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Popularvetenskaplig sammanfattning

Stroke ar nar patienten far en blédning eller blodpropp i hjarnan som kan orsaka tal
och rorelsebortfall, och i viirsta fall en plotslig dod. Aderforkalkning i halskéirlen or-
sakar kring 10% — 20% av alla stroke-fall. Den nuvarande metoden som anvénds for att
bedéma aderférkalkningen ar att méta fortrangningen av blodkéarlet i skiktrontgenbilder
(3D-rontgenbilder). Fortrangning av blodkérlet séger ingenting om hur stor risken &r
att aderforkalkningen orsakar stroke. Det ar snarare innehallet av aderforkalkningen
som avgor denna risk. En aderforkalkning som till exempel, innehaller blédningar och
bestar av en stor andel fett har storre risk att orsaka stroke.

Dagens skiktrontgenbilder har begrédnsad upplosning vilket ger begrdansad information

om innehallet i aderforkalkningen. Om aderforkalkningen &r rik pa kalk kan detta over-

skugga resten av innehallet vilket kan gora att man missbedémer méatningarna av fortréngningar.
Med en fotonrdknade skiktrontgen finns det potential att se mer innehall i aderférkalknin-

gen da den har béttre upplosning, kan minska bruset i bilderna och skapa bilder med

annorlunda och forbéttrad kontrast jamfort tidigare skiktrontgensystem. Malet med

denna studie dr att undersoka om det gar att skilja pa olika materialen som aderférkalknin-

gen innehaller da man anvénder fotonrdknade skiktrontgen bilder jamfort med vanliga
skiktrontgen bilder med kemiskt infargad aderforkalkning som referens.

Patienten som valdes ut till detta arbete hade symtom pa aderférkalkning i halskérlen
samt var kandidat for att operera bort aderforkalkningen. Patienten undersoktes i fo-
tonrdknande skiktrontgen enligt befintliga kliniska rutiner. Aderforkalkningen oper-
erades dérefter ut ur patienten, och for att kunna analysera innehallet blev det forst
nedfryst, sedan torkat och till sist inbaddat i paraffin. Nya bilder togs i fotonrdknande
skiktrontgen av den inbaddade aderforkalkningen. Innehallet i aderférkalkningen far-
gades sedan in med kemiska medel sa att olika material far olika farg.

Bilderna fran fotonraknande skiktrontgen, fére och efter operation, jamférdes mot de
kemiskt infargade bilderna for att kunna anvinda de infargade bilder som en karta,
som beréttar var i skiktrontgenbilderna som olika material finns. Utdver en ren visuell
bedémning av bilderna métte man bildvardena pa dessa material for att ta reda pa om
de gar att sdrskilja fran varandra. Samma métningar utférdes upprepade ganger men
med olika kontrastnivaer som den fotonrdknande skiktrontgen kunde skapa.

Studiens resultat visade pa att det inte gar att se nagon skillnad mellan material i ader-
forkalkningen for patientens skiktrontgenbilder medan det var mojligt att urskilja olika
material for bilderna tagna pa aderforkalkningen nér den opererats ut ur patienten. En
oviantad upptackt var att det var mojligt att utfora en jamforelse mellan infargad ader-
forkalkning och patientens skiktrontgenbilder, &ven om utseendet av den infargade ader-
forkalkningen ar mest lik bilderna av den utoperarade aderférkalkningen. Det &r viktigt
att ndmna att bilderna tagna med den fotonrédknande skiktrontgen var mycket béattre
om man jamfor med vanliga skiktrontgenbilder, eftersom man kunde se aderférkalknin-
gen tydligare. Denna upptéackt dr vardefull da det innebér att anvindning av fotonrék-
nande skiktrontgenbilder kan 6ka sékerheten i bedémningen av aderforkalkningen, och
leda till att fler patienter far en béattre behandling.



Abstract

Introduction and aim

Atherosclerotic stenosis located at the carotid bifurcation accounts for 10% — 20% of all
Transient Ischemic Attacks (TIA) and ischemic strokes, which occurs when Atheroscle-
rotic stenosis, or so-called plaque, ruptures. The current method to evaluate carotid
atherosclerotic stenosis is to measure the degree of stenosis. Strong markers for plaque
rupture lie in the plaque content, and not in the degree of stenosis. Conventional Com-
puted Tomography (CT) does not have the soft tissue resolution to differentiate the ma-
terial content of the plaque. Photon Counting Computed Tomography (PCCT) has the
potential to perform better plaque imaging due to its improved noise reduction, energy
resolution, and image reconstruction algorithm. The aim of this project is to investigate
if the PCCT images can differentiate materials in carotid atherosclerotic stenosis (ex
vivo and in vivo), by using histopathological images as a reference.

Materials and method

A photon-counting CT, Siemens Naeotom Alpha, was used for scanning in this project.
One patient with symptoms of atherosclerotic stenosis was examined on the PCCT
using the clinical protocol. Carotid endarterectomy was performed and the removed
plaque was encased in paraffin before being imaged once again at the PCCT. Histopathol-
ogy analysis stained the interesting materials in ex vivo. The result of the staining was
used to define the Region Of Interest (ROI) in the ez vivo and in vivo PCCT images.
One-way ANOVA was performed to determine if statistically significant differences in
the Hounsfeild Unit (HU) of each material in Virtual Monoenergetic Images (VMI)
(40190 keV in steps of ten) existed, the CI = 95.0%. If a statistical significance was
found two-sided t-test found the exact materials that were significantly separated. Bon-
ferroni correction was performed to reduce the risk of type 1 errors, resulting in the CI
= 99.2%. A visual comparison of the in vivo images was also performed between con-
ventional CT and PCCT systems.

Result

The one-way ANOVA test yielded statistical significance for all monoenergetic energy
levels in the ex vivo measurements. The consecutive t-tests, however, showed no sta-
tistical significance for any energy or material after correcting for multiple tests. The
one-way ANOVA performed on the in vivo measurement did not show any statistical
significance for any energy. The appearance of in vivo images from the conventional CT
and the PCCT system was very different. The calcium blooming was less prominent
and structures that were invisible on the conventional C'T system could be distinguished
on the PCCT system.

Conclusion

The materials could not be statistically significantly differentiated in the in vivo PCCT
images. ex vivo PCCT provided a larger difference in HU for different materials, but
not significantly so. However, due to limited measurements, no certain conclusions could
be drawn. The visual difference between in vivo images acquired by a PCCT and a con-
ventional C'T was considerable which could be valuable in the clinic due to the impor-
tance of good image quality when evaluating carotid atherosclerotic stenosis.
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1 Introduction

1 Introduction

Atherosclerotic stenosis located at the carotid bifurcation accounts for 10% — 20% of
all Transient Ischaemic Attacks (TIA) and ischaemic strokes [I]. A TIA is a reversible
brain ischemia caused by occlusion of blood vessels. The occlusion could be due to the
stenosis (plaque) itself or a thrombus (stationary or floating blood clot) originating
from plaque rupture [2-4].

The modalities used for evaluating carotid atherosclerotic stenosis are ultrasound and,
when considering carotid endarterectomy, Magnetic Resonance Angiography (MRA),
conventional angiography, or Computed Tomography Angiography (CTA) is performed.
The only method used to assess the need for endarterectomy is a measurement of the
degree of stenosis [5]. This is a flawed method as the degree of stenosis cannot be used
as a marker for plaques with high rupture risk. [6l [7]. Markers such as large Lipid-
Rich Necrotic Core (LRNC), Inta Plaque Hemorrhage (IPH), thin fibrous cap, fibrosis,
necrotic tissue, inflammation, amount and location of calcification are more relevant in
evaluating rupture-prone plaques [8, 9.

All mentioned modalities have drawbacks when it comes to identifying these markers.
Ultrasound is challenging to use if the plaque is rich in calcium, if there are varicose
(twisted and enlarged) arteries, or if the patient has a short neck. MRA is sensitive to
motion artifacts and hemodynamic effects. Conventional angiography should not be
used on asymptomatic patients as it can cause the plaque to rupture inducing a TTA
or an ischaemic stroke in the patients [5]. The CTA, which is performed on a conven-
tional Computed Tomography (CT), has limited soft tissue resolution and is sensitive
to calcium blooming artifacts which can lead to an underestimation of important risk
markers and overestimation of stenosis in heavily calcified plaques [10, [11].

Photon Counting Computed Tomography (PCCT) has the potential to perform better
in carotid plaque imaging because of the higher spatial resolution, nose reduction, mate-
rial decomposition and the possibility of creating Virtual Monoenergetic Image (VMI).
The noise reduction could lead to an increased contrast in regard to the Contrast to
Noise Ratio (CNR). The higher spatial resolution will decrease partial volume effects,
which is the main reason for the calcium blooming artifact. Material decomposition can
remove calcium and contrast from the image and also decrease beam hardening arti-
facts. The creation of VMI could provide images with improved soft tissue resolution
and more accurately relate the image CT numbers to the tissue type [12].

