are taken of the same slice, one at 100 kV and the other at 140 kV. If
the scale of one picture is adjusted so that the values of normal tissue are the same on
both pictures, then the picture containing material with a high atomic number will
have higher values at the corresponding place on the 100 kV picture”

Already in 1973 Sir Godfrey Hounsfield stated the above in his publication
Computerized transverse axial scanning (tomography): Part 1 Description of
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system [5]. The statement and the knowledge behind it lays the foundation of dual
energy CT (DECT) and as such, long before technology was able to handle dual
energy data, the theory behind it was known and suggested as a promising future
aspect in medical imaging.

It was first in 2006 that the first dual energy system (SOMATOM Definition by
Siemens Healthineers), a dual source system, was launched [24]. Currently
however, there are several available dual energy CT systems on the market, the type
of technology used to acquire the dual energy data is usually manufacturer
dependent and the technologies are described below.

The basic physics behind dual energy is, as stated above, the fact that different
elements have characteristic attenuation curves, i.e. they attenuate the x-rays
differently depending on the energy of the x-rays. The attenuation is dependent on
the atomic number of the element in question and the higher the atomic number -
the higher the attenuation in lower energy images. The k-edge in the specific
attenuation curve is a sudden increase in attenuation at a certain energy level, this
corresponds to the energy level needed for ejection of electrons in the K-shell of the
atom in question, which results in an increase in the attenuation by the photoelectric
effect.
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Figure 5.

Attenuation curves of iodine and water at photon energies from 10 to 130 keV. Original figure from
Spectral Computed Tomography: Fundamental Principles and Recent Developments by Aaron So and
Savvas Nicolaou. ©2021 The Korean Society of Radiology. Figure distributed under the CC BY-NC 4.0
http://creativecommons.org/licences/by-nc/4.0.
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If you can identify the attenuation curve for a pixel in an image and it corresponds
to the known attenuation curve of a specific element it is possible to identify the
tissue or element in that image pixel. For example, iodine has a specific attenuation
curve (Figure 5), with a k-edge at 33 keV which makes is possible to identify iodine
if there is data at, at least, two different energy levels [5, 11, 25].

Different ways to acquire dual energy data and images have been developed by
different manufacturers. For example, dual energy data can be acquired by
performing two separate scans at different kVp levels, there are systems based on
rapid kVp switching during the scan, dual source techniques using x-rays tubes at
different energy level and two separate detectors and, a dual-layer detector system,
where the x-rays are separated as high or low energy by different layers of the
detector (Figure 6).
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Figure 6.

X-ray tube

Dual-layer detector

lllustration of different dual energy CT acquisition techniques such as performing two sequential scans
at different energy levels (top left); single tube and detector system with rapid kVp-switching (top right);
a dual source system with a setup of double, perpendicular, tube and detector systems with different
tube energies (bottom left) and a dual-layer detector based system which separates the low and high
energy data at the detector level (bottom right). Image created in biorender.com
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The systems can be grouped into single or double source systems, a full description
of all systems is beyond the scope of this thesis but some of the more important
systems are described below, and the dual-layer detector technology will be
discussed more in depth.

Single source systems

Sequential scans performed at different tube energies was one of the first methods
to acquire dual energy data and is based on performance of two separate scans at
different kVp-levels (usually around 80 and 140 kVp) acquired after one another.
This can be performed on basically any CT system but a major drawback is the poor
temporal resolution (especially important when performing angiographies). To
avoid an increased radiation dose (by two scans) the dose of each scan may be
reduced compared to a conventional 120 kVp exam [19, 26].

Rapid kVp-switching is also a single source and detector system, this method uses a
rapid switch (< 1 ms) [27] between high and low tube energies (eg 80 and 135 kVp)
which requires a very rapid alternation between tube potential and, a detector that is
able to separate the signals (low signal afterglow). The temporal resolution of this
system is good and the full field of view can be used.

The dual-layer detector CT (DLCT) has a detector that consists of two separate
layers of scintillators detecting low and high energy photons respectively. The outer
layer is made of Yttrium and absorbs the low energy photons and the inner layer is
made of Gadolinium oxysulfide and absorbs the high energy photons (Figure 7).
Light reflectors are placed at the bottom of the detector and the photodiodes are
placed in a vertical direction separating different cells of the detector’s scintillators
(where the reflectors usually are located). The spatiotemporal resolution is
excellent, the full field of view can be used and it is possible to create monoenergetic
reconstruction in a range from 40 to 200 keV. Also, the material decomposition is
performed in the raw data (projection) domain which has, compared to in the image
domain, been shown to reduce beam hardening artifacts, this will be further
discussed in the section ‘Postprocessing’ below. Another benefit of this system
compared to many of the others, is that it is not necessary to actively choose to scan
in dual energy mode, on the contrary, for all scans it is possible to extract and use
the dual energy data as well as the combined data for traditional polyenergetic
images. Disadvantages include potential data storage considerations since for all
exams both spectral information/images and conventional data can be saved.
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Figure 7.

lllustration of the dual-layer detector CT which at the detector level separates high and low energy
photons and thus acquires dual energy data. As opposed to a more conventional CT detector, the
photodiodes are located in a vertical manner and the light reflectors (not shown) are instead located at
the bottom of the outer (high energy) layer. Image created in biorender.com.

Dual source system

The most frequently used dual source system consists of two perpendicular source
and detector pairs which simultaneously perform scans at different tube potentials,
one in a high energy and one in a low energy. It is possible to independently adjust
the settings of each tube and a filter can be used to eliminate the low energy photons
from the high energy tubes photon spectrum. However, the high energy detector is
usually smaller than the other, due to the limited space in the gantry, which leads to
a decreased field of view when performing scans in dual energy mode [19, 26] and
there is also the possibility of scatter from the different setups affecting the outcome
of the other resulting in a reduced spectral separation [28].

There are variations of the above-described systems and other techniques, for
example there is a single source system with a filter at the tube level that generates
a split beam with one high and one low energy part and, most recently, a system
with a photon counting detector has become clinically available showing very
promising results with high image quality but a low radiation dose. Table 1
summarizes the advantages and disadvantages of the describes system types [18, 19,
24, 26-32].
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Table 1.

A summary of advantages and disadvantages of four different dual energy CT (DECT) acquisition

techniques.

DECT type

Advantages

Disadvantages

Sequential scans

Requires no specific hardware
Full field of view

Poor spatiotemporal
resolution may cause artifacts
and interfere with material
decomposition

Prospective DECT-mode

Dual source

Tube settings can be set
independently

Filters on the high energy tube
can reduce unnecessary low
energy photons from that
dataset

Two tubes can be beneficial
when examining larger
patients

Scatter between the two
source-detector systems may
compromise the data

Limited field of view

Material decomposition in the
image domain

Prospective DECT

Temporal skew between the
high and low projections

kVp-switching

Good spatiotemporal
resolution

Material decomposition in the
projection domain

Full field of view

Slightly higher radiation dose
compared to traditional single
energy CT

Prospective DECT

Dual-layer detector

Excellent spatiotemporal
resolution

Material decomposition in
projection domain

Virtual monoenergetic
reconstructions from 40 to 200
keV

Full field of view
Retrospective DECT

Scatter between detector
layers may cause energy
overlap

Data storing considerations
regarding saving spectral
data from all exams
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Creating the images (postprocessing)

When the CT scan is complete, the data needs to be reconstructed into interpretable
images representing the attenuation in all points of the image matrix. The
reconstruction process is purely mathematical and rather complicated (at least for
non-mathematicians). For many years (decades), only the method of filtered back
projection (FBP) has been used since it demands less computational power than
iterative reconstruction (IR). However, since the iterative reconstruction-method
enables improved or equivalent (at a lower radiation dose) image quality, IR has
received a lot of focus during the last 10 years and is now commonly used in clinical
practise. These two mentioned reconstruction methods are described below [21, 33-
36].

Reconstruction steps and filters can be performed/applied either in the projection
domain (raw data) or in the image domain (after some reconstruction steps are
already done, changes are applied to the image data not the raw data).

The sinogram

The sinogram is produced by applying the Radon transform (a mathematical
formula) to the measurement data from the detector’s readings. The sinogram
represents the digital raw data (‘projection data’) i.e. the summed attenuation along
the path of the x-ray beams (at the different measured angles). The data is stacked
along the sinogram in different directions depending on the angle at which the
specific data was acquired. After the sinogram is produced the image reconstruction
can be performed [21, 37].

Types of reconstruction

Filtered back projection

By projecting the data acquired at different angles backwards into a two-
dimensional image matrix (applying the same attenuation value to all voxels along
the angle), blurred images may be created - this is called back projection. The image
is improved with a larger number of projections, but this technique alone does not
produce images of sufficient quality, hence, a filter may be applied to the raw data
(sinogram data) to reduce the blurring of the images [33].

Iterative reconstruction

There are two types of IR - hybrid and model-based. The hybrid type is faster (lower
computational demands) compared to the model-based type which is more
demanding but with even better image quality and/or radiation dose reduction.
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There are several available variations of these reconstruction types from different
vendors, they usually involve FBP also but with an addition of iterative methods for
improvement of the image quality.