1.1 Aim

The aim of this project is to investigate if the PCCT images can differentiate materi-
als in carotid atherosclerotic stenosis (ex vivo and in vivo), by using histopathological
images as a reference.



2 Theory

2 Theory
2.1 Computed tomography fundamentals

All CT systems utilize the attenuation of X-ray photons to create images of patients’
internal morphology and pathology. In the diagnostic energy range, three different pho-
ton interactions are possible: photoelectric effect, Compton scattering, and coherent
scattering. The last interaction type contributes negligibly to the photon attenuation
when compared to the photoelectric effect and Compton scattering. The coherent scat-
tering will thus be omitted going forward. The photoelectric effect is the dominating in-
teraction at low photon energies and in materials with the high effective atomic number
(Zegr). The probability of photoelectric effect interactions will decrease with increasing
energy. Compton scattering is relatively independent of Z.;; and only increases moder-
ately with increasing photon energy in the diagnostic energy range [12], [13].

The image produced by the CT system represents the attenuation of X-ray photons in
the depicted volume. The degree of attenuation in each image pixel is expressed in CT
numbers which are assigned to the image pixels during image reconstruction, and are
expressed in HU. The CT number depends on the energy of the incoming x-ray pho-
tons, Z.f f, and the density of the materials that the photons traverse [14] I5]. The def-
inition of CT-number is shown in the equation below

M(E> - Mwater(E)
Nwater(E> - Nair(E>7

where p(E) [cm™'] is the attenuation coefficient as a function of energy, F, of the x-ray
photons, fiwater(E) [cm™'] is the attenuation coefficient of water and fiq;, (E) [cm™'] is
the attenuation coefficient of air [15, [16]. When using a quantity that is closely related
to physical property, it becomes possible to identify materials because attenuation de-
pends on material-specific properties. However, two pixels containing different materials
could be assigned the same CT number if the materials have similar Z.;¢ or when one
material has high Z.;; and the other has high density (p) [17].

HU(E) = 1000 -

(1)

2.1.1 Computed tomography basics

CT systems use one X-ray tube, or two in some cases, as their radiation source. The
tube produces an X-ray by accelerating electrons with high voltage from a filament
(cathode) into a rotating (for cooling) target (anode). When the electrons collide with
the target heat, characteristic X-rays and bremsstrahlung are created. The peak energy
(keV,,) of the spectrum is determined by the tube voltage (kV) and the intensity of the
spectrum is determined by the tube current (mA). The low energy part of the spectrum
consists of photons that will be absorbed in the patient and do not contribute to im-
age information, the low energy part is therefore filtered away to minimize the patient
radiation dose [I§].

The x-ray beam intensity and size are adjusted to the patient by using a bow-tie filter
and collimators respectively. An anti-scatter grid is mounted on the detector to pre-
vent detection of scattered photons which would otherwise degrade the image contrast.
The detector and x-ray tube are positioned opposite to each other on a rotating gantry
where projections of the patients are collected, where one projection can be seen as a
thin planar x-ray image [15] [18].
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It is possible to perform image reconstruction of one slice if raw data is collected from
projection acquired from little more than half a rotation or from a full rotation. The
table is moved along the gantry rotation axis to enable collection of new projections,
in the patent volume. There are two main acquisition techniques: the first is "step and
shoot" where the gantry only rotates when the table is stationary the second technique
is helical or spiral scanning where the table is continuously moved during gantry rota-
tion which results in faster projection acquisition. The width of the image slice is de-
termined by the detector size and the pitch is determined by the beam collimation, p,
which is defined as table moment for 360°-rotation divided by the beam collimation.

p < 1 if the scan volume is irradiated more than once with overlapping beams, resulting
in more projection data but also increasing the absorbed dose to the patient. p = 1 if
all beams are adjacent in the scan volume. p > 1 will result in fewer projection data
and absorbed dose to the patient due to the beams being separated [I8§].

2.1.2 Energy integrating detector

Conventional CT systems are equipped with Energy Integrating Detector (EID) which
uses indirect conversion when detecting x-ray photons. Incoming X-ray photons are
converted into visible light in the scintillation material. The visible light is absorbed

in a photodiode, converted into a current, and then shaped into a voltage signal. The
amplitude of the voltage signal is proportional to the energy of all incoming X-ray pho-
tons during the acquisition time. This implies that the EID does not possess any energy
resolution capabilities and low-energy photons will be down-weighed by the integration.
Low-energy photons carry the majority of contrast information, so this down-weighing
leads to a decreased Contrast Noise Ratio (CNR) in the image. The integration also
causes electronic noise to be incorporated into the signal thus decreasing Signal to Noise
Ratio (SNR) of the image. The detector elements are separated by a septa to prevent
cross-talk but the septa also degrade the geometrical efficiency together with the anti-
scatter grid [I2HI4], 19]. The figure below shows a schematic EID.
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Figure 1: The EID with four detector elements or pixels. Components and a simple
flowchart of the signal processing can also be seen in the figure.
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2.2 The photon counting computer tomography
2.2.1 Photon-counting detector

The PCCT systems’ technical design is similar to that of a conventional CT system,
however, a Photon Counting Detector (PCD), is used instead of an EID, which uses di-
rect conversion to detect x-ray photons. The PCD can be made from CdTe (cadmium
telluride), CdZnTe (cadmium zinc telluride), or Si (silicon). Cd-based detectors can be
made thin due to high atomic number and absorption efficiency while Si-based must
be thicker because of the lower atomic number and absorption efficiency. The detec-
tion principle remains the same for the different materials, the incoming X-ray photons
are absorbed in the semiconducting material, and charge carriers (electron-hole-pairs)
are created. The electrons drift towards a pixelated anode due to a voltage bias placed
over the detector element. The resulting current signal is shaped into a voltage signal
with an amplitude proportional to the absorbed x-ray photon energy. The voltage sig-
nal is compared to inbuilt voltages that are calibrated to correspond to different energy
thresholds and the detection event is counted if the voltage signal exceeds the energy
threshold. This implies that the PCD counts every X-ray photon equally independent
of their energy. It is also possible to sort the counted photons into an energy bin if at
least two energy thresholds are used. The ability to create energy bins opens up the
possibility of producing Virtual Monoenergetic Image (VMI) and performing material
decomposition [12], [13].
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Figure 2: The PCD with four detector elements or pixels. Components and a simple
flowchart over the signal processing can also be seen in the figure.

The differences in technical principles behind the PCD when compared to the EID give
some implications for the PCD properties. Firstly, the detector elements are only sepa-
rated by the electrical field, produced by the voltage bias, meaning that only the anti-
scatter grid degrades the geometrical efficiency. Secondly, the detector elements are di-
vided into macro pixels (macro mode) by the anti-scatter grid. However, it is possible
to further divide the macro pixels into subpixels which improves the spatial resolution.
This mode is called Ultra-High Resolution (UHR). Thirdly, the electronic noise can

be removed by placing the lower energy threshold above the electronic noise (around
20 keV) which means that the raw data used for tomographic reconstruction will be
void of quantum noise. Also, by weighing the lower energy bin heavier the CNR can be
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improved, at the cost of increasing beam hardening artifacts [12], 13}, [19, 20]. The figure
shows typical X-ray energy spectra with marked thresholds.

Intensiky

A

Figure 3: The counted photons are divided by two thresholds. Tj is placed above the
electronic noise and every photon up to E,., will be counted into this group. Likewise
every x-ray photon with energy 77 ut to E,,., will be counted as another group. The
energy bins is calculated as follows Bin 1 =Ty — 7T} and Bin 2 =T}.

2.2.2 Photon counting detector limitations

The PCD also has limitations due to its design. In Si-based detectors, the dominating
photon interaction is Compton scattering, due to its low atomic number. An incom-
ing X-ray photon may deposit some of its energy in one detector element only to scat-
ter and deposit the rest of its’ energy in a neighboring element. Compton scattering

is more uncommon in Cd-based detectors, due to the higher atomic number, however,
both Cd and Te have their K-edges within the diagnostic energy range meaning that an
incoming x-ray photon could kick out a K-shell electron of the detector material. The
created vacancy is refilled and in the process, a characteristic x-ray photon is released
which can be absorbed in another detector element, this so-called k-escape. A third
event called charge sharing happens when an incoming X-ray photon is absorbed close
to the border of two detector elements. The created charge carriers are split between
the two detector elements. Compton scatter reabsorption in neighboring elements, k-
escape, and charge sharing result in one high energy photon being registered more than
once at the wrong energy, thus leading to degraded spectral separation, energy resolu-
tion, and spatial resolution [12, [19].

The PCD could express another limitation called pile-up at higher dose rates. When
the dose rate is high, two or more incoming X-ray photons are simultaneously absorbed
in one detector element. This results in the photons being counted as one and a voltage
signal with an amplitude that corresponds to the sum of the photon energies. Even an
overlap of two voltage signals will cause incorrect registration of energy. Pile-up causes
the SNR to decrease because fewer photons are counted and the energy resolution will
degrade. Furthermore, the degradation of image quality will be concentrated in tissues
with low attenuation where the dose rate to the detector is highest. It is possible to
reduce the effects of pile-up by using smaller pixels because fewer photons will be able
to be absorbed at the same time in one detector element, however, smaller pixels will
increase the probability of Compton scatting, k-escape, and charge sharing [12} [19] 21].
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2.3 Image reconstruction

The raw data collected by the PCCT system differs from the data from CT system.
The image reconstruction of PCCT-data must be performed differently and the clin-
ically used reconstruction method is called Quantum Iterative Reconstruction (QIR),
from Siemens Healthineers. QIR corrects for geometrical cone beam artifacts and beam
hardening artifacts and reduces noise. The reconstruction method is not based purely
on Filtered Back Projection (FBP) but also utilizes Iterative Reconstruction (IR) meth-
ods to remove noise and artifacts [20], 22].

2.3.1 Filtered back projection

The number of photons in the X-ray beam decreases exponentially as it traverses the
patient, due to the photons interacting with matter within the patient. The number of
photons that reach the detector, I(x), can be expressed with Beer—Lambert’s law

I(z) = Iy - ¢ Jpantt=(@0)y @)

where [j is the number of photons emitted by the x-ray tube and ., (z,y)dy is the dis-
tribution of attenuation coefficient at a patient slice z. The projection along the x-axis
consists of line integrals along the path that the x-ray photons that have traversed the
patient, in this case, parallel to the y-axis. The raw data consist thus of several projec-
tions that are collected at different angles. The resulting projection of the attenuation
coefficient along t at angel 0 is expressed as

pe.0)=tn (1) = [ o, 3)

where ds is a dummy variable that indicates the line integral orientation which is al-
ways parallel to the x-ray beam. The collected projections can be presented in a sino-
gram where the x-axis is p(t, ) and the y-axis is #. As mentioned before, projections
must be collected from little more than a half or a full rotation to make image recon-
struction possible. The figure below shows a schematic principle of projection collection
and the resulting sinogram.
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(b)

Figure 4: The resulting projection along the x-axis of a patient slice with the distribu-
tion of attenuation coefficients, p.(x,y)dy. The dotted lines represent the line integrals.
Figure [4b| show the resulting sinogram of the patient slice when the projections were
acquired for a full rotation.

The principle behind normal Back Projection (BP) is that the projections are redis-
tributed across an image array for all angles. This is done practically by dividing the
attenuation values in the sinogram by the number of image pixels that would represent
the X-ray beam path for each angle, all projections contribute equally to the image.
The resulting image however will be blurred because BP will allocate the spatial projec-
tion data across the image array. This blurring can be corrected by applying a filter or
a kernel to the projections before BP is performed. Take the ramp filter, which belongs
to the family of Sharp filters, as an example. A Sharp filter is designed to weigh high
frequencies heavier, which will amplify edges and details leading to an improved spa-
tial resolution in the image. But it will also increase the noise level. Furthermore, the
increased noise will make it more difficult to see low-contrast objects. There are also
soft filters that reduce the image noise but this results in less defined edges of objects in
the image which impairs the visualization of high-contrast objects. It is called FBP if a
filter is involved in the BP image reconstruction [18], 23], 24].

2.3.2 Iterative reconstruction

The principle of an iterative process can be described as a task that is performed sev-
eral times where the previous result is accounted for in the next iteration. The process
will repeat until maximum iterations have been performed or some other criterion is
reached. In the case of image reconstruction, a possible iteration process cycle would
consist of the following steps:

1. The synthesized projections, based on a real image that consisted of measured
projections that has undergone FBP, are created via forward projection

2. the synthesized and measured projections are compared and a correction term is
calculated based on the found difference between the projections

3. FBP is performed on the real projections after the correction term have been ap-
plied
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4. the step 1 through 3 are repeated until the desired result is met.

The creation of synthesized projections requires a model of how the PCCT system re-
constructs images. The model often includes system optics and system statistics where
system optics refers to the system geometry which includes the distance between the
x-ray tube, isocenter, and detector, its components such as shape and size of the focal
point and the detector elements, and even the beam and detector geometry. System
statistics refers to emitted photon spectrum, the statistical distribution of photons, and
the noise from electronics. Modeling system optics will increase spatial resolution while
modeling system statistics will reduce image noise. The commercially available IR algo-
rithms can be classified into two categories: statistical (or hybrid) IR and Model-Based
Iterative Reconstruction (MBIR). Statistical IR is used in both image and projection
space to reduce image noise while MBIR is used to improve spatial resolution of the im-
age [23].

Statistical IR filters data in both projection space and image space and the method
transition between projection and image space by using normal FBP. The iterative fil-
tration in projection space analyses the variation of data with statistical models where
neighboring projection data is compared with the goal of identifying projections with
low SNR. The identity is then replaced or modified to achieve minimal variation, fur-
thermore, the different projections can be given different weights enabling projections
with higher SNR to contribute more to the image. In image space, after FBP is per-
formed, image data is once more iteratively filtered by using statistical models to re-
move expected noise in body structures. Lastly, a Sharp filter is often added to preserve
edges and detail in the image. Note that no new data is added in projection or image
space which means that the method only removes noise without affecting the image
quality [16], 23].

MBIR models the PCCT-systems imaging process, an estimate of the object (a prior),
and noise in the projection data. Iteration begins with an FBP of an artificial image of
the object created from modeled data. The projections are created from the artificial
image via forward projection where information from a prior and models of the system
imaging process are accounted for. The artificial projection is compared with the mea-
sured projection and a correction term is calculated based on the object and noise mod-
els. FBP is performed on the corrected projections and the interactive process repeats
until the correction term becomes negligible. The MBIR can reduce image artifacts if
the system imaging process is modeled correctly and in the ideal case image noise can
simply be removed from the projections in the last iterative step [16, 23].

2.3.3 Material decomposition

By performing material decomposition the full energy dependence of the attenuation
coefficient function in every voxel is determined. There is no need to measure the atten-
uation coefficient in a large number of energy bins because human tissue can approxi-
mately be described as a linear combination of two basic materials, this will be shown
mathematically later in this section, thus only two bins are needed to extract the infor-
mation where more bins will not add new information about the tissue.

Material decomposition utilizes the attenuation coefficient dependence of the photoelec-
tric effect and Compton scattering to determine the material components of a tissue.
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The attenuation coefficient as a function of energy is linear for all naturally occurring
materials in the human body and can be expressed as a linear combination of the pho-
toelectric effect and Compton scattering interactions. When the photon interactions are
expressed as effective atomic number (Z.;s) and density (p) a Z.;sp map can be pro-
duced where material information can be extracted. The following equation shows the
attenuation coefficient of a material as a function of energy, expressed with the photon
interactions

-l m0) (o)

Zesy
SR Q'F+B'fKN(E) = (5)

= (%) (E) =afpe(E)+ Bfcs(E), (6)

where p is the density of the material, f(F)pg Zgﬁf describes the attenuation caused by
the photoelectric effect where k ~ 3 —4 and n ~ 3 — 3.5. furthermore f(E)cs = fxn(E)
is the Klein-Nishina function and describes the attenuation due to Compton scattering,
note that the function only weakly depends on energy. o and 3 are constants that rep-
resent the energy-independent contribution from the photoelectric effect and Compton
scattering. It is possible to determine a and by using the energy-resolving ability of
the PCCT system. The information from two energy bins creates the following solvable

equation system

(Er) = afpe(EL) + Bfes(EL)
(Eu) = afpp(Eu) + Bfes(Eu),

where £y, and Ey denote information collected from the low energy bin and high en-
ergy bin respectively in the x-ray spectra. When solving the equation system each ma-
terial can be unlike represented by («a, §). Material decomposition is then performed by

replacing fpr(F) and fog(F) with the mass attenuation coefficient functions (%) (E)

(7)