Hybrid iterative reconstruction combines iterative steps with back projection by
first applying iterative filters to the raw data (the sinogram data) to improve image
quality, then the back projection is performed after which more iterative filters are
applied to improve image quality.

Model-based iterative reconstruction is initially based on a back projection to the
image domain, the image is then forward projected into projection type data which
can be compared to the original raw data and then the pixel values are adjusted
accordingly, this process of backward and forward projection is repeated multiple
times until the differences are insignificant [21, 37].

Filters

Different additional filters may be applied to the projection data before
reconstructing the images. These reduce blurring but also sharpen the image in
different ways depending on the type of filter chosen. For example, there are bone
filters, lung filters and standard filters (soft tissue). These filters also affect image
contrast, noise levels and resolution [21].

Reconstructing dual energy images

As previously described, there are multiple ways to acquire dual energy data, and
the reconstruction methods also differs some between the different scan techniques.
The foundational difference lay in which domain the reconstructions are made —
within the projection (raw data) or the image domain.

Reconstruction within the image domain means that the high and low energy data
has already been separately reconstructed into images, and thereafter DECT
reconstructions i.e. tissue separation (known as material decomposition, for
example iodine maps) can be created. In projection domain-based reconstruction,
basis data decomposition is performed using the raw data (creating ‘material raw
data’) after which corresponding images can be reconstructed, this enables more
DECT applications, for example virtual monoenergetic images (VMIs) can be
reconstructed in addition to the material specific images. Reconstructions made
within the projection domain are known to demonstrate less beam hardening
artefacts) but requires well-matched data sets and is not possible for all DECT
systems (See Table 1) [38, 39].

In general, two main types of spectral images can be reconstructed — images based
on material decomposition and, ‘virtual monoenergetic’ images.
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Material decomposition means that the high and low energy data sets (representing
predomination by Compton scatter or the photoelectric effect respectively) are
compared by creating two data sets corresponding to two elements with different
attenuation curves (usually iodine and water) and with these as a ‘base’ the
attenuation curve in each pixel can be compared and characterized. For example,
iodine can be characterized and quantified, other examples are calcium (bone) and
monosodium urate (crystals that cause gout) [24, 40].

Virtual monoenergetic images are reconstructed to correspond to images acquired
at a certain monoenergetic level. These can be created by linear combination of
Compton and photoelectric data. This can however only be performed if the
reconstruction is done in the projection domain. The exact steps of postprocessing
are however not generally publicly accessible but kept by the vendors in order to
protect their companies’ products from competitors.

For the dual-layer detector DECT (1Qon, Philips Healthcare, the Netherlands) which
is evaluated in this thesis, the postprocessing is performed in the projection space.
The high and low energy data can be either combined and reconstructed by model-
based or hybrid iterative reconstruction (IMR or iDose, Philips Healthcare, The
Netherlands) into conventional polyenergetic images or the data can be used for a
basis decomposition that creates one raw data file for Compton data and one for
photoelectric data. Still in the projection domain, spectral reconstruction is
performed (Compton and photoelectric images) and saved as an SBI-file (Spectral
Base Image-file) in the picture archiving and communication system (PACS). The
SBI-file contains all information needed for both material decomposition-images
and VMIs and enables retrospective extraction of these different spectral images.
See figure 8 for a flow chart of the post processing for the dual-layer detector CT
[29, 41, 42].
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Figure 8.

lllustration of the postprocessing of data acquired by the dual-layer detector dual energy CT IQon
(Philips Healthcare, The Netherland). Original figure from Detector-based spectral CT with a novel
dual-layer technology: principles and applications by Negin Rassouli, Maryam Etesami, Amar
Dhanantwari, Prabhakar Rajiah. ©2017 The Authors.

Figure adapted and distributed under the CC BY 4.0 http://creativecommons.org/licences/by/4.0.
Adaptations made in biorender.com.

VMIs can be reconstructed in a range from 40 to 200 keV. Through material
decomposition several types of images may be created: virtual non-contrast images
(VNC) where all attenuation by iodine is subtracted from the images; iodine maps
(either with or without subtraction of calcium (named lodine density and lodine no
water respectively) where iodine is visualized and may be quantified; calcium
suppression where all attenuation by calcium is subtracted from the images; uric
acid maps for visualization of gout related depositions; Z effective images which
visualize structures depending on the average atomic number within the tissue and,
electron density images which display the electron density in a tissue (relative to
that of water) [27, 39, 42].

Image quality
Several factors contribute to the perceived quality of an image, sometimes a high

image quality is necessary and sometimes it is more important to keep the radiation
dose to a minimum — what is an adequate image quality depends on which questions
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that the exam aims to answer. Factors related to image quality are described in this
section.

Image contrast

CT image contrast is the ratio of the attenuation difference between two structures
[17] The contrast makes different tissues and structures distinguishable from one
another in the images. Tissue contrast depends on the balance of number of
attenuated x-rays (by the photoelectric effect) and the number of x-rays (from the x-
ray source) that reach the detector in one tissue related to another. This balance is
dependant on the types of tissue and the energy spectrum of the x-rays (and hence
the tube potential), with a better low contrast tissue resolution with lower tube
potential since in higher kVp a higher proportion of Compton scatter and lower
proportion of photoelectric effect will occur. Compton scatter does not contribute to
image quality or information but instead raise the overall signal from the tissue
which reduces the image contrast and thus Compton scatter is one of the causes of
image noise (see below). Aside from altering the tube potential (and using different
strategies of noise reduction), the contrast may be increased by administration of a
contrast agent (e.g. iodine, barium, water or air). This may alter the attenuation ratio
between tissues or areas and hence be beneficial in relation to image contrast [17,
21].

The appearance of image contrast may be changed by altering the window settings
i.e. increasing or decreasing the width and level (center) of the presented greyscale.

Noise

Image noise (called ‘image grain’ by Hounsfield in his 1976 publication on CT
image quality) [43] is the small, general variation in a tissue’s attenuation that
doesn’t represent any true variation. Many factors contribute to the overall noise;
exam details (kV, mA, slice thickness, patient size etc); hardware system (electronic
noise in photodiodes, scattered radiation from the patient) and, type of
reconstruction (sharper filters adds noise). The balance of noise and other
parameters is however not straightforward.

A higher tube current increases the number of x-rays generated and therefore
increases the number of photons that can contribute to the final image — this leads
to a reduced perceived image noise but, results in a higher radiation dose. Similarly,
an increased rotation time will decrease noise but may increase radiation dose. The
tube current and rotation time are sometimes referred to as a product, mAs (mA X

S).
An increased tube potential increases the proportion of contributing x-rays (it also
adds on the number of scattered x-rays but proportionally less so) and thus,
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decreases image noise. However, the visualization of low contrast tissues may be
impaired (since it depends on a low tube potential) which is a drawback.

Also, increasing the slice thickness reduces the image noise (more photons per slice)
but may result in a partial volume effect which reduces the potential of detecting
small lesions.

Image resolution

Spatial resolution

The spatial resolution can be described as detail visualization — the ability to detect
structures that are small or, to separate structures that are close to one another.
Spatial resolution depends on many factors, such as detector element size, pixel size
(resolution of image matrix, hence resolution is also dependant of field of view
(FOV, increased FOV increases pixel size which decreases resolution), pitch (i.e.
how ‘close’ the rotations of the spiral are, a higher pitch (wider gaps in the spiral)
result in a decreased resolution), focal spot size and, importantly, reconstruction
type. As mentioned previously different filters can sharpen the image to increase the
spatial resolution, however, these algorithms usually also increase noise values
which must be considered [21, 33].

Temporal resolution

Temporal resolution means how well a moving object or tissue is depicted, such as
the heart — low temporal resolution equals motion artifacts. The temporal resolution
is mainly a measure of how long time it takes to acquire each image slice, this in
turn is dependant on the rotation time and the pitch [17, 21].

Artifacts

An image artifact consists of information in the image that does not represent any
true structure or irregularity. There are many causes of artifacts, some are due to
characteristics of the patient (implants, patient size and positioning) and some
represent errors or technical difficulties inherent to CT (such as detector element
dysfunction and beam hardening artifacts). Beam hardening and metal artifacts are
common, relevant for the reader of the papers in this thesis and are therefore further
described here. Other types of artifacts include aliasing and partial volume artifacts.

Beam hardening artifacts

When x-rays pass through an object the lower energy x-rays are absorbed along the
path of the x-ray depending on the material they encounter, the mean energy of the
X-rays is therefore increased, and this is usually called ‘hardening’ of the x-rays.
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Beam hardening is always present (the beam spectrum is harder the further through
the objects that has been passed, this technically results in successively lower
attenuation values towards the centre of the scanned object ‘cupping artifacts’) but
may be adjusted for before image reconstruction. This kind of successive beam
hardening does generally not cause any persistent visible artifacts in the images.
However, beam hardening artifacts may become apparent when x-rays pass through
a structure with an unusually high density, such as dense bone or contrast agent,
which results in dark streaks (‘shadows’), in the tissue on the far side of the high
attenuation area (figure 9A).