DIE DIE

and (%) (E) from the basis materials A and B. For two basis materials equation
B

becomes

(%) (B) = aafy() + 0L () and ®)
ﬁ = QB BJc
(p)B (E) fo(E) + Bpf(E), (9)

where s, ap, B4, and (g represent the contributions from the photoelectric effect
and Compton scattering for materials A and B respectively. When solving for fpr(F)
and fog(E) and inserting the result into equation @ again the following equation is ex-
tracted
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(%) (E) = % (%)A (E) + % (%)B (E)=  (10)
¢ (%)A<E> & (‘;‘)B (B), (11)

where {4 and &g are energy independent. Equation (11| also shows that the linear mass
attenuation coefficient of composite material can be expressed as a linear combination
of mass attenuation coefficient for two basis materials with sufficiently different atten-
uation properties (such as water and calcium). When energy information from low and
high energy bins are available and both sides in equation [11]is multiplied with the mass
density p and the following are given

(

(EL) + &pp (%) (Br) =

B

#(Fr) = Eap (g)

= pa (%)A (ErL) + p5 (%)B (E'L)

W(Ex) = Eap (%)A (Ex) + Epp <%)B (En) =

= s (%)A (Ey) + ps (%)B (Ex),

and equation [12is solved for every pixel which gives images over the mass densities of
the materials A and B. Material decomposition can be performed in both image and
projection space. The prospects of performing material decomposition in projection
space are that effects from artifacts such as beam hardening can be avoided by imple-
menting models that consider how the x-ray spectra change before it is detected. The
overall accuracy of the decomposition will be degraded if beam hardening artifacts are
not addressed. The accuracy could also be degraded if the raw data is noisy or if the
decomposition is performed in image space with noisy images [12], 17, 19, 21].

2.3.4 Virtual monoenergetic images

It is possible to produce VMI with the energy resolution capabilities of the PCCT sys-
tem. The VMI has the appearance of an X-ray image acquired with monoenergetic X-
ray photons and photon energy information from two energy bins is sufficient when cre-
ating a VMLI. It is possible to generate VMI at any energy however it is only practical
to do it within the diagnostic energy range of 40 — 200 keV. There are a number of dif-
ferent methods to create VMI: one method is to use the p4 and pp found with material
decomposition and use equation 12| to produce an image at some preferred energy F,,
according to

u u
B =pa () (B on (%) (B (13)
P/ a P/ B
where (%) (E,,) and <%) (E,,) is the mass attenuation coefficients at energy E,,.
A B

Another possible method to produce a VMI is by using the weighted sum of low and
high-energy images with

10
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CT(E,) = w(En)CT; + (1 — w(Ey,))CTx, (14)

where C'T is the CT number for the low and high-energy images respectively and w(E,,)
is the weighting factor that depends on the desired monoenergetic energy and the effec-
tive engines of the low and high-energy acquisition. A third method of creating monochro-
matic images is similar to material decomposition where the contributions from the
photoelectric effect and Compton scattering are used as follows

W(Em) = (pre) frE(Em) + (poE) for(Em), (15)

where fpg(E,,) and feg(E,,) are functions that describe the photoelectric effect and
the Compton scattering mass attenuation coefficients respectively and ppp and pcg are
associated mass densities which are determined from material decomposition. The last
method performs material decomposition and produces VMI in projection space where
a basis sinograms of p4 and pp from equation [12| or ppg and pog from equation [15] are
generated. With the sinograms, it becomes possible to reconstruct basis material mass
density images and thus convert them into monoenergetic images similar to equation
or [I5] Furthermore, there is also a possibility to directly convert the basis sinograms
into a sinogram of a monoenergetic image at energy FE,, by using

Plu(En)] = Pl (%)

where P [p(F,,)] is the monoenergetic sinogram and an image is produced by perform-
ing FBP [17, 19, 21].

(En) + Plos) () (Ew) (16)

A B

2.4 Calcium blooming artefacts

Calcium blooming artifacts are one of the main reasons for inaccurate evaluation of the
degree of stenosis in highly calcified plaques and it can cause underestimation of soft
materials (lipid, necrotic, fibrous, thrombus etc) in the plaque. The root causes of cal-
cium blooming artifacts are motion artifacts caused by fast motions, such as pulsating
blood, and partial volume effect which depends on the system’s spatial resolution and
image reconstruction. Both artifacts cause image blurring but the partial volume effect
also encompasses when an object is assigned the wrong CT number due to only being
partly inside the image slice. Motion artifacts can be effectively reduced by algorithms
in motion reduction software or by using ECG-triggering. The partial volume effect can
be reduced by using detectors with small detector elements, image reconstruction with
in-built edge preserving prior of the calcium, material decomposition which can remove
the calcium, and post-processing techniques such as deep learning which is trained to
sharpen edges of calcium [25].

11
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2.5 Carotid Atherosclerotic Plaque

Tanica. intima

Tunica Medit

Tunica adventia

(b)

Figure 5: Cross section of a healthy artery without any occlusions. The artery con-
sists of a lumen, where blood flows. The artery wall is divided into three parts: Tunica
intima, Tunica media, and Tunica adventitia. Tunica intima consists of fine connective
tissue and elastic fibers arranged in a net-like structure. Tunica media mainly consist
of smooth muscle cells and elastic fibers arranged in spirals. Lastly, Tunica adventitia
consists of supportive collagen fibers. Figure |5b|shows an occlusion of the artery due
to plaque formation inside the Tunica intima. The only structure that separates the
plaque from the lumen is the thin fibrous cap [7, 26].

Carotid atherosclerosis is a disease where thickening and loss of elasticity of the Inter-
nal Carotid Artery (ICA), the External Carotid Artery (ECA), or Common Carotid
Artery (CCA) wall occurs. The wall thickening is caused by plaque formation inside of
the innermost layer artery wall (tunica media), see figure [5| where the plaque often con-
sists of fatty lesions, calcifications and a fibrous cap that separates the plaque from the
artery lumen. Carotid atherosclerosis is known to cause TTA and stroke. Today only
the degree of stenosis, or occlusion, of the carotid lumen is used to evaluate the eligi-
bility to perform carotid endarterectomy (removal of plaque in the arterial wall), where
the patient will benefit from surgery if there is an occlusion of > 50% of vessel lumen

5, 27, 28].

Three methods have been used to measure the degree of stenosis: the European Carotid
Surgery Trial (ECST)-method, the North American Symptomatic Carotid Endarterec-
tomy Trial (NASCET)-method, and the Common Carotid (CC)-method. The NASCET,
ECST, and CC methods calculate the degree of stenosis, DS according to the following
equation [29]

12
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B—-A
DSnascer = 5 (17a)
C—-A
DSECST - T (17b)
D—-A
DSCC = T (17C)

Figure 6: The carotid artery, where the ICA,
the ECA and CCA is visible. The shadowed part
denotes stenosis and the different variables A,
B, C and D are distances used to evaluate the

degree of stenosis depending on the preferred
method, see equation

It has been observed that ischemic events do not only occur due to carotid occlusions,
which limit the flow of blood but also arterial emboli from thrombus formation caused
by rupture of the fibrous cap. Plaque that has a risk of rupturing is called vulnerable
plaque. These plaques are characterized by a large lipid-rich necrotic core, Intra Plaque
Hemorrhage (IPH), a thin fibrous cap from extracellular matrix degradation and deple-
tion of smooth muscle cells, inflammation, and generally lacking calcification. But the
role of calcification being plaque stabilizing is uncertain because the calcification can
vary greatly in amount, size, shape, and position. The irregular surface of the arterial
wall is associated with rupture and can be identified with contrast medium seemingly
breaching the luminal wall. It is however hard to identify in conventional CT images
due to the similarities in luminal contrast and calcification attenuation [8] 9] 30]. It is
of outermost interest to investigate if the PCCT system can identify markers for vulner-
ability or stability of the plaque as the identification of these markers could be of high
clinical value when evaluating the best treatment for the patient.

13



3 Material and method

3 Materials and method

3.1 Patient selection, sample preparation, and histopathology

A patient who was a candidate for carotid endarterectomy was the focus of this study.
The patient was remitted for a CT scan to evaluate the degree of stenosis caused by a
carotid atherosclerotic plaque.

The patient was scanned in the PCCT and carotid endarterectomy was performed af-
terwards. The removed plaque had to be divided into two parts: one located in the
CCA near the carotid bifurcation and the other located in the ICA. Directly after the
surgery, the plaque was frozen, dried, and embedded in paraffin. The ez vivo carotid
plaque was scanned in the PCCT. Figure [7] show the setup of the ex vivo plaque for the
PCCT scan.

This study is part of a project that was approved by the Ethical Committee (Dnr 472/2005
). The patient received oral and written information about the study and agreed to

participate. The patient also agreed to have the surgically removed plaque saved in a
biobank.