Metal artifacts

Metal implants may also result in streak artifacts in the images (figure 9B), these
are usually caused by a combination of beam hardening and photon starvation.
Photon starvation occurs when an insufficient number of photons reach the detector
to contribute to image data, this results in dark streaks and high noise levels [16, 21,
33, 44, 45].

Figure 9.

Example images of intracranial beam hardening artifacts in the interpetrous pons (A) and metal
artifacts by coils (B). The images are derived from the exams of patients that were included in Paper |
and IV (Images A and B respectively), figure created by the Author.

Measures of image quality

There are multiple measures, and variations of these measures, used to evaluate
image quality in CT. Different measures are used depending on the purpose of the
measurement, for example CT scan protocol optimization using phantoms or,
evaluation of clinical (patient) images. Measures used for protocol optimization, and
comparing the performance of different CT machines are usually performed by CT
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physicists and these measures are usually more robust but also more complicated,
there are usually also some foundational requirements for the measurements to be
performed. Examples of such measurements include Noise power spectrum which
is as measure of noise levels that (as opposed to the clinically used measures) takes
into account the texture of the noise (which may severely affect the appearance of
image quality) and, Modulation transfer function which is a measure of how well
the spatial resolution is kept in the system when the data from the examined object
IS reconstructed into an image [21, 46].

Standard deviation of attenuation

The standard deviation (SD) within a measurement of a tissue is a simple indication
of the general variation within the measured area i.e. image noise [17, 33, 46].

Signal-to-noise ratio

The signal-to-noise ratio (SNR) aims to represent the amount of noise in relation to
the attenuation values of the examined tissue and can be calculated as

SNR=HU/SD

where HU represents the mean attenuation in the measured area and SD represents
the standard deviation of the measured area. This does not consider the
characteristics of the noise, i.e. the noise texture, but is a commonly used
approximation of noise in clinical exams (in contrast to image quality assessment
studies where phantoms are used). There are variations of the formula for
calculation of SNR.

Contrast-to-noise ratio

The contrast-to-noise ratio (CNR) represents the contrast between two different
tissues in relation to the amount of background noise - how well a structure can be
delineated. There are several variations in how CNR can be calculated, for example

CNR=(HU*-HU%/N(SD™+SD?)

where 1 and 2 represents the two different examined tissues. The choice of the
formula used for calculation of CNR will be further discussed in the Discussion part
of this thesis.

Posterior fossa artifact index

The posterior fossa artifact index (PFAI) was first described 1991 in a publication
by Roziek et al. where they evaluated different scanning planes in regard to posterior
fossa artifacts. The index is based solely on the standard deviation of the HU-value
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in aregion of interest (ROI) placed posterior to the clivus and represents the severity
of beam hardening artifacts in the interpetrous part of pons [47].

Visual grading analysis

A way to qualitatively evaluate the images by scoring regarding for example noise
levels, visualization of different structures and presence of artifacts. This can be
done either by comparing one set of images to another (assessing which one is better
and, on a scale of for example 5 steps, how similar or different are they) or, by
viewing one exam at a time and giving it a score on a predefined rating scale.

Receiver operating characteristics

Receiver operating characteristics (ROC) analysis are carried out to evaluate the
performance of a diagnostic tool or test. Readers are asked to assess whether an
assumption is true or false, for example if a specified pathology is present or if a
specified structure is visualized in an image. The reader may also be asked to
specify, on a scale, how certain they are of this finding or absence of finding. The
test is performed using both cases with and without findings in order to determine
how many that were accurately assessed as positive or negative and, how many were
incorrectly assessed as positive or negative. This data can be presented as a curve
where the area under the curve (AUC) is a measure of diagnostic accuracy or,
measures of test performance, such as sensitivity (how well the true positives are
identified) and specificity (how well the true negatives are identified), may be
presented [46].

Reader agreement

The agreement between two readers or between two separate assessments by one
reader, can be presented as inter- and intra-reader agreement, respectively. The
agreement is often calculated by a Kappa test in which the agreement between
readings of the test is compared to the rate of expected agreement by coincidence.
The Kappa test provides a number (Kappa coefficient) between -1 and +1, where 0
indicates only coincidental agreement, +1 perfect agreement and, -1 systematic
disagreement. Between 0 and +1, the coefficient is often interpreted using a 5-step
scale of agreement from Poor agreement to Very good agreement. [46, 48].

CT in neuroradiology

This section aims to give an overview of parts of the field of neuroradiology, limited
to what is relevant in regards to Paper I-1V.

Non-contrast CT (NCCT) of the brain is one of the most common radiological
exams in Sweden, in 2018 it came in at the 4" place of the most frequently
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performed exams of adults (after radiographs of extremities, chest and pelvis). In
2018, close to 355 000 brain NCCT were performed in Sweden, an increase with a
little more than 100 000 exams compared to in 2005 [49]. In Region Skane in
Sweden, the price of a plain brain CT is about 1400 SEK and the price of a plain
brain MRI about 2400 SEK [50]. If a CT is inconclusive, an additional MRI
sometimes is performed to confirm or exclude the suspected diagnosis. Given the
amount of brain exams performed, increasing the diagnostic spectrum or accuracy
of CT would have an economic value and, more importantly a value for the patients
who could receive a diagnosis faster and perhaps not have to go through additional
exams or tests.

Stroke Imaging

When there is suspicion of stroke (intracranial haemorrhage or ischemia), a plain
brain CT is performed rapidly, often followed by a perfusion study and CT
angiography, especially in case of suspected ischemic stroke.

However, in the hyperacute setting ischemic lesions are difficult to detect since it
takes time for the changes in the parenchyma to manifest. The evolvement of visible
changes depends on how long time that has elapsed from the occlusion, which vessel
that is affected, presence of collateral perfusion to the ischemic area. The detection
of lesions also depends on the experience of the CT reader [51].

The first detectable sign is the ‘dense vessel sign” — in which the clot is visible as an
hyperattenuating area within an intracranial artery (typically described in the first
segment of the middle cerebral artery). This sign can be detected immediately but
is not always present due to the composition of the clot or if the clot is not large
enough to be detected. This sign has a high specificity (95%) but a moderate
sensitivity (52%) for arterial obstruction [51, 52].

Reduced differentiation of grey and white matter is the first parenchymal sign of
ischemia in the under-perfused area, this represents the developing intracellular
cytotoxic edema (swelling of affected neurons due to cell membrane pump
dysfunction (an increased entry of sodium, calcium and water into the cells)). The
cytotoxic edema develops in the GM (grey matter) earlier than in the WM (white
matter) because the GM has a higher metabolism than WM and is therefore more
sensitive to an impaired perfusion [53, 54]. A reduction of grey and white matter
contrast can be detected as early as 1 hour after onset (for example in the highly
sensitive deep GM nuclei), but in other cases it may take more than 24 hours. The
cytotoxic edema is also the cause of another early sign of ischemia - effacement of
cortical sulci due to swelling of the affected tissue [55]. Shortly after the cytotoxic
edema has started to develop, as the endothelial cells of the blood vessels in the area
become affected, a vasogenic, extracellular, edema also develops. This edema is
caused by a dysfunction in the affected blood vessels (blood brain barrier) resulting
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in a leakage of water from the blood to the extracellular space, vasogenic edema is
primarily located within the white tissue, causes swelling of the interstitial tissue
and appears hypoattenuating and expansive on CT. The cytotoxic and vasogenic
edemas cause a progressive expansive effect of variable severity that develops over
a period of up to 7 days after onset. This expansive effect includes effacement of
sulci, compression of the ventricles and basal cisterns, midline shift and, different
types of herniation (Figure 10) [54-57].

Figure 10.

Example of a ‘dense vessel sign’ in the right M1-segment of the middle cerebral artery (A), reduced
grey and white matter differentiation within the territory of the right middle cerebral artery (B) and,
progressive edema within the lesion resulting in an expansive effect with effacement of sulci,
compression of the right lateral ventricle and, a midline shift to the left (C). A and B images are from the
initial exam, performed approximately 2,5 hours after symptom onset, and the exam of image C was
performed about 12 hours after symptom onset. The images are derived from the exams of a patient
that was included in Paper Il, figure created by the Author.

As the swelling starts to subside, a process of cell degradation and recruitment of
white blood cells (such as macrophages) occurs in the affected tissue, leading to a
temporary increase in tissue attenuation in the ischemic lesion. The lesion can thus
become isoattenuating with the non-affected surrounding tissue and thereby difficult
to delineate at this point (1-3 weeks after onset), a phenomenon called fogging [58-
60]. After about 3 weeks, as the dead tissue is resorbed, the affected area turns
increasingly hypodense and there is loss of tissue volume including both GM and
WM within the lesion [54].

The main purpose of the initial NCCT is to exclude an intracranial haemorrhage,
which is a contraindication of administration of intravascular thrombolytic agents
(clot dissolvers). However, the extent of visible early signs of ischemia has also
been shown to have predictive values of patient outcome, and for this purpose an
estimated quantification of the extent of the lesion can be made using for example
the ASPECTS (Alberta Stroke Program Early CT Score) or the prASPECTS
(posterior circulation Acute Stroke Prognosis Early CT Score) [61-63].
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In cases with suspicion of acute stroke and no detected intracranial haemorrhage the
plain CT is usually complemented by a following perfusion study and CT
angiography. The perfusion study provides an indication of both the presence and
the severity of a perfusion deficit, as well as the size of the affected area. Depending
on the perfusion deficit, the affected area is typically characterized as either tissue
that is not possible to save by reperfusion (‘core’) and tissue that is potentially
salvageable by reperfusion (‘penumbra’). This is important for treatment decisions,
especially when the time of symptom onset is unknown or when there is a
discrepancy between the extent of symptoms and the early signs of ischemia on the
non-contrast CT [62, 64].

The CT angiography (CTA) aims to detect the occlusion site as patients with a large
vessel occlusion (LVO; occlusions located in the intracranial parts of the internal
carotid and vertebral arteries, the first and second segments of the middle cerebral
artery, first segments of the anterior and posterior cerebral arteries and, the basilary
artery) are less likely to benefit from intravenous thrombolysis but may benefit from
endovascular thrombectomy. The CTA can also be used to assess collateral blood
flow to the affected area and to assess potential anatomical aspects that may be
important for the endovascular procedure such as proximal occlusion or stenosis or
vessel tortuosity [62, 65].

If the diagnosis remains unclear, no lesion can be detected on NCCT or the perfusion
or angiographic studies, but the suspicion of ischemic stroke remains, a subacute
MRI can be performed. Due to the excellent visualization of tissue edema, diffusion
weighted MRI sequences have a high (>90 %) sensitivity for acute ischemic lesions
[66, 67].

In addition to suspicion/follow up of ischemic lesions there are many other
indications for performing NCCT and CTAs of the brain. For example, detection of
haemorrhage and/or skull fractures in trauma patients, suspicion of venous sinus
thrombosis, evaluation of hydrocephalus, evaluation of severity of tumour related
edema etc. All of these have in common that the interpretation of the images may
be interfered by image artifacts, why this is common for brain exams is described
below.

Image artifacts in neuroradiology

Metal artifacts

As already described, metal causes streak-like artifacts in CT images. There are
several examples, both common and less common, of metal implants that can cause
artifacts in brain CT. Examples include dental implants, coils or clips used to treat
aneurysms and other vascular anomalies, deep brain stimulation electrodes for
symptomatic treatment of Parkinsons disease and, fixation material in the skull after
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surgery. These implants may all cause severe artifacts in the images and thus
interfere with the radiological evaluation of the images [68, 69].

Proper positioning is one way to potentially minimize artifacts from dental implants
but artifacts from other types of implants cannot readily be reduced that way.
Reducing the artifacts by increasing tube current and voltage is generally not
suitable because it would increase the radiation dose. In recent years metal artifact
reduction algorithms have been introduced by different CT vendors. These
algorithms usually have a name including ‘MAR’ for metal artifact reduction and
are based on identification of the metal in the projection domain and then, data from
unaffected projections is used to calculate a corrected image in an iterative process.
These algorithms have been shown to perform differently depending on the type of
metal in the implant and have also been found to potentially cause additional image
artifacts [45, 70].

Another possible way to reduce the metal artifacts is by using VMIs by dual energy
CT. Theoretically, the metal artifacts should be less severe in VMIs in the higher
energy levels (that are reconstructed as images acquired by high-energy photons)
[45]. This effect, sometimes in combination with MAR algorithms, has been shown
for some types of implants.

Beam hardening artifacts

The brain is (thankfully) surrounded by a dense, protective cranium. However, in
CT imaging this causes some problems regarding image quality. The cranium
absorbs many of the lower energy photons and in especially some locations, such as
the posterior fossa, the beam hardening caused by the skull can produce significant
artifacts. The posterior fossa is known to be difficult to assess in CT images and in
cases with uncertainty an MRI is performed to safely detect or rule out posterior
fossa pathology. The petrous parts of the temporal bones often cause a band-like
beam hardening artifact through mid-pons. This artifact can be quantified using the
previously described PFAI, and potentially these kinds of artifacts may also be
reduced in high energy VMIs [71].

CT contrast medium

Contrast agents have been in use in radiology since at least the 1920’s, then barium
and bismuth were used orally for depiction of the gastrointestinal tract [72]. D. F.
Cameron was first to describe the use of iodine as a contrast agent and it was rapidly
introduced for cysto- and pyelographies thereafter [73]. Soon after the first brain CT
was performed in 1971, Dr J. Ambrose noted that intravenous administration of
iodine contrast medium (CM) could enhance the visibility of a brain tumor in one
of his patients [7, 74].
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Currently, the most used contrast medium and administration route in CT is iodine-
based contrast used intravenously. In the early 2000s, annual use of about 75 million
doses of iodinated CM worldwide was reported. There are unfortunately several
disadvantages of iodine-based CM, some of them potentially severe for the
individual that receives them, such as anaphylactic reactions and nephrotoxicity [75,
76]. Another disadvantage is the contamination of iodine in the wastewater and
potential toxic breakdown products that can affect the eco systems that are exposed.
As Dekker et al reported in 2022, iodine CM has been encountered in drinking water
in several locations globally [77]. On a day-to-day basis the clinically most
discussed disadvantage is probably the risk of inducing acute renal failure,
especially in patients with an underlying renal dysfunction.

Contrast-induced nephropathy has been defined as either a 25 % increase of baseline
serum creatinine or, in absolute values, an increase of > 44 pmol/L in serum
creatinine within 3 days after administration of iodine-based CM after other possible
reasons for renal failure have been ruled out [76, 78]. Usually, the renal function
impairment is transient, and patients are treated by hydration and a pause in the
administration of potentially nephrotoxic medication. However, among patients
with risk factors (most importantly chronic renal failure, hypertension and diabetes)
up to 30 % may suffer from sustained worsened renal dysfunction [78]. Contrast-
induced nephrotoxicity may result in both an increased morbidity for patients and
an increased healthcare cost due to medical treatment and prolonged admission time.
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AIms

The overall aim of this PhD-project was to evaluate some of the potential benefits
of dual-layer detector dual energy CT in neuroradiology.

Improved image quality or improved diagnostic accuracy in CT exams would be a
great benefit for the patients, who may otherwise have to go through additional
exams (potentially increasing the radiation dose) or stressful tests, and for the
healthcare providers who might be more certain of diagnosis and the following
management. With a more certain diagnosis, or exclusion of a diagnosis, comes also
the possibility of reduced healthcare costs due to quicker management, less
additional or complementary exams (such as MRI) and, shorter duration of in
hospital-care. The specific aims of each paper are listed below.

Paper I. To evaluate intracranial metal artifacts caused by coils in VMIs compared
to in conventional images by a DLCT in non-contrast brain CT images.

Paper Il. To evaluate whether the ability to detect acute cortical ischemic lesions is
improved in DLCT virtual monoenergetic reconstructions compared to
conventional polyenergetic images.

Paper Il1. To investigate whether image quality can be preserved in brain CTA with
halved CM dose by using VMI reconstructions and to investigate whether VMIs can
compensate for poor arterial enhancement.

Paper IV. To evaluate posterior fossa artifacts in VMIs by a spectral dual-layer
detector CT compared with conventional polyenergetic images from the same exam.
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Materials and methods

All papers in this thesis are single-center, retrospective studies with adult patients.
No alterations in patient management or scan protocol have been made for the
purpose of these studies.

The exams have been performed using an 1Qon spectral detector dual energy CT
(Figure 11, Philips Healthcare, The Netherlands), scan parameters can be viewed in
Table 2.

Figure 11.
Image of the IQon spectral CT (Philips Healthcare, The Netherlands) at Sk&ne University Hospital in
Lund. Photo by the Author.

All guantitative measurements have been performed using ISP (IntelliSpace Portal,
Philips healthcare, The Netherlands) which is the Philips-developed image post-
processing software where VMIs and material specific images may be
reconstructed. For all exams, the ROIs were placed at the desired locations in the
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conventional polyenergetic images (Cls) of a, for each project, predetermined slice
thickness. The values for the virtual monoenergetic series could then be extracted
through a spectral diagram for the exact same ROI size and placement as well as the
same image slice thickness to ensure comparable measurements. The spectral
diagram included data from VMIs at 40 to 200 keV with 10 keV intervals.

In all the Papers, we calculated the effective dose for each scan. The effective dose
(mSv) serves as an estimate of the risk for long term harm that the radiation
generates in the exposed area, it considers that the sensitivity to radiation varies
between different types of tissue. The effective dose is calculated by multiplying the
Dose Length Product (DLP, mGycm) of the scan (an approximation of the total
absorbed dose) with a conversion factor that is specific to different body parts. The
conversion factor for brain exams as suggested in the IRCP 103 is 0.0024
mSv/mGycm. The DLP in turn is calculated by the CTDl X the scan length (ie
mean output dose per gantry rotation (mGy) x length of the scan (cm)). The effective
dose is a commonly used approximation for comparison of radiation doses between
different types of exams or for comparison with other exposures, such as the
background radiation, but should not be used as a measure of radiation dose for
individual patients as it does not consider the patient size [33, 79, 80].