Figure 7: The plaque part to the left is a plaque from Internal Carotid Artery (ICA)
and the plaque part to the right is a plaque from the bifurcation. The rubber band and
the wrapped candy was used as references to locate the plaque parts in the acquired
PCCT images.

To prepare for histopathological analyzes, the plaque was sectioned first into slabs,
around 0.5 mm thick, and then into thin slices, 5 pm. Different staining methods were
used to visualize components typical for vulnerable plaques. The methods used in this
project were Van Cossa (calcifications), Movat (general staining), CD68 (macrophages),

14
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and SMC (smooth muscle cells). The thin slices were scanned in a digital slide scanner
creating high-resolution color images of the histopathology of the plaque slices.

From the histopathological images of the ex vivo plaque, slices containing interesting
materials (markers for vulnerable plaque) were identified. The interesting materials
which could be identified were calcium, fibrosis, inflammation, IPH /bleeding, and throm-
bus. Note that there are more rupture markers that could be identified but these were
excluded due to the minor abundance in the interesting slices. There were nine inter-
esting slices in total, five in ICA and four in the CCA near the carotid bifurcation. The
location of the interesting slices can be seen in the schematic figure [§]

q

8
¢
L—:—-S
l‘

3

&

(b)

Figure 8: The schematic figure |8a| shows the location of the interesting slices in the
two plaque parts. Figure |8b{show the corresponding slice locations in vivo.

3.2 Imaging modality

3.2.1 PCCT imaging

The PCCT used during this study was NAEOTOM Alpha (Siemens Healthineers, Er-
langen, Germany). The system consists of two tube-detector pairs where the tube type
is Vectron™ and the detector type is QuantaMax™. The detectors are CdTe-based
and have a pixel size 0.4 x 0.4 mm? and in UHR-mode the minimum detector subpixel
size is 0.2 x 0.2 mm?. Furthermore, the lowest energy threshold is set to 20 keV to elim-
inate electronic noise [20]. The PCCT software used when acquiring images of the pa-
tient (in vivo) and the surgically removed plaque (ex vivo) was syngo CT VA50A.

The in vivo scan was performed in UHR mode, without and with contrast medium
(Omnipaque 350 mg Iodine/ml, 60 ml) followed by saline (50 ml) according to standard
clinical procedures. The ex vivo scan was performed with a higher radiation dose. Table
show the scan parameters used for the acquisitions.
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Table 1: The scan parameters used on the PCCT for the acquisition of the ex vivo and
M Vivo images.

Parameter In vivo-with contrast Ez vivo
medium
Tube voltage [kV] 120 120
Effective tube current [mAs| 170 247
Pitch 0.85 0.85
Rotation time [s] 0.5 0.5
Collimation [mm] 120 x 0.2 120 x 0.2
CARE Dose4D and CARE keV Full Full
CARE keV 1IQ 150 400
CARE keV Optimized for Vascular Non-contrast
CTDI,y (32 cm) [mGy] 13.60 19.90
Matrix size 1024 x 1024 1024 x 1024
Filter Hv64 Hv64

After acquiring the raw data, several images were reconstructed in the PCCT system.
VMI was reconstructed from 40 to 190 keV, in steps of 10 keV. The images had a slice
thickness of 0.40 mm. Energy-integrated images were also reconstructed with the slice
thickness of 0.2 mm.

3.2.2 Conventional CT imaging

The patient was examined on a conventional CT system three days prior to the PCCT
scan. This enables visual comparison of the plaque, in vivo, on both modalities. The
conventional CT images of the patient were acquired with the Dual-Energy Computed
Tomography (DECT) SOMATOM Definition Flash (Siemens Healthineers, Erlangen,
Germany). The dual-energy acquisition mode was disabled, thus creating conventional
energy-integrated images. The images were reconstructed in the software, version num-
ber syngo CT VB20A. Table [2] show the parameters for the acquisition.
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Table 2: The scan and reconstruction parameters used for the n vivo images on con-
ventional CT.

Parameter In vivo-with contrast medium
Tube voltage [kV] 100
Effective tube current [mAs| 286
Pitch 0.6
Rotation time [s| 0.33
Collimation [mm)| 64 x 0.6
Quality ref mAs 400
CTDIL, (32 cm) [mGy]| 11.78
Matrix size 012 x 512
Slice thickness 0.6 mm
Filter Bv40f/3

3.3 Analysis of reconstructed images

The ex vivo and in vivo reconstructed images were analyzed in syngo.via (software ver-
sion VB60A _HF03). ROIs were used to measure the mean CT number of the inter-
esting materials. The histopathological images were used to correctly place the ROIs.

If there were uncertainties of material content in the histopathological images ROIs

in those locations were excluded from the analysis. To reduce the number of measure-
ments, but include a wide range of energies, VMI of 40, 50, 60,... 190 keV was used.
The energy-integrated image with a slice thickness of 0.2 mm was used to help with the
localization of the interesting slices, see figure [§

The ez vivo ICA plaque part appears much longer when compared to the corresponding
anatomy @n vivo, this is due to the technique used during the carotid endarterectomy.
This causes a visual overlap between ex vivo and in vivo images when trying to identify
the same slices in the in vivo images, as in the ez vivo images. Figure [ show how the
ICA plaque is divided from the rest of the carotid artery during surgery.
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Figure 9: The figure shows the carotid artery and its components Common Carotid
Artery (CCA), External Carotid Artery (ECA), and Internal Carotid Artery (ICA).
During surgery, the plaque segment inside ICA is removed according to the line marked
with plus signs. This means that the ICA will be interpreted as longer in the ez vivo
PCCT images, denoted with dashed lines - compared to the in vivo PCCT images - de-
noted with dotted lines.

3.4 Regions of interest

Figure presents an example (slice 6, near the bifurcation of the carotid artery) of
how ROIs were placed, all slices can be seen in the appendix. ROIs are colored accord-
ing to their material content, red for calcium, orange for fibrosis, green for inflamma-
tion, blue for IPH/bleeding, and purple for thrombus. The placement of the ROIs in
the ex vivo and in vivo (10c) image is made using the corresponding histopatho-

logical image ((10a)).
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(b) (c)

Figure 10: The histopathological and PCCT images (slice 6), ex vivo and
m Vivo . ROI colors define the material content according to the histopathological
analysis. white- calcium, orange - fibrosis, yellow - inflammation, blue - IPH/bleeding,
magenta - thrombus.

Table 3: The total number of ROIs identified for each material overall interesting
slices in the ex vivo and in vivo images.

Image/ Calcium Fibrosis Inflammation IPH/bleeding Thrombus
Material

Ex vivo 16 10 ) 13 3

In vivo 15 9 3 11 3

The number of identified ROIs found in the ex vivo and in vivo images varies depend-
ing on the material. This variation is due to the possibility of comparing the materials
identified by the histopathology with the structures in the ez vivo and in vivo images.
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3.5 Statistic tests

The one-way ANOVA test was used to determine if there was any significant difference
between the mean CT number of the materials. The null hypothesis is that there are
no differences between the mean CT number of each material. One-way ANOVA was
performed on the measurements from each reconstructed VMI. The study focuses on
soft materials with similar CT numbers thus excluding calcium from all statistical tests.

Energy levels with significant differences between materials, according to one-way ANOVA,
were further analyzed. Two-sided t-tests (assuming different variances) were performed

to determine which materials could be distinguished from each other. Bonferroni cor-
rection was used to correct for the increased risk of type I errors (false positives) when
doing multiple statistical tests on the same data set. The new p-value becomes p,e., =

nti - where n;_;.5 is the number of t-tests performed. The number of materials used

during the two-sided t-test was fibrosis, inflammation IPH /bleeding, and thrombus

which makes a total of six statistical tests. The Bonferroni correction gives 0%5 = 0.0083333

The Confidence Interval (CI) was set to 95% (p = 0.05) for one-way ANOVA and it
was set to 99% (p = 0.0083) after the Bonferroni correction for the t-test. All statistical
analyses were performed in Microsoft Fxcel.
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4 Results

Figure [11| shows data from the analysis of ex vivo scans, including all interesting ma-
terials (calcium, fibrosis, inflammation, IPH /bleeding and thrombus). It can be seen
that calcium (white) differs from the rest of the materials where its CT numbers de-
crease with higher energies. The soft materials (fibrosis, inflammation, IPH /bleeding,
and thrombus) tend to have higher CT numbers at increasing energy. Soft materials
also reach a plateau earlier than calcium.

Ex vivo

5000 3 Calcium
[ Fibrosis
[ Inflammation
3 IPH/Bleed
2000 = Thrombus

2000

CT-numbers [HU]

1000

ST TR

20 50 60 70 80 %0

e e e

E]r:ﬂergy [k]eZQ/] 140 150 160 170 180 190
Figure 11: Box plots of the measured ex vivo CT numbers- for the chosen ROIs for
each reconstructed energy.