Table 2.
Scan protocols for Papers I-IV.
Scan parameter Paper | Paper Il Paper Il Paper IV
Tube voltage (kV) 120 120 120 120
Collimation (mm) 64 x 0.625 64 x 0.625 64 x 0.625 64 x 0.625
Rotation time (s) 0.33 0.33 Group 1: 0.5 0.33
Group 2: 0.5
Group 3: 0.33
Pitch 0.359 0.36 Group 1: 0.609 0.36
Group 2: 0.609
Group 3: 0.797

For the qualitative analysis of Paper I-IV we used a software called Viewdex
(Viewer for Digital Evaluation of X-ray images) in which you can enter image
stacks, questions and answer options for visual grading analysis. The software has
been developed at the University of Gothenburg for imaging studies [81, 82]. The
software presents the reviewer with the anonymized images of the included exams
in a random order. The reviewers can freely scroll through the image stack, adjust
window settings and zoom. Using this software, the images can be displayed on
diagnostic screens like in the clinical setting, but the reviewers are unable to see any
patient or image reconstruction data. At the time of the data collection for Paper I-
IV only one image stack per case could be entered and thus only one image plane
could be assessed by the reviewers, as opposed to in the clinical setting where at
least 3 planes (axial, coronal and sagittal) are commonly used. In the later versions
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of the software, however, the possibility of adding several (up to 16) image stacks
per case has been added, creating potential for a more clinically accurate and
adaptable software [83, 84]. Prior to the image grading in all of the studies, example
cases were discussed in a joint session with the reviewers in order to form a
consensus on the rating scale.

Paper |

This was a retrospective observational study and candidates were identified by a
consecutive search in our regional PACS database. Patients with intracranial coils
and a subsequent NCCT by the 1Qon scanner and an accessible SBI-file were
included. For patients with more than one NCCT by the I1Qon, only the most recent
to the endovascular treatment was chosen. If a patient had been treated with coils in
more than one location, the lesion with the largest coil mass was chosen for the
artifact evaluation.

The coil skein volumes were calculated as spheres using the largest diameter
(measurement acquired in 3D digital subtraction angiography images from the
therapeutic intervention) as has been described previously [85].

The quantitative analysis was based on measurements of mean attenuation and the
standard deviation within circular ROIs in predefined intracranial locations. The
ROI size was standardized to approximately 10 mm in diameter and the size was
only adjusted in order to securely avoid a partial volume effect. ROIs were placed
in artifact-affected tissue adjacent to and further away from (< 2 and > 2 cm
respectively) from the coil skein and, reference measurements were made in WM
(centrum semiovale) and cerebrospinal fluid (lateral ventricles) without metal
artifacts. We chose to include two measurements of artifact affected tissue since the
artifacts usually differ in severity depending on the distance from the implant, and
we wanted to evaluate if the effect of VMIs also differs with the distance. As
described above, the corresponding values of mean attenuation and the standard
deviation for each ROI were then acquired for the VMIs through a spectral diagram.

The qualitative analysis was based on a visual grading analysis where two
interventional neuroradiologists with > 10 years of experience rated axial images
regarding overall image quality, severity of metal artifacts and, grey and white
matter differentiation in an artifact free area. Rating was performed using a 5-point
Likert scale in the Viewdex software as described above. In paper | we chose to
include the Cls and VMIs at 40-80, 120, 140 and 200 keV based on the results of
the quantitative analysis which indicated he the largest differences between VMI
series were to be found in the lower energy levels. The choice of included VMIs
was also supported by previous experience and the foundational theory suggesting
that the metal artifacts should be less severe in the higher energy levels.
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Paper I

Paper Il was a retrospective observational study and candidates were identified by
a consecutive search in our regional PACS database. Patients examined on 1Qon for
suspicion of acute stroke with CT examination within 12 h of symptom onset and
access to the SBI-file were included if they also had an acute cortical, supratentorial
ischemic lesion either on the initial NCCT or on a follow-up NCCT or MRI. The
lesion had to be at least 70 mm? since we wanted to optimize the chances of
retrieving representative measurements (minimize partial volume effect).

For the diagnostic performance analysis, we also included patients where no acute
ischemic lesion had been found to serve as negative controls.

For all patients with an ischemic lesion, the location of the occlusion (derived from
the CTA report) was noted for ACA, MCA, PCA (anterior ,middle and posterior
cerebral arteries respectively) and other/unknown (including for example T-type
internal carotid aryery (ICA) occlusions or when the exact occlusion site had not
been established). A measurement was also performed noting the largest diameter
of the ischemic lesion on axial reconstructions of either the follow up or the initial
exam.

For the guantitative analysis we performed measurements in ischemic grey matter
(IGM), normal grey matter (NGM) and normal white matter (NWM). The IGM
measurement was drawn as a free shape to include only the GM of the ischemic
lesion, if necessary, the placement and shape was carefully guided by the follow-up
exam. This ROl was drawn to a size of 80 = 10 mm? which approximately
corresponds to the area of a circular ROl of 10 mm in diameter. For NGM and
NWM, circular ROIs with a diameter of 10 £ 1 mm were placed in the thalamus and
centrum semiovale, respectively, on either side. SNR was calculated for all three
ROIs and CNR was calculated for IGM-NWM, NGM-IGM and NGM-NWM using
the formulas described in the Introduction, Measures of image quality. Differences
in attenuation (AHU) was calculated for IGM-NWM, NGM-IGM, and NGM-
NWM.

The qualitative analysis was performed in two separate parts. First, a visual grading
analysis of image quality was performed by two neuroradiologist, both with >5
years’ experience, using the Viewdex software. Axial Cls and VMIs at 50, 60 and
70 keV were evaluated regarding overall image quality and the impression of image
ability of diagnosing acute ischemia. For the second part, the negative controls were
added to the material in order to retrieve measures of diagnostic accuracy. The
reviewers were guided by a moderator who provided some clinical information on
the patients’ symptomatology to create a more accurate (clinical) reading setting.
The Cls and VMIs (50-70 keV) were assessed side-by-side, and the reviewers were
asked whether there was an acute ischemic lesion, and if so, where the lesion was
located and in which image reconstruction the lesion was most clearly identified.
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The moderator then determined if the readers had correctly or incorrectly assessed
the exam as positive or negative for acute ischemic lesions. For this part one of the
readers was a senior interventional neuroradiologist and the other reader a resident
in radiology. We chose to include a less experienced reader for this part to possibly
demonstrate that the benefit of adding VMIs is not related to experience level but
lesion visibility in the images. Patients are admitted with symptoms of acute stroke
during all hours and the primary image assessment is often performed by an on-call
resident or a radiologist with another subspecialisation than neuroradiology so this
is an important factor in image evaluation for acute ischemic lesions.

Paper Il

Paper 11l was conducted as an evaluation of a clinically initiated protocol
optimization aiming to reduce the dose of iodine CM in brain CTA. All adult
patients who had a brain CTA by the 1Qon CT and an accessible SBI-file could be
included. Patients with severe metal artifacts in the images, a proximal occlusion in
the intracranial arteries or a significant stenosis (>70 %) in the ICA on either side
were excluded from the analysis.

Three groups with different scan protocols were evaluated; patients in group 1 were
examined with our standard brain CTA protocol with a full CM dose, patients in
group 2 were examined with a halved CM dose and, patients in group 3 were
examined with a halved dose CM and an adjusted scan time for an optimized
contrast timing. Protocol 2 and 3 were used over a specific time period and the
inclusion of patients for each group was thus based on this. The CM used in the
exam was lomeron 400 mg I/ml (Bracco, ltaly), either 60 ml (full dose) or 30 ml
(halved dose) intravenously.

The quantitative analysis was based on attenuation measurements within the
intracranial arteries, to determine the CM density within the arteries of the brain.
Measurements were performed bilaterally in the top of the ICA and the dominant
M2 segment of the middle cerebral artery (MCA), in the confluence of sinus and,
for reference measurements, in WM superior to the lateral ventricles on either side.
For the measurements performed bilaterally (ICA and M2), the mean value was
used. CNR was calculated for all vessel measurements in relation to WM and, SNR
was calculated as HU/VSD for all ROIs. As a measure of contrast-timing, a vein-to-
artery ratio was calculated for the Cls as HUconfluece of sinuses/HUmean 1cA.

Axial Cls and VMIs at 50 and 60 keV were assessed regarding image quality using
a visual grading analysis performed in Viewdex. Independent grading was
performed by four reviewers, one senior interventional neuroradiologist, two
radiologists and one consultant stroke neurologist. The reviewers assessed overall
image quality, visual representation of the ICA, visual representation of the M2
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segments of the MCA and, the timing of the examination. The three first questions
were assessed, as in Paper | and Il, on a 5-point Likert scale. The fourth question
could be assessed as in an early arterial, in a late arterial, or in a venous phase.