To better visualize the soft materials, data from calcium ROI:s was removed. Data is
shown in Figure . It can be seen in figure |12 that there are outliers of fibrosis (or-
ange) that follow the box plot trend but shifted below the plot. There are also out-
liers above the box plot but those disappear for energies above 40 keV. Inflammation
(yellow) outlier tends to lower CT numbers at higher energies and appears at energies
above 100 keV. IPH/ bleeding (blue) have outliers with higher CT numbers at higher
energies appearing at energies above 60 keV. There also appear outliers below the box
plot at energies between 100 keV and 130 keV. Thrombus (magenta) does not have any
visible outliers.
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[ TR

ke EGEEARNG
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[ Fibrosis

1 Inflammation
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) \ |
=

10 0
Energy [keV]

Figure 12: Ezx vivo data with calcium is removed from the plot for the purpose of get-
ting an overview of the soft materials. The dots represent the outliers found in each
material population.
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Results from the analysis of the in vivo scan can be seen in Figure [I3] Similar results
for calcium (white) as in the analysis of ex vivo data are seen. Note that the calcium in
vivo measurements have lower mean CT-number when compared to ex vivo measure-
ments.

Soft materials tend to have lower CT numbers at increasing energy. Soft materials reach
a plateau earlier than calcium.

In vivo

[ Calcium
[ Fibrosis
[ Inflammation
3 IPH/Bleed

B Thrombus
3000

CT-numbers [HU]

20 50 60 70 110 120 160

Energy [keV]

80 90 100 130 140 150 170 180 190

Figure 13: Box plots of the measured in vivo CT numbers- for the chosen ROIs for
each reconstructed energy.

It can be seen in figure [14] that the outliers of fibrosis (orange) are only present at en-
ergies between 60 keV and 80 keV. IPH/ bleeding (blue) have outliers with lower CT
numbers at energies between 40 keV and 50 keV. Inflammation (yellow) and thrombus
(magenta) does not have any visible outliers.

In vivo

I Fibrosis
[ Inflammation
== IPH/Bleed
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Figure 14: In vivo data with calcium removed from the plot for the purpose of getting
an overview of the soft materials which figure [13| did not provide.

Observe figure [12| and figure [14] it can be seen that the soft materials in ez vivo mea-
surements have increasing CT-numbers for higher energies while the in vivo measure-
ments show the opposite. The soft tissue measurements also assume mean CT numbers
close to 50 HU which is about the expected value for soft tissue.
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4.1 Statistics

The results from the ex vivo and in vivo images are presented in separate tables, table
4l and Bl The tables show the mean CT number of the ROIs for each material at each
reconstructed VMI (£ 1 standard deviation for the values inside the ROIs).

Table 4| shows a very large standard deviation around 30 — 50% of the mean CT-number
and in the same size or bigger for thrombus.

Table 4: The table show the mean and standard deviation for ez vivo ROI measure-
ments in the format mean CT number + 1 standard deviation.

Energy [keV]/ Material CT-number [HU] Calcium Fibrosis  Inflammation IPH/bleeding Thrombus

40 3078 £1330 —148+£72  —330£85 =337 £ 117 =177+ 122
50 21374+£922  —71£50 —-197 £ 61 —210 £ 83 —103 £ 76
60 1568 £673  —23+£40 —119 £ 50 —137 £ 64 —53£53
70 1261 £ 550 6+ 37 —72+43 —89 £45 —27+39
80 981 + 432 23+ 35 —38£35 —52 £ 36 -9+37
90 828 £ 370 35+ 33 —15+ 32 —-30£31 2+34
100 723 £ 328 44 + 33 —-1£29 —15+28 —10+ 33
110 649 + 298 49 + 33 10 £ 27 —5£27 15£32
120 601 £ 273 55 £ 33 17£26 1+£27 20 £ 32
130 537 £ 286 57+ 33 23 +£26 29 £ 26 23 £32
140 523 £ 248 59 £ 33 28 £ 25 13 £25 26 £ 32
150 499 £ 239 61 + 33 31+25 22£30 27 £ 32
160 480 £ 231 63 + 33 34+24 19£25 28+32
170 465 £ 225 64 + 33 36 + 24 21£25 39 £ 38
180 453 £ 221 65 + 33 38 £ 24 22+£25 31 £ 32
190 445+ 219 65 + 33 39+ 24 22 +26 31 £ 32

Table [5[ shows a very large standard deviation around 30 — 50% of the mean CT-number
and in the same size or bigger for fibrosis and thrombus.

Table 5: The table show the mean and standard deviation for in vivo ROI measure-
ments in the format mean CT number + 1 standard deviation.

Energy [keV]/ Material CT-number [HU] Calcium  Fibrosis Inflammation IPH/bleeding Thrombus

40 1891 £1243 158 £92 83 +40 81+ 82 93 + 84
50 1378 £901 109 + 56 69 £+ 29 63 £ 57 71+64
60 1076 £ 687 89 £ 38 93 £ 30 50 =43 51 £ 69
70 881 +£562 78 £ 26 36 £ 47 46 £ 34 35 £ 65
80 745 £489 66 £ 20 33 £48 47+ 28 35£61
90 658 £438 59 £ 17 33 £45 46 £ 25 34 £ 57
100 598 £402  54+16 33 +£43 47+ 28 34 £ 55
110 556 £376 51+ 15 33 £ 42 43 £ 23 33 £ 53
120 522+356 151+14 33 £40 42+21 33 £52
130 503 +£344 47+ 14 33 £40 42+19 3251
140 486 £333 45+ 14 32+ 39 42+19 32+ 50
150 481 £336 44+14 32+ 38 61 +19 32+ 50
160 462+ 318 43+ 14 32+38 41+ 18 31 £50
170 454+ 313 43+ 14 32 + 38 41+ 18 31 +50
180 447£309 42+14 32+ 37 40 £ 18 31+49
190 442 +306 42+ 14 23 £37 40+ 18 31 £49

The following table shows the results of the one-way ANOVA test for both ex vivo and
in vivo measurements. Note that calcium is excluded from all statistical tests. The

23



4 Results

CI = 95.0% was used for the one-way ANOVA. If the p-value is below 0.05 the one-
way ANOVA show that one of the soft materials (fibrosis, inflammation, IPH /bleeding,

and thrombus) is statistically significant different from the others.

Table 6: Resulting p-value of one-way ANOVA for ex viov and in vivo populations for

different VMI energies.

Energy |keV] ex vivo In vivo
40 0.0086 0.28
20 0.0067 0.39
60 0.0034 0.29
70 0.0016 0.26
80 0.0040 0.45
90 0.0062 0.59
100 0.0091 0.70
110 0.013 0.75
120 0.019 0.81
130 0.021 0.84
140 0.027 0.85
150 0.034 0.87
160 0.034 0.89
170 0.046 0.89
180 0.040 0.89
190 0.044 0.90

It can be seen from table [6] that the one-way ANOVA showed a statistically significant
difference between the different materials for all energies. The one-way ANOVA did not

yield any statistical significance in the in vivo measurement.

The table [7] shows the result for a two-sided t-test assuming different variances for the
ex vivo measurements. The Bonferroni correction gave the CI = 99.2%.
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Table 7: p-values for two-sided t-tests when comparing two materials at a time for ex
vivo measurements (material-pair stated in columns). p-values below 0.0083 are consid-
ered statistically significant.

Energy [keV] Fibrosis vs. inflammation Fibrosis vs. IPH/bleeding Fibrosis vs. thrombus
40 0.4 0.28 0.73
50 0.93 0.0058 0.97
60 0.49 0.80 0.99
70 0.61 0.98 0.81
80 0.66 0.82 0.99
90 0.60 0.67 0.90
100 0.86 0.43 0.84
110 0.88 0.86 0.91
120 0.95 0.69 0.80
130 0.92 0.77 0.97
140 0.91 0.89 0.89
150 0.82 0.094 0.99
160 0.77 0.45 0.99
170 0.73 0.97 0.97
180 0.83 0.95 0.99
190 0.87 0.96 0.98

Energy [keV] Inflammation vs. IPH/bleeding Inflammation vs. thrombus IPH/bleeding vs. thrombus
40 0.96 0.051 0.044
50 0.94 0.051 0.039
60 0.79 0.062 0.029
70 0.93 0.53 0.034
80 0.78 0.13 0.060
90 0.81 0.27 0.093
100 0.74 0.49 0.18
110 0.75 0.71 0.21
120 0.93 0.81 0.26
130 0.72 0.87 0.41
140 0.74 0.92 0.44
150 0.93 0.82 0.70
160 0.99 0.87 0.50
170 0.71 0.80 0.41
180 0.70 0.94 0.57
190 0.65 0.92 0.52

It can be seen in table [7| that the two-sided t-test assuming different variances does not
yield any materials being statistically significantly different after the Bonferroni cor-
rection. However, before the correction, there would have been a significant difference
between IPH /bleeding and thrombus at energies between 40-70 keV.

4.2 Conventional CT and PCCT images

The following series of figures show the conventional CT and PCCT images acquired
at interesting selected slices in vivo and ex vivo. The CT-images are for a scan with
100 kV,, and the PCCT-images are res-constructed VMI at energy level 100 keV
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(2) (h) ()

Figure 15: Each row presents a different slice (slice 1-3) of the plaque: in vivo with

conventional CT images (left), in vivo with PCCT (middle) and ez vivo with PCCT
(right). The sections are located in CCA before the bifurcation.
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(2) (h) (1)

Figure 16: Each row presents a different slice (slice 4-6) of the plaque: in vivo with

conventional CT images (left), in vivo with PCCT (middle) and ez vivo with PCCT
(right). The sections are located in CCA close to the bifurcation.

27



4 Results

(2) (h) (1)

Figure 17: Each row presents a different slice (slice 7-9) of the plaque: in vivo with
conventional CT images (left), in vivo with PCCT (middle) and ez vivo with PCCT
(right). The slices are located in bifurcation making both ECA (left vessel) and ICA
(right vessel) visible.

From the visual evaluation of the PCCT and the conventional CT images it was seen
that calcium is prominent in all images regardless of image modality, ex vivo or in vivo.
However, small pieces of calcium are almost invisible in the conventional CT images
when compared to the PCCT image, see figure [[7g] figure and figure [I7] Throm-
bus is visible in both the conventional CT image and PCCT image, but it is challenging
to distinguish it from the other soft tissues in the conventional image, see figure [I7d],
figure [I7¢ and figure [I7f It can also be observed that the ex vivo images can be very
different from the in vivo, the major reason for this is that pieces of the plaque were
removed from the main mass during the surgery.

The figures below show slice 7 reconstructed for the energies 40 keV, 50 keV, 70 keV,
110 keV, 150 keV and 190 keV.
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Figure 18: Different VMI reconstructions at energies 40, 50, 70, 110, 150, and 190 keV

are shown in [18aH181]).

It can be seen that most calcium is enhanced at lower energies, see figure while
smaller calcium pieces are harder to see at higher energies. The contrast in the soft tis-
sues is highly dependent on energy, with higher contrast at lower energies, and most
contrast changes are observed between 40 and 110 keV.

4.3 Patient dose

The patient received a CTDI,y (32 cm) = 13.6 mGy when scanned with the PCCT
while the conventional CT gave a CTDI,» (32 cm) = 11.8 mGy.
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5 Discussion

5.1 Comparing histopathological images with PCCT images

A central part of this project was to compare the histopathological images with the
PCCT images. It was observed that large parts of calcium were missing from ez vivo
images when compared to corresponding in vivo images. The main reason for missing
calcium in ez vivo images could be that the surgeon found it impossible to remove the
plaque in one piece. The priority for the surgeon was not to remove the plaque as intact
as possible but to treat the patient. If parts of the plaque were required to be removed
to reach the best result for the patient then this difference in images is a result of that
decision.

During the histopathology analyses, several events can lead to the sample being de-
formed or broken. The initial slicing of the sample can rip calcium-rich samples. Some
staining methods require removing the calcium from the sample which would leave

a calcium sample with only small pieces of soft tissue. It could also be seen that the
plaque was more deflated in the ex vivo PCCT image when compared to the in vivo im-
ages. This can be explained by the presence of blood in vivo that pushes the inside of
the blood vessel outwards. This means that some histopathological images were more
challenging to compare with the PCCT images, increasing the uncertainty of ROI place-
ment. The uncertainty stems from the identification of material in the histopathological
image and the corresponding location in the ez vivo and in vivo images.

An unexpected observation was that it was possible to compare histopathological im-
ages with the in vivo images. The original workflow was to first compare the histopatho-
logical images with the ex vivo PCCT image and then transfer the corresponding ROIs
to the wn vivo images, due to the histopathological images being directly based on the

ex vivo plaque. It seems that the staining of the ex vivo plaque retains the general struc-
ture of the plaque n vivo, see figure 26| in the appendix.

5.2 CT-number trends, outliers, and statistical tests

When observing the box plots of the measurement result it can be seen that the soft
materials (fibrosis, inflammation. IPH /bleeding, and thrombus) in the ez vivo image
tend to have increasing mean CT numbers at higher energies with a plateau at 120 keV.
The in vivo image tends to have decreasing mean CT-numbers at higher energies with a
plateau at 70 keV figure [I2] and figure [I4] This could be explained by the fact that the
plaque depicted in the ez vivo image was dried before being encased in paraffin. This
means that the sample will be completely dehydrated, creating more pronounced dif-
ferences between materials. Another reason for this difference could be the surrounding
material, air (ez vivo) compared to tissue (in vivo), causing different scatter conditions.
The different scattering conditions could also explain why the mean CT number of the
er vivo measurements is higher when compared to the in vivo measurements.

It can be seen that calcium has the same trend of decreasing mean C'T numbers with
increasing energy independent of ex vivo and in vivo. However the calcium mean CT-
numbers n vivo have a lower population mean when compared to the ex vivo, see figure
and figure [I3] The unchanged trend comparing the ex vivo and in vivo can be inter-
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preted as the calcium not containing water when compared to the soft materials thus
being completely unaffected by the dehydration. The lower mean can be explained by
the fact that the in vivo plaque was scanned within the patient while the ez vivo plaque
did not have any layers of tissue around it. The surrounding tissue in the in vivo case
creates different scatter conditions thus resulting in other CT numbers when compared
to the ex vivo case.

The plateau behavior can be explained by the CT-number dependence of the attenua-
tion coefficient whose Compton scatter component becomes dominant at higher energies
when compared with the photoelectric effect component which is strongly dependent on
X-ray energy.

The outliers that could be traced to an ROI that included two different materials were
excluded due to uncertainty in correlating the CT number to a specific material. Out-

liers that follow the trend of their materials although having a higher (fibrosis and IPH /bleed-
ing) or lower (fibrosis and inflammation) could be a sign of the same material but with
different composition or that ROI has included a material outside of the interesting ma-
terials (fibrosis, inflammation, IPH /bleeding or thrombus).

The same consistent trend in outliers can not be found in the in vivo image, see [14, An
interesting observation is that inflammation and thrombus, in in vivo measurements, do
not have any visible outliers. This could be explained due to the lack of data points in
these materials, see table [3] This explanation can be applied to ex vivo measurements
where the thrombus also lacks any visible outliers.

The one-way ANOVA test yielded statistical significance for all energies when performed
on the ex vivo measurements It can also be observed that the two-sided t-test (assum-
ing different variances), yielded no statistical significance in differentiation materials
after the Bonferroni correction. This correction decreases the power of the statistical
test which means that while eliminating false positive outcomes, true positive outcomes
could be excluded as well. For example, here would be statistic significant difference
between IPH/bleeding and thrombus between the energies 40 — 70(keV’). Even if this
finding does not count as a true positive seeing the differences between IPH /bleeding
and thrombus is very valuable because the presence of a thrombus often means that the
plaque has already ruptured while IPH /bleeding is inside of a whole plaque. The statis-
tical significance disappears at higher energies which can be explained by the definitions
of the C'T number and the existence of the plateau as mentioned earlier in this section.
The one-way ANOVA test did not show any statistical significance for the in vivo mea-
surements. It is possible that this behavior is linked to the fact that most tissues are
rich in water thus making it harder to differentiate when it comes to physical proper-
ties.

5.3 Image quality and patient dose

When comparing the conventional CT image with the corresponding reconstructed VMI
from the PCCT the image quality becomes obvious, see figure [15] [I6] and [I7} The ef-
fects of calcium blooming are major in the conventional CT images where for exam-

ple adjacent calcium pieces appear to be one unit when compared to the corresponding
PCCT image, see figure and [I7¢l It can also be seen that smaller pieces of calcium
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are completely invisible or appear as having a lower CT number in the conventional CT
image when compared with the PCCT image, this is probably due to the partial volume
effect which could give the wrong CT number, and less contrast, see figure [20d]
and 25d The PCCT has smaller detector elements and thinner slice thickness which re-
duces the artifact. It can also be seen that the PCCT at 100 keV reduces the contrast
enhancement of the lumen, facilitating visualization of calcium close to the lumen. The
artery wall is more prominent in the PCCT images when compared to the conventional
CT images, where it almost merges with the surrounding anatomy. The thrombus can
be seen in both of the images, see figure and [I7¢, However, the thrombus seems to
be of a uniform and bigger mass in the conventional CT image when compared to the
PCCT image.