Paper IV

Paper IV was a retrospective observational study and candidates were identified by
asearch in our regional PACS database. Consecutive patients examined on the 1Qon
CT with NCCT during a predefined period were included if the examination did not
show any significant pathology (such as haemorrhage, ischemia or expansivities)
and if the SBI-file was available.

Measurements were performed by placement of ROIls in the interpetrous pons,
cerebellar WM and GM and in supratentorial WM and GM. The ROI in the
interpetrous pons was placed in an image slice with visible artifact streaks through
the pons, such artifacts were present in all exams. The cerebellar ROIs were placed
in the cerebellar peduncle (WM) on either side and in the cortex in the temporal part
of cerebellum (GM). Supratentorially the ROIs were placed in the centrum
semiovale (WM) and the thalamus (GM) on either side. All ROIs were circular and
drawn to a size of 10 £ 1 mm in diameter. CNR was calculated for GM-WM for
both cerebellar and supratentorial GM and WM. SNR was calculated for cerebellar
and supratentorial GM and WM as HU/SD and the standard deviation for the ROI
in the interpetrous pons was considered as the posterior fossa artifact index as
described in the Introduction, Measures of image quality. The difference in mean
attenuation (AHU) between cerebellar WM and the attenuation in the interpetrous
pons was calculated as HUcerevettarwm — HU interpetrous pons-

A qualitative analysis was performed, two reviewers independently assessed axial
Cls and VMIs at 40-80, 100, 120, 140 and 200 keV using Viewdex software. The
selected VMIs were chosen based on previous experience and visual assessment of
graphs of the quantitative data. A total of 40 of the included 188 patients were also
included in the qualitative analysis. The reason to not include all cases was based
on the assessment that this would be a large enough population and to reduce the
time-consuming task of grading since 13 different reconstructions per patient were
evaluated. One of the reviewers rated all exams twice to retrieve data for calculation
of intra-reader agreement. Reviewers were asked to assess overall image quality,
grey and white matter differentiation in the temporal part of cerebellum and
supratentorially and, artifact severity in the interpetrous pons, temporal part of
cerebellum and supratentorially adjacent to the cranium (just below the vertex) on a
5-point Likert scale. The reviewers were also asked to decide whether it was
possible or not to rule out major pathology in the cerebellum and pons and,
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supratentorially. The phrase ‘major pathology’ was suggested to indicate significant
haemorrhage or a large ischemic lesion.

Statistical analysis

For all papers, the statistics used have been discussed with professional statisticians
during the study design, and again prior to the analysis. All analyses have been
carried out by one or more of the authors. For papers I, Il and 1V the IBM SPSS
(IBM Corp, Armonk, New York, USA) versions 25 (paper | and 1l) and 28 (paper
IV) and MedCalc software (MedCalc Software, Ostend, Belgium) version 20.009
(paper 1), 19.3.1 (paper I1) and 22.023 (paper 1) were used. MedCalc was used to
calculate inter- and intra-reader agreement in Paper I, Il and 1V and, in Paper Il it
was used for the analysis of diagnostic capacity (the second part of the qualitative
analysis). For the analysis of diagnostic capacity, a 2x2 table was created in which
all cases (study subjects and the negative controls) were defined as true positive or
negative, or, false positive or negative after which the analysis of diagnostic capacity
was performed in MedCalc.

For paper Il the statistical analyses were performed using RStudio version 1.3.1093
(RStudio Team, Boston, USA) and VGC Analyzer v. 1.0.3 (University of
Gothenburg, Gothenburg, Sweden) [86-89].

Depending on the number of included patients and visual assessment of the
distribution of the data, parametric or non-parametric statistical tests have been
performed. A p-value <0.05 was considered significant.

Ethical considerations

All papers included in this thesis were conducted following the Helsinki Declaration
and approved by the Swedish Ethical Review Authority (reference number 2019-
02225) and informed consent was waived by the Ethical Review Authority.

All of the studies are retrospective and based on collection of patient and image data
(which then was anonymized) and visual grading of anonymized images. No
additional exams or clinical follow-ups were performed and so the patients were not
exposed to any additional radiation or stress of any kind. The protocol changes that
enabled Paper 111 were introduced as a clinical optimization project which we then
evaluated.
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Results

The number of included patients and basic patient characteristics for Papers I-1V
have been summarized in Table 3.

Table 3.
Summary of characteristics of the included patients and the effective doses of exams.
Paper | Paper Il Paper IlI Paper IV
Number of included 32 29 (and 23 Group 1: 52 188
patients, n negative Group 2: 29
controls) Group 3: 43
Sex; male/female, n 13/19 20/9 (12/11) | Group 1: 30/22 77/111

Group 2: 13/11
Group 3: 16/23
Median age, years 59 (49-72) 67 (62-81) Group 1: 68 (57-75) 68 (45-79)
(Interquartile range) Group 2: 75 (52-78)
Group 3: 72 (5779)

Median effective dose, 2.0(1.8-2.1) | 2.0(1.8-2.1) | Group 1: 2.5 (2.0-3.2) 1.8 (1.7-2.0)

mSyv (Interquartile Group 2: 2.5 (1.8-2.8)
range) Group 3: 2.7 (2.3-3.5)
Paper |

A total of 32 patients were included. The most common coil location was within
aneurysms in the anterior communicating artery (n=16) and the median coil skein
volume (IQR) for all locations was 93 (34-296) mm?.

In the quantitative analysis, the attenuation values of the ROIs in distal artifact,
artifact free WM and CSF showed similar patterns with decreasing HU values with
increasing energy levels. The measurement in artifact affected tissue close to the
metal implant did not demonstrate the same pattern. The attenuation values of the
ROI placed in a distal part of the artifacts were significantly higher in VMIs at 50
and 60 keV compared to in Cls. No significant difference was detected between Cls
and VM Is for artifact affected tissue close to the metal (Figure 12).
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Figure 12.

Box plots of attenuation values measured in artifact affected areas at < 2 (proximal) and = 2 cm (distal)
from the coils respectively. Figure modified from Paper | and redistributed under the CC BY 4.0
http://creativecommons.org/licences/by/4.0.

In the visual assessment of the image reconstructions the 50 and 60 keV
reconstruction received the best scores for overall image quality (tied for 50 and 60
keV for reviewer 1 and, for reviewer 2 the 60 keV VMIs received the highest score),
significantly higher than the scores of Cls for both reviewers. For this analysis the
inter-reader agreement was fair.

For grey and white matter differentiation, VMIs at 50-70 keV all received
significantly higher scores than Cls with a moderate inter-reader agreement.

Regarding artifact severity the scores for 50 keVV VMIs were significantly higher
than for Cls for reviewer 1 but generally the differences in scores were small and no
significant difference between Cls and VMIs was found for reviewer 2. The inter-
reader agreement was moderate.
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Paper I

We included 29 patients with a confirmed acute, cortical ischemic lesion and, 23
control subjects. The majority of the occlusions were located in the MCA (66 % of
all). The median value of the maximum lesion diameter in axial images was 3 cm.

We found generally higher SNR values in VMIs for both ischemic and normal GM
and for WM compared to Cls. In normal (i.e. non-ischemic) parenchyma, the CNR
between normal GM and WM was significantly higher in VMIs at 40-70 keV
compared to in Cls. CNR for NGM-IGM was significantly lower in VMIs at 40-60
keV compared to Cls and in IGM-NWM the CNR was significantly higher
compared to Cls in VMIs at 40-70 keV. See Figure 13 for example images from one
of the patients.

Figure 13.

Example case illustrating an ischemic lesion in a DWI-sequence from a follow-up (FU) MRI performed
the day after symptom debut in a patient with a small, cortical ischemic lesion in the left frontal lobe.
Conventional polyenergetic images (Cl) and monoenergetic reconstructions at 50 and 60 keV from the
initial CT are also displayed. The images are derived from the exams of a patient that was included in
Paper Il, figure created by the Author.

VMIs at 50-60 and at 60 keV (for each of the two reviewers respectively) received
the highest scores for Overall image quality, all VMI-levels received higher scores
than Cls with a moderate agreement between the reviewers. The 50 and 60 keV
reconstruction received the highest score for Impression of image ability of
diagnosing acute ischemia for reviewer 1 and 2 respectively (also with a moderate
agreement). The evaluation of diagnostic capacity showed an improved sensitivity
for detection of acute ischemic lesions when assessing a set of images including Cls
and VMIs at 50-70 keV compared to assessment of Cls alone (as per the original
report). The specificity was lower for both reviewers compared to the specificity of
the original report. The agreement between the two reviewers was very good. The
diagnostic measures can be found in Table 4.
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Table 4.

Diagnostic performance with 95 % confidence intervals for detection of acute, cortical ischemic lesions
in Cls only (original report) or with Cls in combination with VMIs at 50-70 keV (reviewers 1 and 2).
Table modified from Paper |l and redistributed under the CC BY-NC 4.0
http://creativecommons.org/licences/by-nc/4.0.