The PCCT scan resulted in CTDI,y (32 cm) of 13.6 mGy which is close to the con-
ventional CT-system which resulted in CTDI,,; (32 cm) of 11.8 mGy. It is possible to
achieve the same CTDI,,; as the conventional CT scan for the PCCT scan when opti-
mizing the PCCT scan parameters. It is important to address that the PCCT scan has
a superior spatial resolution when compared to conventional CT images. Furthermore,
the ability to create VMI at several energies with a single scan is impossible for a con-
ventional CT. It was observed that soft materials were best visualized at lower energies
(40 — 70(keV)). Small calcium structures were best visualized at intermediate ener-
gies (70 — 110(keV')) and larger calcium structures were best viewed at higher energies
(150 — 190(keV')). However the difference in appearance for VMI reconstructed for high
energies was very small, see figure [18|

5.4 Limitations

A major limitation of the study is the fact that its results are based on only one pa-
tient. This leads to a very limited amount of measuring points (ROIs) which leads to
uncertain statistics due to the very small populations. The small population can also
explain the lack of statistical significance and the big influence the outliers have.

Another limitation was the placement of ROI and its size. In some cases, the ROI en-
circled two seemingly different materials but still had the correct location according to
the histopathology. The ROIs were also very small which made the measured CT num-
ber very vulnerable to placing the ROI between materials. Due to only having access
to one patient the number of measurements for each interesting material did not exceed
16 measurements at most. Furthermore, the ROI sizes were not documented during the
image analysis but they were identical for each slice for all reconstructed energies. The
lack of documentation will make the study harder to reproduce but it is practically un-
feasible to have a set size of a ROI that depends on the size of the structure one wants
to measure.

Only having one patient also limits the possible visualization of variation in plaque sta-
tus (stable, vulnerable, and ruptured). The patient used in this study had a ruptured
plaque. This was good in some ways because the visualization of the thrombus was pos-
sible. But it would have been interesting to see more different plaque statuses and to
see if it was possible to see more rupture markers such as a fibrous cap that separates
the plaque contents from the lumen and necrotic lipid core. More patients would also
mean that we would have more materials (such as micro-calcium and foam cells) to
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identify in the images that were excluded in this study due to the limited abundance.

There also lies a limitation in the current modality. The PCCT is still relatively new
and has not yet reached its full theoretical potential. For example, it only uses two en-
ergy bins although it is possible to acquire images with four energy bins. This may fur-
ther improve the spectral information and image contrast.

5.5 Other studies

Important markers for rupture and belonging to the stroke prediction model are IPH
and lipid-rich necrotic core. Small calcifications at the outermost layer of the arterial
wall (tunica adventitia) can also be seen as a sign of inflammation which in itself is a
rupture marker. It is important to be able to view these markers due to the fact that
the degree of stenosis not being a strong marker for plaque rupture [31]. Calcification
close to the luminal border can be difficult to discriminant from the lumen containing
contrast medium in conventional CT images due to calcium blooming artifact. Fur-
thermore, all soft material rupture markers have relatively similar CT numbers which
make it hard to discriminate at clinical CT systems [8]. Calcium blooming artifacts also
causes difficulties to define the calcium size and it can also obscure the content of the
plaque, which can affect the evaluation of the degree of stenosis [25], 130, [32].
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6 Conclusion

It is clear that this study’s greatest limitation is the small data set obtained from only
one patient. It is thus not possible to draw any conclusions from the statistical analy-

ses. But the general trend of the CT numbers of the interesting soft materials (fibrosis,
inflammation, IPH /bleeding, and thrombus) indicates that there is a detectable differ-

ence in physical and attenuating properties between them. It can also be assumed that
the dehydration of the surgically removed plaque will affect the trend of the CT num-

bers of the soft materials. An important finding was also that it was possible to corre-
late the histopathology images directly with the in vivo images.

The visual observation of the PCCT images provide much more details and a variety of
contrast thanks to the possibility of reconstructing VMIs when compared to the con-
ventional CT image. The PCCT images do not seem to be as affected by the calcium
blooming artifact. The artifact is a major reason for the degradation of the image. It
can make the location of calcium near the luminal border hard and it can also obscure
the overall plaque contents. Furthermore, the PCCT small slice thickness decreases the
amount of calcium blooming effects which in earlier studies have been reported to hide
important structures markers to identify vulnerable plaque. Even if the statistics re-
main inconclusive the visual improvement when comparing PCCT images with conven-
tional CT images will have great value in the evaluations already existing in the clinic,
that is better measurements of the degree of stenosis due to less calcium blooming.

6.1 Future prospects

If more patients are available with different plaque status then more markers for rup-
ture could be measured, such as fibrous cap and necrotic lipid core. More patients will
also mean higher statistical power and more reliable results. If the PCCT images were
acquired with more than two energy bins material decomposition would be possible.
This type of reconstruction could make more information about similar materials avail-
able to the viewer thus differentiation of the materials could become better. Continuing
this research could lead to new and improved ways to evaluate carotid atherosclerotic
stenosis, which may improve the treatment and prognosis for the patients.
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Appendix

Appendix
Chosen ROI in PCCT images

The following section contains the image slices used when gathering the data to ana-
lyze. The ROI colors define which material the ROI contains. The colors of the ROIs
are designated to one material as follows: white- calcium, orange - fibrosis, yellow - in-
flammation, blue - IPH /bleeding, and magenta - thrombus.
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1444 A CCA at bifurcation

(b) (c)

(d)

Figure 19: Figure show the histology result of Image 190/485 ex vivo 4.0 mm
from label. Figure and figure [19¢ show the 60 keV VMI of ez vivo and in vivo re-
spectively, where the in vivo image number is 97/161. Figure shows the corre-
sponding location acquired by a conventional CT, the image number is 485/846. Form
1444A
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(b) (c)

(d)

Figure 20: Figure show the histology result of Image 182/485 ex vivo 7.2 mm
from label. Figure [20b] and figure show the 60 keV VMI of ex vivo and in vivo re-
spectively, where the in vivo image number is 99/161. Figure show the correspond-
ing location acquired by a conventional CT, the image number is 481/846. from 1444A
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(c) (d)

Figure 21: Figure show the histology result of Image 438/485 ex vivo 5.6 mm
from label. Figure and figure show the 60 keV VMI of ex vivo and in vivo re-
spectively, where the in vivo image number is 97/161. Figure shows the corre-
sponding location acquired by a conventional CT, the image number is 479/846. From
1444B
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(d)

Figure 22: Figure show the histology result of Image 438/485 ex vivo 8.0 mm
from label. Figure and figure show the 60 keV VMI of ez vivo and in vivo re-
spectively, where the in vivo image number is 96/161. Figure shows the corre-

sponding location acquired by a conventional CT, the image number is 478/846. From
1444B
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() (b)

(c) (d)

Figure 23: Figure shows the histology result of Image 438/485 ex vivo 10.0 mm
from the label. Figure 23h and figure show the 60 keV VMI of ez vivo and in vivo
respectively, where the in vivo image number is 93/161. Figure shows the corre-

sponding location acquired by a conventional CT, the image number is 427/846. From
1444 B
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(d)

Figure 24: Figure show the histology result of Image 174/485 ex vivo 10.4 mm
from label. Figure [24b] and figure show the 60 keV VMI of ex vivo and in vivo re-
spectively, where the in vivo image number is 91/161. Figure shows the corre-
sponding location acquired by a conventional CT, the image number is 471/846. From
1444A

45



Appendix

(b) (c)

(d)

Figure 25: Figure show the histology result of Image 409/485 ex vivo 17. 0 mm
from the label. Figure and figure [25¢| show the 60 keV VMI of ez vivo and wn vivo
respectively, where the in vivo image number is 86/161. Figure shows the corre-

sponding location acquired by a conventional CT, the image number is 469/846. From
1444B
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(b) (c)

(d)

Figure 26: Figure show the histology result of Image 165/485 ex vivo 14.0 mm
from label. Figure and figure show the 60 keV VMI of ez vivo and in vivo re-
spectively, where the in vivo image number is 82/161. Figure shows the corre-

sponding location acquired by a conventional CT, the image number is 467/846. From
1444A
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(b) (c)

(d)

Figure 27: Figure show the histology result of Image 400/485 ex vivo 20.8 mm
from label. Figure and figure show the 60 keV VMI of ez vivo and in vivo re-
spectively, where the in vivo image number is 76/161. Figure shows the corre-

sponding location acquired by a conventional CT, the image number is 459/846. from
1444B
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