Original report Reviewer 1 Reviewer 2
Sensitivity 0.55 (0.36-0.74) 0.93 (0.77-0.99) 0.97 (0.82-0.99)
Specificity 1.0 (0.85-1.0) 0.82 (0.61-0.95) 0.91 (0.72-0.99)
NPV 0.64 (0.54-0.73) 0.90 (0.71-0.97) 0.95 (0.75-0.99)
PPV 1.0 (n/a) 0.87 (0.73-0.94) 0.93 (0.79-0.98)

Paper IlI

In the full CM dose group 52 patients were included (group 1), in the group with a
halved CM dose and suboptimal timing 24 patients were included (group 2) and, in
the group of patients who received a halved CM dose with optimized timing (group
3) 39 patients were included.

For all three groups and all reconstructions the attenuation values of ICA, M2 and
the confluence of sinuses peaked in group 1. Comparing groups 2 and 3, the
attenuation values in the confluence of sinuses were higher in all reconstructions for
group 2 compared to group 3 and the arterial attenuation values in all reconstructions
were higher in group 3 compared to group 2.

The CNR for ICA and M2 in group 3 were significantly higher in VMIs at 40-60
and 40-50 keV, respectively, compared to the CNRs of the same locations in Cls of
group 1 (Figure 14). Between the groups with halved CM dose, the CNR in ICA
and M2 was significantly higher in VMIs at 40-50 keV in group 2 compared to the
CNR of the Cls of group 3.

In the qualitative analysis, VMIs at 50 keV had the best ratings for Overall image
quality, and the best scores for Visual representation of both ICA and M2, within
each group. The 50 keV VVMIs of group 3 received significantly higher rating scores
for all aspects than the Cls of group 1. The VMIs of group 2 did not receive
significantly lower scores than the Cls of group 1. There was no detected difference
in vein-to-artery ratio between group 1 and 3.

The inter-reader agreement was moderate to very good.
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Group 1 Group 2 Group 3

Full CM dose Half CM dose Suboptimal timing Half CM dose Optimal timing

Figure 14.

CTA example images from all three groups, conventional polyenergetic images (Cl), and
monoenergetic reconstructions at 50 and 60 keV are shown. CM: contrast medium. Figure redistributed
from Paper Il under the CC BY 4.0 http://creativecommons.org/licences/by/4.0.

Paper IV

We included a total of 188 patients in the quantitative analysis and found that the
PFAI was significantly lower (lower values indicating less artifacts) in VMIs > 50
keV compared to in Cls. Also, the SNR values in the posterior fossa (and
supratentorially) was significantly higher in VMIs > 50 keV compared to Cls. For
both supra- and infratentorial matter the CNR was at its highest in the 40 keV VMIs
and was significantly higher than in Cls in reconstructions at 40-80 keV. The AHU
between cerebellar WM and the mid-pons measurement showed the largest
difference in Cls and a generally decreasing difference in reconstructions from 40
to 200 keV (significantly lower in all VMIs compared to CIs).

In the qualitative part, patients 1-40 were included and the results correspond well
to the results of the quantitative part. For Overall image quality, VMIs at 50-80 keV
received significantly higher scores than Cls for both reviewers. The grey and white

61



matter differentiation, both infra- and supratentorially, was better in VMIs at 40-70
keV than in Cls.

In the assessment of artifact severity in mid-pons, the VMIs at 60 and 100 received
the best scores for reviewer 1 and 2 respectively. VMIs > 60 keV received
significantly better scores than Cls for both reviewers, see Figure 15 for an example.
In the temporal part of cerebellum, the 60 and 200 keV reconstructions received the
best scores for reviewer 1 and 2 respectively, the score was significantly better
compared to the score of Cls for reviewer 1 but not for reviewer 2.

In the evaluation of ability to exclude major infratentorial pathology, VMIs at 60
and 70 keV had the lowest proportion of non-diagnostic exams for reviewer 1 and,
for reviewer 2 the 70 keV reconstructions had the lowest proportion of non-
diagnostic exams.

The inter-reader agreement was fair for Overall image quality and for Artifact
severity in the temporal part of the cerebellum. The intra-reader agreement
(reviewer 1) was moderate for Overall image quality but poor for Artifact severity
in the temporal part of cerebellum.

Figure 15.

Example images illustrating the severity of artifacts in the interpetrous pons in a conventional
polyenergetic image (Cl) and in virtual monoenergetic images at 60 and 100 keV respectively. Images
are derived from the exam of one of the patients included in Paper IV, figure by the Author.
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Discussion

What are conventional images?

The term ’conventional’ could be considered as rather debatable since CT, and
diagnostic imaging in general, is constantly evolving. For Paper I-1V, we have used
the term ‘conventional’ as a synonym to ‘polyenergetic’. That is, the images are
conventional in the sense that they represent the attenuation of photons of a
spectrum of different energies, as opposed to the monoenergetic images that are
representing images acquired using a specific energy level of the photons.

There are however some considerations that one should reflect upon and one of them
is how the images have been reconstructed. In Papers I-1V, the ‘conventional’
images have been reconstructed with an iterative reconstruction technique named
iDose (Philips Healthcare, The Netherlands), which is a hybrid iterative
reconstruction algorithm that was introduced in the early 2010s [37, 90]. As
described in the Introduction there are several different ways to reconstruct CT
images, and the CT manufacturers have typically developed their own algorithms
(such as iDose from Philips (Philips Healthcare, The Netherlands) that may differ
in the appearance of the final images, and it may also be possible to set the ‘strength’
of the iterative noise and artifact reduction using different levels of the algorithm in
the post-processing.

In that sense, conventional images are not necessarily equal and, comparisons
between different vendors are further complicated by the intricate interplay of other
factors affecting image quality (radiation dose, detector element size, resolution of
the image matrix, kernels) [91, 92]. In Papers I-IV however the same IR-
reconstruction type and level has been used for both the poly- and monoenergetic
reconstructions, which are acquired by the same machine with the exact same scan
parameters, so the detected differences in image parameters are not a result of
different reconstruction choices, except for the differences inherent to poly- and
monoenergetic images.
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Exam radiation doses

Smith-Bindeman et al. performed a prospective, international multicenter study, that
included over 600 000 head CT exams and reported effective doses of 1.4-1.9 mSv
for brain exams [93]. Those doses represent studies performed in different countries
and with different hardware (machines from four major manufacturers were
represented) and the doses are comparable to the effective doses of Paper I, Il and
IV (median effective doses of 2 for Paper I and 11, and 1,8 for Paper 1V). Thus, dual-
layer detector brain CT does not seem to induce an increase in effective doses. The
median effective doses of the three groups in Paper Il ranged from 2,5 to 2,7 mSv.
A higher dose (compared to Papers I, Il and IV) was however to be expected since
many of the exams in paper Il also included the neck (from the aortic arch) and
thus the scan length was generally greater in the CTA-project.

Evaluation of image quality

Quantitative measures

Evaluation of the quality of clinal CT exams is not entirely straightforward. As
described, there are several different measures that can be used and variations of
them. For example, the calculation of noise (and in turn the calculation of SNR and
CNR) can be performed differently. In Papers Il and IV the SNR was calculated as
HU/SD but for Paper 111 it was calculated as HU/NSD. For CNR, the noise can be
estimated as the sum of the standard deviations of the adjacent tissues, the square
root of the sum of standard deviations, the square root of the sum of the squared
standard deviations or, the standard deviation of the background tissue. For CNR
calculation in Paper 11-1V, we chose the calculation of noise as a combination of the
SD for tissue 1 and 2 since noise levels might differ between tissue types and thus
both be of importance for distinguishing between the tissues. In Paper |11 we chose
V(SD:2+SD;?) formula since it mathematically is an appropriate way to sum
standard deviations, however, for Papers Il and IV we chose the \(SD:+SDy)
formula, since it was the most commonly used formula in studies that we wanted to
compare our results with and we considered the most important factor was that we
used the same formula for both the Cls and VMIs [94-97].

Another challenge in image quality evaluation is that there is no standardized way
to quantitatively measure metal artifacts. In Paper | we chose to evaluate the artifacts
using circular ROIs both near and further away from the metal implant. The artifacts
caused by coils are, however, generally alternating hypo- and hyper-attenuating, as
opposed to some other types of metal implants, for example clips or hip replacement
implants, which can cause a more overall hypoattenuating streak. Using ROI-
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measurements to acquire the mean attenuation value of the included area could be
problematic for measurement of artifacts that are alternating hypo- and hyper
attenuating such as for coils. Other attempts have been made to measure the
alternating streaks separately or measuring the minimum and maximum values
within an area, the methods differ between studies which complicates comparison
of results between studies [69, 98, 99]. In many studies, VMIs for metal artifact
reduction has been evaluated along with evaluation of iterative metal artifact
reduction algorithms (MARS), usually both separately and in combination (MAR
applied to VMIs), and it generally seems that the greatest metal artifact reduction is
generated by the MAR-algorithm in combination with VMIs [69, 98, 100-102]. The
differences between different metal implants have to be considered when evaluating
the effect of metal artifact reduction since implants vary largely in size, shape and
in which metal that is used (different atomic numbers). These factors affect the type
of artifacts that the implant generates (variations in the proportions of photon
starvation and beam hardening) and can affect how well the methods of metal
artifact reduction perform (VMlIs and MARs respectively) [45]. A robust method
for quantitative evaluation of metal artifacts, regardless of type of implant, would
be a welcome tool for future studies.

Qualitative measures

When evaluating new clinical tools qualitatively and comparing them to the
standard procedure used in the clinic there is a potential risk of a bias towards the
standard procedure. That is, since the rater is accustomed to how the reference
appears or should be interpreted, they could possibly lean towards applying better
scores on the reference procedure. For some of the analyses of Papers I-1V it is also
important to point out that some of the VMIs, such as the extremities at 40 and 200
keV, are quite distinguishable (even though no reconstruction data was shown) to
the reviewers. For those VMIs the reviewers might have suspected which
reconstruction they were rating, possibly resulting in an under- or overrating of
those images.

Another difficulty in qualitative analysis with several reviewers is that the steps of
the rating scale should have the same significance for the reviewers, also, the
guestions need to be expressed in a manner that reduce the risk of discrepancy in
the interpretation. An important distinction is whether an exam is diagnostic or not,
this can however depend on what type of pathology you aim to exclude or detect.
For example, in Paper 1V there was a rather large discrepancy between the reviewers
regarding ‘the possibility to rule out major pathology in the posterior fossa’ where
10 and 63 % of the Cls were assessed as of insufficient image quality to rule out
major pathology by the two reviewers respectively. In all of the projects, joint
sessions were held with the reviewers prior to the rating session, in order to discuss
and exemplify the questions and the rating options. We did not, however, use a
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written definition of the steps of the scale as some evaluations are difficult to
summarize (such as impression of overall image quality) or could affect the images
differently from case-to-case (for example the extension and intensity of artifact).

We chose a 5-point Likert scale since we thought that 5 steps would provide
meaningful differences in image quality between individual steps, yet still find
small, but potentially relevant differences. Also, several previous studies evaluating
CT image quality have used a 5-point scale [97, 103-105].

Since both qualitative and quantitative measures of image quality have their
potential limitations, we considered it only more important to perform both types of
analysis in Papers I-1V, and to interpret the results jointly.

CT angiography

In CT angiography the intravasal contrast attenuation and the timing of the study
are important factors for the quality of the exam. For some patients, we are faced
with the decision between lowering the dose of CM, at the risk of performing a
suboptimal exam, or, administrating the ordinary dose at the risk of contrast-induced
nephropathy. Patient size is usually also a factor in that decision.

For acute brain CTA, and several other angiographic exams with suspicion of fatal
conditions, the risk of nephropathy is usually disregarded because of the importance
of a correct diagnosis in the acute setting, an inconclusive exam cannot be risked.

In paper 111 however, the results clearly demonstrate that the risk of an inconclusive
exam using a significantly lowered CM dose with low-energy VMIs is small, on the
contrary, an improved arterial attenuation could be acquired. These results are in
line with results of other studies evaluating other types of angiographies, such as
aortic exams, exams for evaluation of pulmonary embolism and abdominal exams
for evaluation of malignancy [105-109].

Also, CM is not only used in angiographies but in contrast-enhanced exams in
general such as in evaluation of parenchymal organs, enhancement patterns for
characterization of focal lesions, for evaluation of ureteral obstruction and, in
endovascular procedures. lodinated CM is one of the most prescribed
pharmaceuticals worldwide [110] and methods of decreasing the amount of
iodinated CM have been discussed, particularly during the shortage of iodinated CM
in 2022 due to the Covid-19 pandemic when the use of dual energy CT was
suggested as one of the methods to decrease the use of iodinated CM [111].

Reduction of the use of iodinated CM is beneficial not only for our patients, but for
the environment because of the known wastewater contamination of iodine CM and,
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is important for a better resilience to potential shortage of this extensively used
pharmaceutical.

The use of VMIs

It seems that there is not one optimal energy level VMI, instead, the use of VMIs
could be approached as different sequences of MRI, or like adjusting the window
settings, and radiologists could independently choose which VMI they prefer for
certain evaluations. For example, VMIs at 50 keV could be used for assessment of
angiographies, the 50 or 60 keV VMIs for assessment of ischemia and, VMIs >60
for assessment of the posterior fossa. Perhaps not feasible at all times during on call-
hours, when the time for assessment of each exam is limited. However, with VMIs
becoming more common in the clinical routine, even less experienced readers could
become acquainted with VMIs during office hours and time could be saved when
they are on call since they know how to use the VMIs for certain tasks, such as
evaluating posterior fossa pathology or in CTAs with poor arterial enhancement.

Apart from what has been evaluated in this thesis, as mentioned in the Introduction,
there are several interesting features of dual-layer detector CT. For example, the
virtual non-contrast images have been shown to be beneficial for the differentiation
between hemorrhage and contrast leakage after endovascular thrombectomy [112,
113] or as an adequate replacement of the true NCCT that often is performed prior
to a contrast enhanced study or an angiography [114-117]. Also, the iodine maps,
which display and allow quantification of iodine have been evaluated for detection
of acute ischemic lesions in multiphase brain CTA, evaluation of pulmonary
perfusion for suspicion of pulmonary embolism and can be used as an aid in
detection of malignant melanoma metastases [118-120].

Strengths and limitations

One of the main strengths of these projects is the fact that both quantitative and
qualitative measures have been evaluated, this enhances the interpretability of the
results, especially when the results are coherent, but also when they are not. A
limitation that is present for all of Papers I-1V is that the method (both hardware and
software) evaluated is vendor-specific and thus not generally available or possible
to attain. Another limitation for Papers I-1V is the fact that only axial images were
included in the qualitative analysis since we chose to use the Viewdex software
which, at the time, only allowed viewing of one image plane per case. Although
radiologists, in my experience, generally are fond of axial images, this method does
not correspond to clinical routine where usually all three image planes are assessed
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and multiplanar reconstruction (MPR) can be used to freely visualize different
angles/planes when needed. This may have had both a positive and a negative effect
on scores for all reconstructions but, importantly, both Cls and VMIs were evaluated
under the same conditions.

In Paper Il we also included an analysis of diagnostic performance assessing both
positive and negative cases for presence of acute ischemic lesion, this is an
important strength of Paper 11 since it provides further evidence that VMIs increase
the detectability of ischemic lesions. As importantly is the fact that VMIs of exams
with suboptimal CM timing were assessed in Paper Ill, the finding that the use of
VMIs can reduce the number of non-diagnostic exams is equally important as the
results demonstrating a superior image quality in VMIs using a reduced CM dose
compared to polyenergetic images with a full CM dose.

Clinical impact

With the increasing knowledge of the potential advantages of VMIs (and other
DECT applications) by dual-layer CT in recent years, at the Department of
Radiology in Lund, the protocols used in daily routine have been adjusted. VMIs
have gained a more central role, and in exams performed by the 1Qon spectral CT,
VMIs at 50 keV are now standard reconstructions in both brain NCCT and CTA
exams. Also, VNC reconstructions have been added in the protocol for NCCT
exams performed following endovascular thrombectomy in order to differentiate
between haemorrhage and contrast extravasation.
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Conclusions

In conclusion, in all of Papers I-1V, VMIs by dual-layer detector CT generally
received better scores for overall image quality compared to the conventional
polyenergetic images from the same exam. The VMIs have also been shown to
increase the diagnostic potential for early ischemic lesions, decrease artifacts and
enhance the quality of CT angiographies so that a reduced CM dose can be
administered, or a poor contrast timing can be compensated for.

VMIs by dual-layer detector CT can be a valuable tool and should be used, at least
as a complement to polyenergetic images, in the clinical day-to-day routine.
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Moving forward

It would be interesting to evaluate the performance of VNC images by dual-layer
detector brain CT, both for contrast-enhanced exams (parenchymal) and, for both
arterial and venous angiographies. If the VNC images could replace the true non-
contrast series, radiation would be saved, especially important for young patients
(for example evaluation of sinus thrombosis in young women) and for patients that
are followed regularly with brain CT (such as metastasis screening in cancer
patients).

There is also a need for further studies on the diagnostic performance of DECT
images, for example, does the improved image quality in VMIs actually increase
the diagnostic accuracy of posterior fossa pathology.

Currently, photon-counting CT is extensively evaluated, it enables measurement of
the energies of each photon that hits the detector, and therefore provides very precise
spectral information. The detector is made up out of one single element, so the actual
detector area is not decreased by the spaces between the separate elements (reflector
or photodiode columns) in current detectors. More acquired information per photon
enables increased image quality and/or decreased radiation dose per exam, these are
the main benefits of photon-counting CT [121].

Also, there is continuous development in image reconstruction, where new
techniques using deep learning Al are being developed and evaluated in comparison
to current iterative reconstruction methods [122].
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